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We present measurements of light scattering intensity from aerosolized, micron sized, irregularly shaped,
molybdenum disulfide (MoS;) particles in order to study the effects of a refractive index, m =n -+ ix, with
large real and imaginary parts. Light scattering was measured over a range of angles from 0.32° to 157°.
Calibration was achieved by scattering with micron sized, spherical silica particles. Light scattering for
both particle types was compared to theoretical Mie scattering calculations using size distributions deter-
mined by an aerodynamic particle sizer. Effects of the intensity weighted size distribution are discussed.
We find that scattering by these irregularly shaped, highly refractive particles is well described by Mie
scattering. We also find that when the quantity xkR, where kR = 27 R/A is the size parameter, is greater
than one, there is no enhancement in the backscattering. Finally, we show that Guinier analysis of light
scattering by highly refractive particles yields intensity weighted mean sizes of reasonable accuracy for

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In recent work we have explored the light scattering proper-
ties of micron sized, irregularly shaped particles as reviewed in [1],
and in particular from a Q-space point of view (see below). Part of
our program has been experimental measurement of the angular
distribution of the scattered light from aerosolized Arizona road
dust [2] and Al,03 abrasive particles [3]. An important character-
istic of our scattering studies is that they have been carried out
over a broad range of angles including very small angles neces-
sary for proper characterization of large particles. Here we present
a similar study of aerosolized, micron sized, irregularly shaped,
molybdenum disulfide (MoS,) particles. We choose this material
because it has rather extreme values of the real and imaginary
parts of the refractive index, hence expands the phase space of
independent variables that control scattering that we have so far
explored. Furthermore, the important practical reason for all our
work is that these particle types are common in the atmosphere,
typically as dusts, and their light scattering and absorption proper-
ties play a significant role in the Earth’s radiation budget. Radiative
forcing calculations generally rely on Mie theory which is rigorous
for spherical particles only [4,5]. Our work allows us to investi-
gate questions that arise regarding the nature of light scattering
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by highly refractive and absorptive irregularly shaped particles and
how well Mie theory describes the scattering.

The complex refractive index for MoS, has been reported as
m=n+ix =5.24+i1.16 [6], 443+i1.17 [7] and 4.41 +i0.63 [8] for
the wavelength A = 532 nm. We used a commercially available
aerodynamic particle sizer spectrometer (APS 3321 (TSI)) to deter-
mine the size distribution of the aerosolized MoS, particles from
which we scattered light. With this, we calculated the scatter-
ing using the Mie equations and compared that to the scatter-
ing data with some success. This analysis highlights the problems
of an intensity weighted size distribution. In addition, we studied
backscattering and showed that when the imaginary part of the re-
fractive index « is large compared to the inverse of the size param-
eter, (2rR/ A)~1, where R is the effective particle radius and A is
the optical wave length; there is no enhancement in the backscat-
tering.

We applied Q-space analysis [1,9,10] to the experimentally ob-
served results. Q-space analysis is the double logarithmic plotting
of the scattered intensity versus the magnitude of the scattering
wave vector, q, rather than the conventional linear angle. The mag-
nitude of the scattering wave vector is given by

q=2 ksin(6/2), (1)
where k = 27 [A, A is the wavelength of light used and 6 is the

scattering angle. Further, the Q-space plot facilitates Guinier anal-
ysis which yields a measure of the size of the scatterer [11,12].
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2. Experimental method

An extensive description for the light scattering experimental
setup can be found in Wang et al. [2]. Briefly, two 16 channel pho-
todiode detectors viz. a forward detector and a side detector, col-
lected the scattered light at a total of 31 different angles. The re-
maining channel of the side detector was sacrificed to the monitor.
The forward alignment is based on the design by Ferri [13]. The
forward scattering angle ranges from 0.32° to 9.9°.

For the side scattering, an elliptical mirror was used to collect
the scattered light and focus it onto the side detector. The side
scattering angle ranged from 15° to 157°. The forward and side de-
tectors were calibrated to each other as described in [2]. The light
source was a laser operating at A = 532 nm linearly polarized per-
pendicular to the scattering plane. Use of incident light polarized
perpendicular to the scattering plane insures that any functionality
on scattering angle, hence q, is not due to the incident polarization
but is related to the nature of the scattering particles. Our appa-
ratus covers a wide range of scattering angles from 0.32° to 157°
thereby yielding the magnitude of scattering wave vector (q) from
660 cm~! to 2.3 x 10° cm™1.

To aerosolize the particles we used a lab-made dust generator.
An aerodynamic particle sizer (APS 3321) has been used to mea-
sure the particle number size distributions. The APS 3321 had been
calibrated by the manufacturer within 9 months prior to this ex-
periment. Note that manufacturer recommends the APS 3321 be
calibrated every 3 years. APS sheath and the aerosol flow rate
were measured to be 4 + 0.07 Ipm and 1 + 0.04 lpm, respec-
tively. This is well within the range recommend by TSI. For an-
alyzing the sizing accuracy of APS 3321, we used two different
sizes of NIST traceable monodisperse polystyrene latex (PSL) spher-
ical particles with manufacturer reported certified mean diameters
0.994 pm = 0.021 pm and 6.15 pm =+ 0.045 pm from Thermo Fisher
Scientific, Waltham, MA, USA. We aerosolized PSL spheres using
a nebulizer in combination with an aerosol diffusion dryer filled
with silica gel as an absorbing agent. The APS measured sizes were
found to be 0.98 + 0.03 pm and 5.88 + 0.1 pum, respectively. The
differences between the manufacturer reported and the APS mea-
sured values are relatively minor to imply that our APS 3321 is
measuring the particle size distribution correctly.

We calibrated the APS results with the light scattering by study-
ing spherical silica (SiO,) particles bought from US Research Nano-
Materials, Inc. We did not scatter from PSL due to a low sig-
nal/noise ratio. The high sphericity of the silica particles makes

(a)

them trustworthy subjects of the Mie calculations made for their
measured size distribution; thus they provide our benchmark for
connecting the APS measured size distribution, the light scattering
and the Mie calculations made with the APS data. After calibrating
our whole experimental system, we investigated the light scatter-
ing due to irregular molybdenum disulfide (MoS,) particles.

A TEM and an optical microscope were used to determine addi-
tional particle size and shape information. A theoretical Mie calcu-
lation of the scattering spectrum using the size distribution from
APS and optical constant from prior published literature is com-
pared to the light scattering result. We apply Guinier analysis to
test the consistency of the size measurement by light scattering
with microscopy.

3. Results
3.1. Calibration of APS 3321 measurements with light scattering

The manufacturer reported mean diameter for the silica parti-
cle is 0.82 num. The size distribution of aerosolized silica was mea-
sured by the APS. The aerosol was collected at the light scattering
volume. The volume equivalent sphere diameter is required for the
Mie calculation. However, the APS instead measured the aerody-
namic diameter. The volume equivalent diameter (Dy) is related to
the aerodynamic diameter (D) by [14,15]

D, =D, |XP° (2)
Pp

where pj is the unit density (1 g /cc), pp is the particle density
and x is the aerodynamic shape factor of the particle. The aero-
dynamic shape factor is the ratio of drag force acting on a non-
spherical particle to that of a spherical particle of having the same
volume and settling velocity (for a sphere, x = 1). For Eq. (2), we
used x = 1 because the TEM pictures shown in Fig. 1 indicate
that the particles are spherical in shape. Fig. 2 shows the volume
equivalent particle number distribution for the SiO, aerosol and
their transformed light scattering intensity weighted distribution.
The contribution of each particle in this weighted distribution will
be proportional to the D%, and the reasons for this weighting will
be described below.

The volume equivalent particle number size distribution peaks
at a diameter of 1.11 um, and we used the corresponding radius
for Mie calculations. The geometric standard deviation for this dis-
tribution was found to be o = 1.58. With A = 532 nm, the size

(b)

Fig. 1. Transmission electron microscope images for silica (Si0,) particles
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Fig. 2. Particle number distribution for the silica (SiO,) particles measured with
the APS 3321 after converting aerodynamic diameter (D,) to the volume equivalent
diameter (Dy) and its transformation to an intensity weighted distribution with a
weighting factor of D* .

parameter for the peak size is given by kR = 6.5. The refractive
index for the silica particles is taken to be m=n+ix =1.46 +i0 at
X =532 nm [16]. With these parameters, the Mie calculations were
performed and then compared to our experimental result as shown
in Fig. 3.

Fig. 3 shows that at a small angle range, the Mie calculation
and the data agree excellently. This angle range is least sensi-
tive to the particle non-sphericity and its optical constants. Fur-
ther, Mie calculations underestimate the light scattering by a fac-
tor of ~ 148 at angles around 125°. Note that the scattering in
this region is about three orders of magnitude smaller than in the
forward regime, hence prone to some uncertainty. Jaggard et al.
[17] and Mishchenko et al., [18] showed a similar result when com-
paring Mie calculations for spheres and T - matrix calculations for
spheroidal particles. The difference observed in our compared re-
sult may be due to nano-size silica attaching to the micron size sil-
ica particles (see in Fig. 1) thereby creating a distortion in spheric-
ity. Overall, the Mie calculation for APS 3321 observed data agrees
quite well with the experimental result.

The Q-space plot shows a constant forward scattering lobe at
smallest q. This is followed by a Guinier regime near q ~ R~!
where the g, hence angular, functionality begins. After that, there
is a power law regime followed by a small dip that ends with en-
hanced backscattering. All this is typical of scattering from a poly-
disperse ensemble of spheres. From the Q-space plot one can de-
termine the radius of gyration, Rg, of any arbitrarily shaped particle
via Guinier analysis [11] under the assumption of weak refractivity.
The Guinier inferred radius of gyration is given by the following
equation

2p 2
1) = I<0)<1 - “';g) 3)

where 1(q) is the scattering intensity, I(0) is the forward scatter-
ing intensity and q is the magnitude of the scattering wave vector,
Eq. (1). In principle Guinier analysis is applicable for qRg < 1. But,
one can exceed this limit with minor error [19]. When qRg is small,
Eq. (3) can be written as
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Fig. 3. Comparison of the experimentally observed forward normalized light scat-
tering data with Mie calculations for APS observed silica (SiO,) particle size distri-
butions (a) plotted logarithmically versus q, the method of Q-space analysis, and
(b) plotted linearly as a function of scattering angle, 6.

We performed the Guinier analysis for our experimentally ob-
served result by plotting the inverse normalized intensity i.e.
1(0)/1(q) versus g2 shown in Fig. 4. Eq. (4) indicates that the Guinier
plot should be a straight line with slope equal to Rg2/3.

We find a measured radius of gyration of Rz = 1.9 pm.
This suggests a sphere of radius R = \/%Rg=l.29 x 1.9=
2.45m, with a corresponding light scattering inferred diameter
of D = 4.9 pm. TEM pictures shown in Fig. 1 indicate a broad size

16 T T T T T
= SiO,
¢ MoS,
1.4 F .
z
= 12t -
L
1.0 -
08 1 1 1 1 1
0 1x107 2x107 3x107 4x107 5x107 6x107
2 -2
q° (cm™)

Fig. 4. Guinier Analysis of silica (SiO;) particles (squares) and MoS, particles (dia-
monds).
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Fig. 5. The images of molybdenum disulfide (MoS,) particles: (a) under an optical microscope and (b) and (c) under a transmission electron microscope (TEM).

distribution of particles extending from the nanometer (e.g. 20 nm)
range to the micron range. Micron size particles were measured to
be around 1-6 pm, which is consistent with the light scattering in-
ferred size because nanometer size particles contribute negligibly
to the light scattering in comparison to the micron size particles.
More relevant is the APS observed most probable diameter because
it sampled the aerosol at the optical scattering volume which was
D = 1.11 pum, which is in poor agreement with the light scattering,
Guinier size. However, one must realize that light scattering favors
the larger sizes of a distribution. The Guinier regime is in the for-
ward scattering regime of the particulate scattering. In this regime,
the scattering is proportional to the diameter to the fourth power,
i.e. D# [10,20]. To account for this the APS size distribution is mul-
tiplied by D* and then normalized to have a peak value of unity.
This light scattering weighted size distribution is also plotted in
Fig. 2. The results are dramatic (although perhaps not surprising).
The minor large size tail of the size distribution is emphasized and
dominant while the most probable size at D = 1.11 um is nearly
inconsequential. The middle of the light scattering weighted dis-
tribution is between 4 and 5 pm, completely consistent with the
Guinier inferred size.

The Guinier analysis comes with the caveat that it is accu-
rate only in the diffraction limit when the phase shift parameter
p=2kRlm—1| < 1, i.e. weakly refractive particles. We have shown
[12] that the Guinier inferred radius of gyration, which was des-
ignated as Rgy, is as much as 50% larger than the true radius of
gyration when the phase shift parameter p =2kRjm—1| > 1, and
12 % larger in the p > 1 limit.

We conclude by recognizing the semi-quantitative nature of our
analysis. However, a good measurement with known caveats is bet-
ter than no measurement at all. The major caveat here is the heavy
weighting of light scattering in favor of the larger particles of a dis-
tribution. Moreover, there is considerable uncertainty in the large
size tail of the measured distribution because only a small fraction
of the particles are there. This weighting is of upmost importance
when comparing light scattering measurements to measurements
made by the APS and similar devices, and will be important in our
analysis below.

3.2. Light scattering results for molybdenum disulfide (MoS,)
particles

After calibrating with SiO,, we carried out the light scattering
experiment for the MoS, particles. The MoS, particles were also
bought from US Research Nano-Materials, Inc. The size distribution
of MoS, was measured by the APS. Additionally, we used a TEM
and an optical microscope to have more insight into particle shape
and size. The TEM and optical pictures are shown in the Fig. 5.

The measured aerodynamic diameters were converted to the
volume equivalent diameters by using Eq. (2). Our MoS, particles
look like Illite particles which have y = 1.3 [21]. So, we used a
shape factor y = 1.3 in Eq. (2). Note that with the square root de-
pendence for x in Eq. (2), and the fact that x is near unity for
most shapes, uncertainties in x are not significant for our work.
Fig. 6 shows the volume equivalent particle number distribution
for MoS, and their transformed light scattering intensity weighted
distribution. The number weighted distribution peaks around the
diameter 1.13 £ 0.10 pm with geometric standard deviation spread
of 0 = 1.6. The size parameter corresponding to this diameter is
given by kR=6.67.

The particle number distribution in Fig. 6 was used for Mie
calculations with a refractive index of m=n+ik =5.24+i1.16 [6].
Using other reported values of m did not change calculations at
small angles even though the imaginary refractive index « differs
by a factor of two across these values. However, we see a slight
difference at larger angles. We have shown [22,23] that effects of
k are effectively described by the parameter, xkR, the product of
the imaginary part of the refractive index and the size parame-
ter. When kR 2 0.1, « starts to affect the scattering. Once the
kkR > 3, the effect of k saturates. For all reported m, kkR > 3;
thus, the choice between reported refractive indices is of small
consequence for our calculations.
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Fig. 6. Particle number distribution for the molybdenum disulfide (MoS,) particles
measured with the APS 3321 after converting aerodynamic diameter D, to the vol-
ume equivalent diameter D, and its transformation to an intensity weighted distri-
bution with a weighting factor of D* .
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Fig. 7. Comparison of the experimentally observed forward normalized light scat-
tering data with Mie calculations for APS observed molybdenum disulfide (MoS;)
particle size distributions (a) plotted logarithmically versus q, the method of Q-
space analysis and (b) plotted linearly as a function of scattering angle ().

Fig. 7 shows a comparison between Mie calculations and exper-
imental results, plotted in Q-space (a) and the more conventional
6-space (b). The Q-space plot shows a forward scattering lobe and
a Guinier regime, as for the spherical SiO, particles, but the sub-
sequent power law regime is ill defined and there is no dip or en-
hanced backscattering. The conventional plot portrays more clearly
the trend of the data in the larger scattering angle range. There is a
close agreement between calculation and experiment in the small
angle range, but the Mie result slightly underestimates the scatter-
ing at larger angles. Here it is valuable to recognize that when the
parameter kkR is large, essentially all the light scattered energy is
in the forward scattering regime [24]|. With this perspective, we
conclude that Mie theory successfully, but not exactly, describes
the scattering, suggesting that the asphericity is rather insignifi-
cant for particles having a high refractive index.

Fig. 7 also shows that there is no enhancement in the backscat-
tering up to 157°. This is consistent with the theoretical result of
Wang et al. [22] for spheres when kkR > 3. For our MoS, parti-
cles we find below an intensity weighted diameter of D=3.3 pm,
hence «kR in the range of 12.5-22.75, depending on which of the
three reported values of « are used. These are very large values
well in the saturated regime where no enhanced backscattering
occurs. This result is in contrast to our previous work with irreg-
ularly shaped Arizona road dust [2] and abrasive, Al,03 particles
[3] that had significant enhanced backscattering but had small val-
ues of xkkR.

Finally, the Q-space plot of Fig. 7 shows only a vague power law
with q beyond the Guinier regime. This is in contrast to the re-
sults for Arizona road dust [2] which showed a strong power law
for ~ 1.5 orders of magnitude and the great many examples from

the Amsterdam-Granada data set with our re-analysis [25,26]. On
the other hand, the Al,03 abrasive particles showed only an ill-
defined power law. We conclude that the issue of under what cir-
cumstances power laws in Q-space occur is uncertain.

Based on the Q-space plot, we apply Guinier analysis on MoS,
data. Fig. 4 includes the Guinier analysis, 1(0)/I(q) versus g2 for
MoS,. The Guinier analysis shows the radius of gyration Rg to be
1.51 pum. By multiplying Rg by ,/5/3, the three dimensional ob-
ject equivalent radius becomes R=1.9 pm. Thus, the light scatter-
ing determined diameter is D =3.8 pm. This result is analogous to
the results above for the SiO, particles. The Guinier inferred size
is not seen in the APS number distribution. On the other hand the
Guinier inferred size is consistent with the intensity weighted dis-
tribution which is in the range D =2-4 nm. However, as described
above, the Guinier inferred radius of gyration is as much as 50%
larger than true radius of gyration when the p > 1 [12]. For our
MoS; at 532 nm, p ~ 55. At that value, Ry is greater than Rg
by around 12%. Reducing D=3.8 pm by 12% leads to D=3.3 pm,
which is quite consistent with the sizes given by microscopic pic-
tures in Fig. 5 and the intensity weighted distribution in Fig. 6.

It is useful to look at these Guinier result from the perspective
that the Guinier equation was derived for X-ray scattering, and X-
rays have a refractive index of essentially one. Indeed, X-ray scat-
tering is simply wave diffraction, the electromagnetic character is
insignificant. Nevertheless, our results here show that the Guinier
equation applied to light scattering from micron size, highly refrac-
tive particles still yields a valuable measure of the size, especially
when one considers the difficulties in size measurements by other
techniques.

4. Conclusion

This experimental study showed that Mie calculations describe
light scattering intensity quite accurately for highly refractive,
irregular particles. We found that enhanced backscattering (to
<157°) is not present when the parameter xkR is large, a result
anticipated by theory. We demonstrated a good connection be-
tween light scattering and the size distribution of the aerosolized
particles as measured by the aerodynamic particle sizer spectrom-
eter. This connection showed that Guinier analysis of light scat-
tering yields intensity weighted mean sizes of reasonable accuracy
for any shape and refractive index. This work also highlighted the
rather sever implications of an intensity weighting of the size dis-
tribution.
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