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Role of Anisotropy and Refractive Index in Scattering

and Whiteness Optimization

Gianni Jacucci,* Jacopo Bertolotti, and Silvia Vignolini*

The ability to manipulate light—-matter interaction to tailor the scattering
properties of materials is crucial to many aspects of everyday life, from paints

to lighting, and to many fundamental concepts in disordered photonics. Light
transport and scattering in a granular disordered medium are dictated by the
spatial distribution (structure factor) and the scattering properties (form factor
and refractive index) of its building blocks. As yet, however, the importance

of anisotropy in such systems has not been considered. Here, a systematic
numerical survey that disentangles and quantifies the role of different kinds and
degrees of anisotropy in scattering optimization is reported. It is shown that
ensembles of uncorrelated, anisotropic particles with nematic ordering enables
to increase by 20% the reflectance of low-refractive index media (n = 1.55), using
only three-quarters of material compared to their isotropic counterpart. Addi-
tionally, these systems exhibit a whiteness comparable to conventionally used
high-refractive index media, e.g., TiO, (n = 2.60). Therefore, the findings not only
provide an understanding of the role of anisotropy in scattering optimization,
but they also showcase a novel strategy to replace inorganic white enhancers
with sustainable and biocompatible products made of biopolymers.

(structure factor) and their specific char-
acteristics (form factor and refractive
index).l'™* Therefore, most efforts to con-
trol light propagation in random systems
have been focused upon the optimization
of isotropic spatial correlations in high-
refractive index systems. These studies
had a remarkable impact in many funda-
mental®~1 and applied phenomena.l'7-21]

However, the role of anisotropy in
multiple scattering systems has been over-
looked. In fact, despite the well-known
analytical solution for the single scat-
tering[#??] the response of an ensemble
of randomly arranged anisotropic par-
ticles has not been theoretically investi-
gated. The same is valid for the presence
of anisotropic structural correlations.
Similarly, recent experimental works
focused on the fabrication and optical
characterization of anisotropic, disordered

1. Introduction

Scattering optimization plays an important role in many aspects
of our daily life. In particular, for the production of bright-white
materials, commonly used as white or color enhancers in cos-
metics, food colorings, and standard paints. Therefore, the devel-
opment of strategies to increase scattering strength of materials
is of crucial importance to reduce the consumption of starting
resources and consequently the overall production costs.

The scattering strength of a random system depends on the
interplay between the spatial distribution of its components
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materials but without proving the role of
anisotropy in scattering optimization.23-37

Here, we study the effect of structural and single-particle
anisotropy on the opacity of a material and identify the criteria
to improve scattering over a large parameter space, including
filling fraction and refractive index. Our work proves that
ensembles of uncorrelated, anisotropic particles outperform
their isotropic counterpart both for low- and high-refractive
indices. In addition, anisotropic, low-refractive index systems
not only require a lower amount of material to maximize scat-
tering than isotropic media, but they also exhibit a whiteness
comparable to those of high-refractive index materials.

Our results showcase how to exploit natural resources
(e.g., biopolymers) to replace commercially available white
enhancers, made from inorganic high-refractive mate-
rials (e.g., TiO,), which have recently raised safety con-
cerns.3132 Moreover, our work unveils why anisotropy is an
evolutionary-chosen mechanism to optimize scattering in
biological systems.

2. Results and Discussion

To establish a comparison between different disordered mate-
rials, we numerically investigated the optical properties of 2D
media (see Sections S1 and S2 in the Supporting Information).
Exploiting a 2D numerical approach allows to independently
vary the structural and form factors of a system, and there-
fore to disentangle their role in scattering optimization, while
avoiding computational burden. In particular, we systematically
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Figure 1. Numerical generated 2D systems with various kinds and degrees of anisotropy: a) Ensembles of isotropic particles with different structural
correlations. Each structure factor is represented in polar coordinates and the anisotropy direction is defined as the short axis of S(q). The peak
at q = 0, due to the finite size of the simulated structures, was removed. b) Ensembles of uncorrelated particles with varying aspect ratio (c) and ori-

entation (sampled from a Gaussian distribution with mean 6 and standard distribution 0). ¢

) Simulated optical response of structures with the best

filling fraction (ff) and aspect ratio for different size of the particles (ry). ry corresponds to the radius of the particles at ¢ = 1. The best reflectance was
obtained for anisotropic scatterers (¢ =10) and a low filling fraction (ff = 0.3). All the structures have a thickness of 10 um and a 20% polydispersity in
the size distribution of their building blocks (Section S3, Supporting Information), whose refractive index is n=1.55. d) Polar plot showing the CIELAB

color space coordinates of the spectra in panel (c).

studied systems with varying degrees and types of anisotropy,
namely, structural anisotropy (Figure 1a) and form anisot-
ropy (Figure 1b) for two values of refractive index (n = 1.55 for
biopolymer!**l and n = 2.60 for the rutile phase of TiO,34).

The structural anisotropy of a system can be quantitatively
described by the structure factor (S(q)), which is related to the
Fourier transform of the positions of its building blocks and it
is defined as

<2 > (1)

where q is the wave vector, N is the total number of particles, r is
the position of the particle, and (...) denotes ensemble average.
An anisotropic S(q) translates into an anisotropic average dis-
tance between the scattering elements. Figure la shows four
different ensembles of isotropic particles (disks) with different
structural correlations and their respective structure factors.

Similarly, the form factor (P(q)) represents the Fourier trans-
form of the shape of a particle and, in two dimensions, is
defined as
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Pl)=] e dr (2)

p

where Ap is the area of the particle. In Figure 1b, the form ani-
sotropy is classified in terms of aspect ratio (c) and orientation
of the particles (with 6 angle between the incoming light and
the direction perpendicular to the long axis of the particles).
Structures with different degree of alignment were generated
by sampling 6 from a Gaussian distribution with standard
deviation o.

By changing the degree and type of anisotropy for different
size of the particles (ry, i.e., the radius of the isotropic object
with equivalent area) and filling fraction (ff), we identified the
set of structural and single-particle parameters that maximize
the reflected intensity. The results for n = 1.55 are summarized
in Figure 1c. In particular, ensembles of anisotropic particles
exhibit a broadband increase in reflectance of almost 20% com-
pared to isotropic systems, while requiring 25% less material to
maximize scattering (from ff = 0.4 to ff = 0.3).

To compare different samples in terms of whiteness
(broadband scattering), the simulated spectra were mapped
to the CIELAB color space (see Section S4 in the Supporting
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Table 1. Parameters that exhibit the highest whiteness (W) for particles
with different sizes (ry, i.e., the radius at ¢ = 1) and refractive index (n).
Anisotropic (¢ = 18), low-refractive index particles show a whiteness
comparable to that of high-refractive index particles.

n rolnm] c ff w
1.55 100 8 0.3 88
1.55 150 18 0.3 90
1.55 250 1 0.4 85
1.55 350 2 0.5 85
2.60 50 500 0.4 91
2.60 100 1 0.3 90

Information).?>3%l CIELAB is a euclidian space, allowing an
intuitive definition of whiteness (W) asl*’)

W =100—|X, — X (3)

where |...| denotes the euclidian distance, X,, ={100,0,0}, and
X, are the CIELAB coordinates of a perfect broadband diffuser
(also known as white point) and of the material of interest,
respectively. Figure 1d shows the color space representation
of the spectra in Figure 1c. According to Table 1, low-refractive
index (n = 1.55) particles with ¢ = 18 not only outperform their
isotropic counterpart but they also exhibit a whiteness compa-
rable to that of high-refractive index (n = 2.60) scattering mate-
rials. The optimal value of aspect ratio we obtained is in good
agreement with the one reported for the Cyphochilus beetle,
where ¢ ~ 10.2° However, it is important to note that ref. [26]
does not claim that the size of the fibrils in the biological net-
work is optimized.

Interestingly, for high-refractive index, anisotropic systems
outperform ensembles of optimized isotropic particles only
for aspect ratios larger than 40 (more details in Section S5,
Supporting Information). The predicted optimal values of
radius (ry = 100nm) and filling fraction (ff = 0.3) for isotropic
systems with n = 2.60 are in agreement with those reported
in theoretical and experimental studies regarding scattering
optimization for titanium-dioxide particles.?!3¥*1 Moreover,
Figure S2d in the Supporting Information shows that, after
exhibiting a strong growth in function of the aspect ratio,
between ¢ = 400 and ¢ = 1400, the integrated reflectance shows
a less marked dependence on ¢, with a maximum value at
¢ =500. At even higher aspect ratios, the systems approach the
1D limit (i.e., particles as long as the lateral dimension of the
material) where a further increase in the integrated reflectance
is expected.[*243]

More importantly, the difference in integrated reflectance
between the ensembles of isotropic and anisotropic parti-
cles cannot be explained only in terms of single scattering
(Section S6, Supporting Information). Indeed, as depicted
in Figure S3a,b in the Supporting Information, isotropic par-
ticles have a larger scattering efficiency over the visible than
anisotropic scatterers. However, Figure S3b-d in the Sup-
porting Information shows that the angular distribution of light
scattered by anisotropic particles exhibits a lobe both in the
backward and forward directions, whereas their isotropic coun-
terparts scatter mainly forward. Therefore, our results suggest
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Figure 2. Simulated optical response for systems with different structural
anisotropy. The structure factor relative to each ensemble of particles is
shown as an inset. An anisotropic S(q) does not affect the broadband
reflectivity of a system. All the simulated structures have a thickness of
10 pm, ff=0.3, building blocks with n =1.55, and r = 250 nm.

that such a difference must play a more important role in the
multiple scattering than the single-particle scattering efficiency.

To disentangle the role of structural and form anisotropy in
the scattering efficiency, we first compare the effect of structural
correlations on the optical properties of disordered systems
consisting of isotropic particles. The size of the particles was
sampled from a Gaussian distribution with mean r = 250 nm,
which is the optimal value for particles with ¢ =1 and n = 1.55
(see Table S2 in the Supporting Information). Figure 2 shows
that anisotropic correlations do not alter the spectral response
of a system. For high-refractive index materials (n = 2.60),
a small increase in the reflectivity is observed in the pres-
ence of structural correlations, similar to what is reported in
ref. [21], and introducing an anisotropic S(q) did not affect in
a significant way the optical properties (see Section S7 in the
Supporting Information).

Conversely, a change in the form factor of the particles dras-
tically affects the response of a system. In particular, different
kinds and levels of form anisotropy were studied separately:
First, to identify the optimal value of ¢, particles with same
area, same orientation (6 = ¢ = 0) but different aspect ratio
were considered (Figure 3). Second, ensembles of particles with
same ¢ were compared in function of their degree of alignment
(Figure 4).

Figure 3a shows that tuning the aspect ratio of the parti-
cles leads to a marked change in the scattering efficiency of a
medium, with a maximum at ¢ = 18. ¢ not only determines the
brightness of a sample, but it also strongly affects its color satu-
ration. The large range of aspect ratios we studied models both
particle- and fibril/fiber-based materials.

Additionally, once understood which aspect ratio maximizes
the whiteness (see Table S2 in the Supporting Information), the
number of particles in the system was varied to optimize the
filling fraction. Figure 3b shows that while the filling frac-
tion has a strong influence in determining the reflectance of
a sample, the color saturation is not strongly dependent on ff.
The results in Figure 3 refer to particles having the same
area and size ry = 150 nm, where r, is the radius at ¢ = 1. The
same procedure was applied for scatterers with different sizes
(see Tables S2 and S3 in the Supporting Information), and
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Figure 3. Simulated optical response for systems with different form anisotropy. Integrated reflectance over the visible range in function of the:
a) aspect ratio of the particles for systems with ff = 0.1, and b) filling fraction of ensembles of scatters with ¢ = 18. Insets: polar plot showing the
CIELAB coordinates for different values of ¢ and ff (panels (a) and (b), respectively). For all the simulations, the thickness of the systems was set to

10 pm, rp =150, and n=1.55.

their optimized values of ¢ and ff are reported in Table 1 and
Figure 1c (for n = 1.55) and Table S1 and Figure S2a in the
Supporting Information (for n = 2.60).

Finally, the use of anisotropic particles adds an extra parameter
in the scattering optimization problem: their degree of align-
ment. Analogous to the literature of liquid crystals, we define the
director (n) as the average orientation of the particles (which in
our framework is determined by the value of 6) and we quantify
the degree of alignment by means of the order parameter (S)*4

_/3cos’ 91
S—<42 > 4)
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where ¢ is the angle between the long axis of a given particle
and n and (...) denote ensemble average. Following this defini-
tion, S = 1 describes ensembles of particles perfectly aligned
along n (maximum anisotropy) and S = 0 a completely random
orientation (isotropic).

Figure 4 summarizes the role of the alignment of the par-
ticles on the scattering properties of a system. In detail,
Figure 4a compares ensembles with different orientations of
the director with respect to the incoming light. The integrated
reflectance monotonically decreases as 6 increases, meaning
that scattering is maximized for perpendicular orientation
(6= 0). In Figure 4D, the effect of the order parameter for fixed,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Simulated optical response for systems with different kinds and
degrees of orientational, form, anisotropy. Integrated reflectance over the
visible range in function of: a) the angle between the director and the
direction perpendicular to the incoming beam (6); the order parameter
(S). The amount of light reflected is maximized for particles oriented per-
pendicular to the incoming beam (6= 0) and with maximum orientational
anisotropy (S=1). For all the simulations, the thickness of the systems is
10 pm , the ff=0.3, and the particles have the same area, corresponding
to rg =150 nm.

perpendicular orientation is reported. An increase in the order
parameter leads to a larger integrated reflectance, implying that
maximizing the degree of orientational anisotropy improves the
scattering efficiency of a system.

3. Conclusions

In conclusion, we report a numerical study to disentangle the
role of different types and degrees of anisotropy in the optical
properties of a system. Our results show that using aniso-
tropic particles aligned perpendicular to the exciting light
(6 = 0 = 0) increases the scattering efficiency of disordered sys-
tems, disregarding their structural correlations and refractive
index. In particular, ensembles of anisotropic, low-refractive
index, particles outperform those of their isotropic counterparts
both in terms of reflectance (with 20% increase over the visible
range) and of whiteness (90 against 84). This value of white-
ness is comparable to the one for high-refractive index systems
(n = 2.60). In addition, for low-refractive index media, intro-
ducing anisotropic scattering elements decreases the amount
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of material required to maximize scattering of 25%, ff = 0.3
compared to ff = 0.4 in the isotropic case.

The importance of these results is twofold: First, our numer-
ical model explains why nature exploits anisotropic, aligned
scatters to achieve lightweight, highly scattering structures.
Second, our study proves the importance of anisotropy in
maximizing the optical response of low-refractive index sys-
tems. This allowed us to unveil novel concepts to fabricate
materials with a whiteness as high as the industrially available
high-refractive index nanoparticles while being sustainable
and biocompatible.

Our conclusions present the challenge of finding the cor-
rect fabrication procedure to manufacture materials that fulfill
our indications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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