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Abstract: Knowledge of optical constants, i.e. refractive index n and extinction coefficient
k, and light scattering properties of optical polymers are required to optimize micro-optics for
light-emitting diodes in terms of efficiency, color properties and light distribution. We present here
a model-based diagnostic approach to determine the optical properties of polymers, which should
be particularly useful in the development of plastics for optical applications. Optical constants
and scattering coeflicients were obtained from transmission and reflection measurements in a
wavelength range from UV to NIR taking into account scattering effects due to rough surfaces
and volume inhomogeneity. Based on the models for the dielectric function, the molecular optical
transition energies E,, critical point energies, Urbach energies and exciton transition energies
were determined. Rayleigh and Mie scattering model and van de Hulst’s anomalous diffraction
theory were applied to characterize scattering due to volume inhomogeneities. Scalar diffraction
theory was applied to account for surface roughness scattering. Atomic force microscopy
with nanomechanical characterization was used to characterize domains in size and shape and
to assign optical scattering to a suitable morphological model. The combined optical and
mechanical characterization help to improve the qualification of new polymer materials for optical
applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The development of optical functional polymers has allowed high-tech products to be made
available for optical processes [1-3]. The current requirements and market volume of polymers
for optoelectronic applications, such as micro-optics for light-emitting diodes (LEDs) and
miniaturized CMOS image sensors [4-7], waveguides [8—15] and optical fibers [16], have led to
an increasing demand for cost-effective and high-performance materials and a significant growth
in production capacities.

Besides long-term thermal and mechanical stability, optical constants play a key role in the
selection of suitable polymers. In this scenario the refractive index n to account for color
dispersion and index matching and a high transmittance are essential for optical functionality.

The extinction coefficient & is related to absorption and defines the applicability, regarding
specific wavelengths. Absorption is an inelastic process that not only attenuates the transmitted
light but can also lead to overheating and material degradation, causing serious problems

#434715 https://doi.org/10.1364/OME.434715
Journal © 2022 Received 30 Jun 2021; revised 4 Nov 2021; accepted 5 Nov 2021; published 20 Dec 2021


https://orcid.org/0000-0002-3689-5737
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OME.434715&amp;domain=pdf&amp;date_stamp=2021-12-20

Research Article Vol. 12, No. 1/1 Jan 2022/ Optical Materials Express 205

-

O yeje:i] "’;A

/'F-‘

especially in high power applications such as optical coatings for laser applications or high-power
LEDs. In contrast, scattering essentially involves elastic processes with negligible internal energy
transfer. Although it is undesirable in many applications, such as imaging optics and light
guiding systems, and causes similar light losses to absorption in terms of propagation direction,
scattering effects can be used to gain advantage in other applications, such as lighting systems
where homogeneous illumination is required. Therefore, a clear distinction between absorption
and scattering is required for appropriate material development.

Direct determination of scattering is usually performed by angle-resolved measurements with
goniometers or, alternatively, using integrating spheres. The aim of this work is to find a way
to distinguish absorption from scattering by combining relatively simple optical setups with a
suitable modeling procedure. For the optical measurements we used a commercial double-beam
spectrophotometer in transmission, reflection and a home-built interferometric setup in reflection.
In this way, the refractive index, the absorption and scattering coeflicients could be derived
simultaneously from the experimental data by a fitting procedure based on parametric modeling
(Section 3.2), which provided a reasonable and sufficient approximation to the experimental data
for our purposes.

The optical measurements were supported by nanomechanical characterization using atomic
force microscopy (AFM), which in addition to the optical data provide important information on
the size of the scattering centers, needed for a model verification. Fourier transform infrared
(FTIR) measurements and matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectroscopy served as companion methods to provide further insight into the structure
of the scattering regions and to substantiate the AFM data.

To experimentally demonstrate the applicability of the proposed method, we used our newly
developed polyurethane (PU) based materials, which are particularly suitable for use in optical
devices [3]. Due to the ability of urethane groups to form hydrogen bonds, they tend to form
molecular aggregates (macro domains) and nano domains which may be analyzed by small-angle
X-ray scattering, AFM, IR spectroscopic methods, optical scattering as well as transmission
electron microscopy (TEM) [17-31].

In order to clearly separate losses due to absorption and scattering, the optical data were
compared with simulated ones obtained by different methods within the framework of a best-fit
procedure. The scattering due to surface roughness is calculated based on scalar diffraction
theory according to Helmholtz-Kirchhoff [32-34].

Volume scattering is characterized based on Rayleigh theory, analytical Mie diffraction and
anomalous diffraction theory (ADT) of van de Hulst [35,36] and Graaff et al. [37]. For absorption
at photon energies close to the molecular electronic transition, local disorder, charged states and
excitons play a further role. Relevant data were derived using standard dispersion models, such
as Tauc-Lorentz [38,39], Tauc-Lorentz-Urbach [40] and excitonic Lorentz oscillator [41-43].
These models are applied to define the wavelength corresponding to the electronic transition
energy E, between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). In order to assign optical scattering to a suitable model, reflection
and transmission (R & T') measurements were combined with AFM with peak force quantitative
nanomechanical mapping (PF-QNM) for determination of surface roughness and inhomogeneity
of the materials. We show how optical and mechanical properties are interrelated and must be
taken into account for material optimization.

2. Experimental

2.1. Material

For the model studies, the PU systems resPUR-OT-24000 (PU1) and resPUR-OT (PU2) (produced
by resintec GmbH), consisted of the resin base polyester polyol with molecular weight 2300 g/mol
for PU1 and 960 g/mol for PU2 (A-components) and different OH-content (> 50 mgKOH/g for
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PU1 and > 130 mgKOH/g for PU2), and hexamethylene diisocyanate oligomer (O-HDI) as B
component were synthesized. The specification of the discussed PUs is presented in [3] and the
relevant parameters are listed in Tab. 1. The mixing ratios A/B (weight) of PU1 and PU2 are
100/20 and 100/60, respectively. For the optical studies, 8 mm thick polymer rods and 10-20 um
thin films on fused silica were prepared, using the same procedure as described in [3].

Table 1. Characteristic parameters of the investigated PU systems

A-component A/B
Polymer B-component Mixing
Polyester Polyole Molecular OH content ratio
weight (g/mol) | (mgKOH/g)
PU1 P2300 2300 >50 HDI-trimer 100/20
PU2 P960 960 >130 HDI-trimer 100/60

The properties of the investigated PU elastomers are defined by the covalent bonding of hard-
and soft-segments, i.e., oligomers of different chemical compositions and chain flexibility. In
general, PUs are synthesized from diisocyanates and oligo-diols by a polyaddition reaction. After
polymer formation, hard segments (HS) and soft segments (SS) tend to phase separate, leading
to the formation of nano- and microdomains and a morphological superstructure (Fig. 1), and
are responsible for optical scattering effects [17-31]. The domain size depends on kinetic and
thermodynamic parameters, conditions and method of polymerization, concentration, chemical
structure and dimension of the HS. The morphology that is formed primarily depends on the
volume fractions of the individual components. If the volume fraction of a component is low, it
tends to form spheres. With increasing volume fraction, hexagonal or lamellar structures are
formed. For the investigated polymers the hard component, hexamethylene diisocyanate trimer
(HDI-trimer), is reacted with the soft component, polyester polyol, with different molecular
weight for PU1 and PU2, using aliphatic components. It has a suitable property as required for
optical applications, such as high transmission in a wide spectral range. In the case of very long
SS chains and low HS content, phase separation and crystallization of SS may occur, resulting in
significantly increased scattering. It has a suitable property as required for optical applications,
such as high transmission in a wide spectral range. Phase separation and domain formation thus
lead to the elastomeric behavior of polyurethanes and essentially determine the optical properties
of polyurethanes. As an example of optical scattering in a solid sample of PU with a specific
composition, Fig. 2 illustrates the scattering of a green laser beam (wavelength 4=532 nm and
power < 1 mW) transmitted through 8-mm-thick polymer rods. The photographs are taken
perpendicular to the beam axis. For the two different PUs under investigation, it demonstrates
different degrees of scattering. A more detailed scattering experiments, carried out in this work,
will clarify these test results.

2.2. MALDI-TOF

To characterize the polyester polyols (A components), MALDI-TOF mass spectrometry was per-
formed on a Shimadzu AXIMA Confidence mass spectrometer with a nitrogen laser (4 =337 nm).
From the observed spectra, the molecular mass distribution was determined to obtain information
about the structure of the PUs and their scattering behavior. The polyols were dissolved in a
concentration of 3 mg/ml in tetrahydrofuran and 1 pl was applied to a stainless-steel target and
allowed to air-dry. For PU1, a mixture of 2-(4’-Hydroxybenzeneazo) benzoic acid (HABA) and
a-cyano-4-hydroxycinnamic acid (CHCA) was used as matrix solution, 5 mg of each substance
per ml tetrahydrofuran. For PU2, a solution of 10 mg CHCA per ml of tetrahydrofuran was used.
Mass spectra were measured with an accelerating voltage of 20 kV in positive linear mode. For
PU1, a delay time (optimized for 5000 g/mol) was used for pulsed extraction and for PU2, a delay
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Fig. 1. Schematic representation of PU hard domains formation using the one-shot HDI-
trimer oligo-diol synthesis method and representation of hydrogen bonds: a) H-bonded
C =0 associated urethane groups, b) H-bonded C = O associated carbonyl groups and c)

free ester C = O groups.

a) b) c)

Fig. 2. Photos to visualize the different scattering properties of PU1 (a) and PU2 (b, ¢)
taken at right angles to the laser beam axis at a transmission length of 8 mm. The images
illustrate increased scattering of PU1 (a) compared to PU2 (b, ¢). To make the scattering for
PU2 clearly visible, the exposure time was increased by a factor of two in (c) compared to

(a) and (b).

time (optimized for 2000 g/mol) was used in positive reflectron mode. 100 profiles per sample
with five laser shots accumulated per profile were averaged.
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2.3. Nanomechanical characterization by AFM

AFM experiments were performed using a Bruker’s Dimension Icon. PF-QNM was used to
extract the mechanical properties such as indentation, derived from the force-distance curves
together with topography. AFM measurements were performed over areas of 0.5 X 0.5 um?* and
10 x 10 um? for observation of microscopic and macroscopic domains segmentations in PUs.
The silicon probe RTESPA150 with nominal length, resonance frequency, radius, and spring
constant of 125 pm, 150 kHz, 8 nm, and 5 N/m, respectively, was selected and used for 10 x 10
um? scans. ScanAsyst HPI SS silicon nitride probe with nominal length, resonance frequency,
radius, and spring constant of 110 um, 55 kHz, 1 nm, and 0.25 N/m, respectively, was selected
and used additionally for high resolution 0.5 x 0.5 um? scans.

2.4. Optical investigations

The investigated PUs were analyzed for refractive index n, extinction coefficient k and scattering
coefficient a;. For this purpose, R & T measurements were performed in the wavelength range
from 200 to 890 nm using different setups and samples with a wide range of thicknesses, as
described elsewhere [3]. The overall behavior in absorption and transmission was obtained by a
commercial spectrophotometer (Lambda 1050, Perkin Elmer) without any evaluable interference
effects due to the relatively low spectral resolution and layer thickness inhomogeneities within
the illuminated area of about 3 x 3 mm?.

The numerical aperture of the measuring beam path is <0.05. Assuming a cosine-shaped
scattering angle distribution, this overestimates the intensity of the transmitted light by a maximum
of 1.4%, which has no significant influence on the result within the framework of the present
approximation. Transmission and reflection measurements were performed at a normal and
near normal (8 deg) angles of incidence, correspondingly, that was defined by measurement
tools construction. Thin film interferences were also evaluated to obtain the film thicknesses
incorporated in our fitting model. The interference data were obtained by a self-built reflectometer
setup (DeepView), as described in [44]. Furthermore, FTIR measurements in the range of 400 -
4000 cm™! were performed using a 660-IR FT-IR spectrometer (VARIAN, Agilent Technologies)
to investigate the morphological structure of the PUs. All optical and AFM measurements were
performed on the same samples within markers.

3. Models and simulation

3.1.  Optical fit procedure

To quantify the scattering effect, a scattering coefficient a; was defined, so that an effective
attenuation coefficient @, can be specified by @, = @, + a;, with the absorption coefficient «,,.
The parameters n(d), a,(4), as(4) and film thickness d were determined with the least
squares method from parameterizable models, where experimental (subscript exp) and simulated
(subscript sim) data are compared by Sy (for thin films) and S, (for thick rods) according to

Am

Sf = Z ((Rfsim (I’l(/l), ae(/l)sd) - Rfexp(/l))z + (Tfsim (}’l(/l), a'e(/l)’ d) - Tfexp(/l))z) . (1)
A
Am
S, = Z ((Rrsim (n(4), @.(1) - Rre)cp(/l))2 + (Trsim (n(A), @(1)) - Trexp(/l))z) . 2
A

The sum Sy S, is carried out over the wavelength range A - A, and minimized by the Levenberg-
Marquardt algorithm, using Matlab software. Ry & T refer to the reflection and transmission
of thin films. Correspondingly, R, & T, are related to the reflection and transmission of the
rods. The calculations of Rp;, and Ty, for thin films are based on incoherent reflection and
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transmission within the substrate and coherent superposition of the waves within the thin films,
which causes the interference effect (Fig. 3) and can be calculated by [34]

Ro = RyT? ,(R\Ro — T\ Tp)

i 1-RR.T2, @
and T
0’1 2]sub
[r: = _ 4
fsim 1 - R, szub ( )

where Ry, Ty, Ry and T'| are calculated by the matrix method according to Heavens [45]. The
calculation of Ry, T2, Tsup, Rysim, and Ty, is based on Fresnel’s equation considering incoherent
multiple reflections. The roughness of the surfaces was considered in the Fresnel formulas using
scalar diffraction theory by solving the Helmholtz-Kirchhoff integral [32-34].

Fig. 3. Schematic representation of reflectance Ry;,, and transmittance Ty, considering
the multiple incoherent reflections within the substrate and coherent interference in the
inhomogeneous and rough thin film [34]. Ry is the air-side and R; is the substrate-side
reflectance from the thin film, 7} is the air-to-substrate and 77 is the substrate-to-air-side
light transmittance through the thin film, R, and 7T, are the substrate/air reflectance and
transmittance, respectively, and Ty, is the substrate transmittance.

3.2. Dispersions models for n and k determination

The optical absorption of polymers can be described by oscillator models [46]. Band gap models
such as classical Lorentz oscillators [46—48], and Tauc and Davis-Mott models [47-53] can be
used to study the m-orbital transitions of polymers. Lorentz models are often applied for exciton
transitions, which, unlike inorganic semiconductors, are largely localized [54]. The models
describe the complex dielectric constant & of materials and are defined by oscillator parameters.
By this parameterization, the optical constants can be determined by the real part & = n* - k> and
the imaginary part &, = 2nk, where k is defined by the absorption coefficient @, = 27k/A.

For our investigated materials, we use the Tauc-Lorentz (TL) model [38,39] for the transitions
from the ground state (e.g. occupied  and o orbitals of the polymers) to the excited state (e.g.
unoccupied 7 * and o * orbitals of the polymers) in accordance with

N1 AEC(E - E,)*
erm(E)= ) ——— (B = ) E>E, 5)
’ " E(E2 - E2) + CPE?

where A; is the optical oscillator strength, C; is the broadening term of the oscillator, E; is the
inter band critical points (CP) energy and E, is the optical band gap energy, equivalent to the
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transition energy from the HOMO to the LUMO. Bond orders and polymer backbone kinks and
the variations of the lattice configuration influence the electronic structure of polymers close to
the band gap. Analogous to inorganic materials, this absorption below E; can be described by
the Urbach tail transition model [47,55,56]

Ay E
&eu(E) = 5 P (E_u) 0<E<E, (6)
integrated into an extended Tauc-Lorentz-Urbach model (TLU) based on [40]. Taking into

account the continuity condition of the first derivative of the TL, the following parameters are
obtained

C2+2E2-E2 \~
E, = (Ec - Eg) 2 - 2EL'(EL' - Eg) > @)
C?E} + (EZ - E})
and 5
E AEC(E. - E
A, = exp (——C) oc 62 o) s ®)
Eu] (B2 - E2)" + C2E2

where E, is the connection energy between the two functionalities, which determine the parameters
E, and A, of the Urbach model, shown by Foldyna et al. in [40]. Based on this oscillator model
the bandgap E, is determined. In contrast to inorganic semiconductors, the electrons and holes in
organic materials are typically localized on the individual molecules and thus form thermally
stable Frenkel excitons due to the strong Coulomb interaction [46—48]. In this work, Lorentz
distributions [41-43] were used for the exciton transitions, given by

Aexc @l Pexc

E)y)= ——M,
Sexc( ) E - Eexc +jr exc

©))
where A,y is the critical-point amplitude, E,,. is the exciton energy threshold and I, is the
broadening of the peak. The phase angle @,,. is defined as the angle between the real part (E-E;,.)
and the imaginary part Iy, which influences the symmetry of the dielectric function, where
@, — 0 at excitonic transitions. The analytical solution for the imaginary part is summarized
as follows

&2(E) = e2,71(E) + £2,u(E) + &2,exc(E). (10)

The real part g1(E) of the dielectric function is obtained using analytical integration of the
Kramers-Kronig relation

[oe] 82 (EI)EI

o (11)

) = eite)+ = [

where £1(c0) is the high frequency dielectric constant. The analytical solution of Eq. (11) is
given in [38—43].
3.3. Determination of the scattering coefficient

The quantification of the scattering «, and the absorbing «, are based on the investigation of
the wavelength dependence of the scattering. By introducing the efficiency factor Q of a single
spreader, the scattering coefficient @ can be defined by

a; = NAQ , (12)

where N is the number density and A is the geometric cross section of the scattering centers
[35,62,63]. In PU, the scattering centers are formed by the domains (Fig. 1). Figure 4 shows
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Fig. 4. Schematic illustration of a) Rayleigh-, b) the Hulst- and c) the Mie- scattering based
on the anomalous and geometrical diffraction theory (ADT). The scattering models used
are determined by the radius of the scattering particles, which are formed by a) nano hard
domains with the radius of ag (Fig. 1) and b), ¢c) macro domains with the radius of ay or ag
for the Mie models of van de Hulst or Graaff, respectively. The macro domains are generated
by macroscopic segmentations (long-range density fluctuations) through higher HS contents.

schematically the scattering of nano and micro domains which are described by Rayleigh and
Mie scattering theory.

The scattering is determined by the size parameter x = 2mra/A, where a represents the particle
radius and A is the wavelength, and m defines the refractive index ratio of the particles and the
surrounding medium. Rayleigh scattering theory was applied for particle sizes with xg = 2mrag/A
<< 1, where ag is the radius of the scattering areas. The efficiency factor depends on the ratio
mpg of the refractive indices of the materials of the scattering domains relative to the environment.
According to [35,53,57-61] we can define an efficiency factor Qg

2
8 mi—l
QR=§m12e+2 X s (13)

where 1< mg < 1.3 [35,53,57,59] Scattering centers with x >>1 due to volume inhomogeneities
(macro domains) and corresponding refractive index inhomogeneities were treated by Hulst
scattering models [53, 57, 59], based on a diffraction theory solution of Maxwell’s equations
for dielectric spheres and van de Hulst model [35], based on ADT model. Thereby different
approaches by Graaff et al. [37] and Hulst [35] were considered to find the best approximation to
the measurement data. They differ in the treatment of the Q-factor. The Graaff approximation is
derived from Mie diffraction theory with the goal of reducing the oscillations of the solution for

Oc [37]
0 = 3.82x%% (mg — 1)*%. (14)
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The factor and exponents given were derived by trial and error in the work of Graaff et al. [37]
for values of x and m in the range 5 <xg < 50 and 1 <mg < 1.1. Another approach to describe
the scattering is based on ADT. Here the scattering is primarily caused by the interference of rays
that pass through the particle with those that do not (Fig. 4(b)). In the ADT model approach, the
efficiency factor Q is expressed by

1 — cos(p)

o) |, . (15)

P P

where p = 2xp (mg-1) is the phase lag with x; = 2ap/A of a wave travelling along the diameter ay
as shown in Fig. 4(b). This approximation is valid for non-absorbing spherical scattering centers
of xy >>1 and small refractive index ratio compared to the surrounding medium |my -1|<<1
[35,36].

In our approach, the Rayleigh/Graaff model is applied, using an effective damping coeflicient
of @, =agc + ag + @4 and the Rayleigh/Hulst model by using a.g = agry + @y +a,pg, Wwhere
ag and apy are the scattering coefficients of the Graaff and the Hulst models. The effective
attenuation coefficient of the Rayleigh/Graaff model is determined by the fit coefficients Kz, K¢
and the absorption a,g by

on=2[1-

Kr Kg
aeraaG"'F +W’ (16)
with the Rayleigh coefficient
2
3 m12e -1
KR = 2471' 5 VR¢R (17)
my 2
and Graaff coefficient
Ki = 2.46221)" (a6) "% (mg - 1)* ¢, (18)

where ¢r and ¢ are the volume fractions per unit volume of the scattering centers, defined by
a /¢ =(3/4) (Q /a) [57]. Analogue follows for the Rayleigh/Hulst model

K,
a’eHzaaH"‘/l_f“‘KH» (19)
with Hulst coefficient 3
Ky = 4—QH¢H~ (20)
ap

In the applied models, the scattering areas were approximated by spheres with cross-sections of
A = ra® and corresponding volumes of V = 474’ /3. The results of AFM measurements are used
as starting values for the fitting procedure. This provides information about the refractive index
ratios mg und my of hard and soft regions. K is fitted using Rayleigh limit values for scattering
particle size parameter (xg = 2mag/A << 1) to determine mg using AFM measurements results
drarm and arary.

4. Results
4.1. MALDI-TOF characterization of polyols

The molecular weights of polyol were obtained for the two A-components. The mass distribution
of the A-component of PU1 indicates a mixture of polyols. We deduced the average molar
mass (M),) and the average molecular weight (M,,) of the A-components as M,, = 2300 g/mol and
M,, = 2920 g/mol for PU1 and M,, =956 g/mol and M,, = 974 g/mol for PU2, respectively. The
polydispersity (P = M,,/M,,) for PU1 is P ~ 1.3 and therefore the material has a relatively broad
molecular weight distribution compared to PU2 with P =~ 1.
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4.2. FTIR spectroscopy

The FTIR spectra of PU1 and PU2 are shown in Fig. 5. The infrared absorption characteristics
of PUs have been investigated in a large number of studies [64—67]. The most important peaks
for the studies of the hard segments of PUs are hydrogen-bonded C = O stretching vibrations in
the absorption region of 1600-1800 cm™!. The hydrogen bonded N-H groups are indicated in
the range of 3150-3550 cm™!. The peaks in the range of 2800-3000 cm™! are due to stretching
vibrations of CH, groups, the absorption around 1460 cm™~! belongs to deformation vibrations
of CH,. The band at 1520 cm™! corresponds to the bending vibration of the N-H bond. The
signal at 1240 cm™" is attributed to the C-O and C = O stretching vibrations and the peak at
1160cm™"! can be associated with vibrations of C-O bonds. The absorption band at 765 cm™!
can be attributed to the application of HDI-trimer [68,69] and caused by the C-N framework
stretching of the cyclic structure. Analysis of hydrogen-bonded C = O stretching absorptions in
the range of 1600-1800 cm~! was performed by Lorentzian deconvolution based on a nonlinear
regression using own Matlab program (Fig. 5(b), (c)). The assignments of the bands describe
hydrogen-bonded and “free” (non-hydrogen-bonded) groups. The relatively higher hydrogen
bonded urethane associated C = O peak at 1685 cm™!, indicates stronger HS formation and higher
phase separation of PU1. Figure 5, in comparison with the studies of Fernandez-d” Arlas et al.
[64], shows that the phase separations are formed exclusively by associated urethane carbonyl
bands at 1685 cm™'. The peaks of non-hydrogen-bonded C = O groups are at 1730-1735cm™".
Figures 1 and 4 schematically show the types of hydrogen-bonded C = O group, H-bonded HS,
and SS in the case of the HDI-trimer.

4.3. Peak force quantitative nanomechanical mapping for phase separation observa-
tion

AFM measurements were performed to quantify the density of the scattering components ¢ and
the particle size parameters x that define the light scattering properties according to Egs. (12)—(20).
The results of indentation measurements by PF-QNM are shown in Fig. 6 and Fig. 7 for the PU1
and PU2. 10 x 10 um? scans were used for determination of the macro domains size of Mie/Hulst
models and 0.5 x 0.5 um? scans were used for determination of Rayleigh scattering nano domain
size and the area ratio of nano hard domains to total area. Bruker’s Nanoscope Analysis software
was used to perform the domain analysis at a threshold value for the maximum penetration depth
(PD). The analytical results are documented in captions of Fig. 6 and 7, and in Tables 3 and 4.
The sizes of the nano-domains measured by AFM (Fig. 6(b) and 7(b)) are approximately the
same for both PUs (14-16 nm). These values are in good agreement with literature showing
that segmented polyurethane elastomers can exhibit nanoscale phase separations of 2-20 nm
determined by the covalent alternating bonding of hard and soft segments, leading to phase
separation and domain formation [17-21,28,29,64].

Figure 8 shows the probability distribution of the penetration depth (indentation) of the AFM
measurements characterizing the homogeneity of the materials and the density ratio HS/SS. The
low indentation of PU2 indicates a high homogeneity of the material. Roughnesses (RMS) of
2 nm and 4 nm were determined for the thin PU layers and for the rod material, respectively.

4.4. Optical properties

Figures 9, 10, 11 and 12 show R & T spectra of PU thin films and rods. The overall behavior in the
wavelength range of 200-890 nm was obtained by the low-resolution spectrophotometer. These
reflectance measurements are superposed with high spectral resolution reflectance measurements
in the spectral range of 400-600 nm, analogous to [3]. The interferences shown in Figs. 9, 10, 11
and 12 are used for the thickness determination.

In order to determine the optical constants, i.e., refraction index #n and extinction coefficient
k, the reflection and transmission simulations were performed with considering roughness and
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Fig. 5. FT-IR spectra of PU1 and PU2: a) in the wavenumber range 500-4000cm™". b)
and c) show the Lorentzian - deconvoluted FTIR spectrum (dashed measured spectrum, red
fitted spectrum) of the C = O stretching vibrations for PU1 and PU2 in the wavenumber
range 1600-1800cm™'. The bands 1732-1735cm™! and 1719-1723 cm™!, are due to
C =0 associated free ester (non-hydrogen-bonded) and hydrogen-bonded carbonyl groups,
respectively. The hydrogen-bonded HS are located at 1682-1698 cm™". The relatively higher
peak at 1682 cm™~! for PU1 is related to the increased content of the HS, which correlates
with increased scattering.
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Indentation

100.0 nm

Fig. 6. AFM indentation scans of PU1 thick plates. The green areas show the hard regions
of the polymer at the threshold below the maximum of penetration depth. The 10 x 10 pm?
scan (a) shows macro hard domains with an average radius aspy; ~ 404 nm. The ratio of
hard areas to total area is ¢4rps ~ 0.57. The 0.5 % 0.5 me scan (b) shows nano hard domains
with an average radius agarps ~ 8.5 nm. The area ratio of nano hard domains to total area is

0.26.

PRAFM ~

Table 2. R & T fit-parameters of the Tauc-Lorentz-Urbach and excitonic Lorentz

oscillator dispersion models (Figs. 9, 10, 11, 12)

Model Tauc-Lorentz Lorentz- Exciton
ode
PUI Eg (eV) | Ey (eV) |A(eV) | C(eV) | o | Eexc (€V) | Aexc (€V) | Pexc | Lexc (€V)
Rayleigh/Graaff 7.7 155 | 094 | 19| 4.63 43E-4 | 0.05 0.17
Rayleigh/Hulst | 4.73 7.6 155 | 093 | 19| 4.63 4.6E-4 |0.047| 0.19
Tauc-Lorentz-Urbach
Model
UL Eg (eV) | Ef (eV) | A(eV)| C(eV) | o | Ec(eV)| Ay (eV) | Ey(eV)
Rayleigh/Graaft | 4.9 11.1 43 0.81 |1.05| 544 |1.82E-12| 0.28
Rayleigh/Hulst | 4.88 11.1 42.9 0.8 1.1 54 |0.79E-12 | 0.27
Table 3. Comparison of R & T fit using Mie/Hulst scattering and AFM results
Model R & T fitting (Figs. 9, 10, 11, 12) AFM (10x 10 ;1m2 scan) (Figs. 6(a), 7(a))
ode
ag, ag” (nm) | mg, mg® b6, pu” asrm (nm) | Parm PD* (nm)
Rayleigh/Graaff =404 1.006 =0.57
pu| | Y CIENDTEAT | darM $arm 404 0.57
Rayleigh/Hulst 530 1.002 0.51
Rayleigh/Graaff =450 1.001 =0.37
puy | BV | darM Parm 450 0.37
Rayleigh/Hulst 301 1.0005 0.44

4 PD-penetration depth demonstrated by a color bar of Figs. 6(a) and 7(a).
bRayleigh/Graaff model subscript G, Rayleigh/Hulst model subscript H
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Indentation

7.4 nm

Indentation 100.0 nm

Fig. 7. AFM indentation scans of PU2 thick plates. The green areas indicate the hard region
of the polymer at the threshold below the maximum penetration depth. The 10 x 10 ]JII12
scan (a) shows macro hard domains with an average mean radius a4y ~ 450 nm. The area
ratio of hard area to total area ¢p4pps ~ 0.37. The 0.5 % 0.5 pmz scan (b) shows nano hard
domains with an average radius agarps ~ 7 nm where the area ratio of nano hard domains to
total area is ¢parp ~ 0.33.
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Fig. 8. Frequency distribution of the indentation measurements, shown in Figs. 6 a and 7 a.

volume scattering. For the initial fit values of the optical dispersion parameters, we use a one-shot
fit of the measured values Ry, & T, of thin films neglecting the scattering analogous to [3].
The fit procedure is performed under the boundary conditions of the models defined in chapter 3
under consideration of the AFM indentation results asry and ¢ary. The fitting procedure
provides the optical dispersion parameters shown in Tab. 2 together with the scattering parameters
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Fig. 9. R & T fit (red) and measurements (black) for PU1 using the Rayleigh/Graaff model.
The rod thickness is 8 mm and the fitted thin film thickness is 14089 nm. The best fit
parameters of Rayleigh/Graaff, Tauc-Lorentz and the Lorentz Exciton models are presented
in Tables 2—4.
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Fig. 10. R & T fit (red) and measurements (black) for PU1 using Rayleigh/Hulst model. The
rod thickness is 8 mm and the fitted thin film thickness is 14099 nm. The best fit parameters
of Rayleigh/Hulst, Tauc-Lorentz and the Lorentz Exciton models are presented in Tables 2—4.
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Fig. 11. R & T fit (red) and measurements (black) for PU2 according to the Rayleigh/Graaff
model. The rod thickness is 8 mm and the fitted thin film thickness is 6620 nm. The best fit
parameters of Rayleigh/Graaft and Tauc-Lorentz-Urbach models are presented in Tables 2—4.
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Fig. 12. R & T fit (red) and measurements (black) for PU2 according to the Rayleigh/Hulst
model. The rod thickness is 8 mm and the fitted thin film thickness is 6623 nm. The best fit
parameters of Rayleigh/Hulst and Tauc-Lorentz-Urbach models are presented in Tables 2—4.
Table 4. Relative index of refraction mg of Rayleigh scattering
R & T fitting (Figs. 9,
Model 10, 11, 12) AFM (0.5x0.5 me scan) (Figs. 6(b), 7(b)) mg (calculated
Kr (nm’;) ararm (M) | @raAFM PD? (nm) from Eq. (17))
Rayleigh/Graaft 142 1.45
PU1 8.5 0.26 8.4
Rayleigh/Hulst 110 1.30
Rayleigh/Graaff 96 1.25
PU2 7 0.33 74
Rayleigh/Hulst 75 1.2

¢PD-penetration depth demonstrated by a color bar of Figs. 6(b) and 7(b).

shown in Tabs. 3 and 4 as well as the film thickness d. The corresponding fit curves in Figs. 9, 10,
11 and 12 are marked red. The best fit was obtained with the Rayleigh/Graaff model for the thin
films (Figs. 9 and 10). The results of effective damping, absorption and scattering coefficients
are shown in Figs. 13 and 14 by using the Rayleigh/Graaff and Rayleigh/Hulst scattering model.
Using the particle diagnostics of the AFM measurements (Figs. 6(b) and 7(b)) and Rayleigh
parameters (Tab. 4), the refractive index ratio mg can be calculated from Eq. (17). The optical
constants n and k with and without consideration of the scattering effect are shown in Fig. 15 in
comparison.

As a main result, it can be concluded that all parameters satisfy the boundary conditions
of the Graaff (5 <xg < 50, 1 <mg <1.1), Hulst (xy >>1 and |my-1|<< 1) and the Rayleigh
(1.0 < mg < 1.3, 0 < xg < 0.3) scattering models.
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Rayleigh/Graaff (a) and Rayleigh/Hulst model (b).
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Fig. 15. Extinction coefficient k and refractive index n for PU1 (a) and PU2 (b) evaluated
without and with consideration of scattering using the Rayleigh/Hulst and Rayleigh/Graaft
models. The determination of the optical constants without consideration of scattering is
based on R & T measurements of thin films only. Applying the Rayleigh/Graaff and the
Rayleigh/Hulst model, the differences for the refractive index are negligible.

5. Discussion

The AFM results in Figs. 6 and 7 show the typical behavior of phase separation and domain
formation of PUs in the scanning range of 10x 10 um? and 0.5 x 0.5 um?. The models of
segmentation described by Ginzburg et al. [31], Allport et al. [70], Hepburn [71], Ferndndez
d” Arlas et al. [64], He et al. [67] are shown schematically in Figs. 1 and 4 for the PUs under
investigation. AFM measurements (Figs. 6(b) and 7(b)) in the scan range of 0.5 x 0.5 um? show
domain formation with dimensions of 15-20 nm which is also confirmed theoretically by the
application of the Rayleigh scattering model and is analogous to the results of [64]. These hard
domains are formed by self-assembled covalent bonds of urethane hydrogen bonds of NH C=0
groups also forming more ordered or crystalline structures. The thermodynamic incompatibility
between the polar HS and the less polar SS makes the Gibbs free energy positive, and forces
it to phase separate [67]. Figure 7(b) shows cylindrical structures for the PU2 in contrast to
more spherical structures of the PU1 (Fig. 6(b)). Garret et al. [21], and He et al. [67] show
that longer structures form at higher mixing ratios of the hardener component due to lower
mixing entropy, which is the case for the PU2. The 10 x 10 um? AFM scans show microscopic
segmentations (long-range density fluctuations) in the dimension of 400-500 nm (Figs. 6(a) and
7(a)). The segmentation is in the order of the investigated wavelength and causes scattering that
can be described by Mie/Hulst scattering models. Comparison of Fig. 13 with Fig. 14 shows
that the scattering coefficients @ and ay of PU1 are an order of magnitude higher than those
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of PU2. We explain the increased scattering effect in PU1 by the formation of microscopic
structures with higher scattering potential due to the increase of the ratio of the refractive indices
m (mg and my) and the volume fraction ¢ (see Table 3). The effect of differences in domain
structure between PU1 and PU2 is also confirmed by the FTIR measurements. The FTIR spectra
and Lorentzian deconvolution (Fig. 5) show a higher C = O hydrogen peak, corresponding to
hydrogen bonds associated with urethane (1685 cm™"), indicating stronger HS formation and
higher phase separation of PU1. This correlates with AFM results (Figs. 6(a) and 7(a)). In
contrast, the non-hydrogen-bonded C = O groups (free carbonates and ethers) at 1730-1735cm™!
in PU2 indicate less phase separation.

Comparison of the results of AFM, FTIR and MALDI-TOF measurements indicates that the
degree of phase separation in PU increases with the molecular weight of the polyol. We assume,
that the differences in domain structure between PU1 and PU2 are mainly caused by M,, and P in
agreement with Lan et al. [72] and Silver et al. [73].

The results of R & T measurements and their fit to the scattering models support this
interpretation of the polymer morphology. We found that nano domains have higher m-values
than the micro domains indicating stronger hydrogen bonding of the nano domains (Table 3 and
4). The equality of the mg values of the two PUs show that the hard phase domain formation of
both polymers and the Rayleigh scattering properties are approximately the same. Therefore,
the higher scattering of PU1 compared to PU2 can be mainly explained by the higher phase
separation of the PU1 micro domains, which is determined by the higher refractive index ratio
(mg, my and mg) of PU1 and also by the penetration depth (Fig. 6(a)). This is also indicated by
the broader molecular weight and intension distribution (Fig. 7) of PU1. In other words, broad
molecular weight distribution (higher P) of polyols of PU1 cause higher PD (PDpy;=8.8 nm,
PDpy»=3.1 nm) and phase separation distribution of hard and soft components.

The results of optical characterization of the polymers based on R & 7 measurements
considering Mie/Hulst and Rayleigh scattering and fit initial values of domain size from AFM
analysis show that the optical absorptions can be determined separately from the scattering
coefficients. This is shown in Figs. 13, 14, and 15. The best-fit results to the R & T measurements
of the dispersion model parameters and the scattering models are shown in Figs. 9, 10, 11,
and 12. In these investigations, the Rayleigh/Graaff model proves to be more suitable than the
Rayleigh/Hulst model, which is particularly visible in the case of the high scattering material
(Fig. 10). As shown in Table 2, the analyzed resin films exhibit band gap energies E, of 4.71
and 4.73 eV for PU1, and 4.90 and 4.88 eV for PU2 are being similar for both scattering models.
The transmission attenuation peaks of PU1 at the wavelength of A ~ 270 nm in Figs. 9(b) and
10(b) can be explained by exciton transitions with energies of E,,. = 4.63 €V, and influence on the
dielectric constants in the range below E,. Figures 13 and 14 show «;, o, und ay as a part of
the effective attenuation coefficient a,. For the material with high scattering (PU1), Rayleigh
scattering is negligible. Figure 15 shows the dispersion of the optical constants n and k of PUs
under consideration of the scattering parameters. Comparing both scattering models in the full
wavelength range of 200-890 nm, we obtain differences of up 10% for the extinction coefficient.
In contrast, differences in the refractive index are negligible. In general, the Rayleigh/Graaff
model shows better goodness of fit. Comparison of the optical constants determined only from
R & T measurements of thin films on quartz substrate without consideration of the scattering
models is depicted as dashed lines in Fig. 15, which indicates that consideration of the scattering
effect is important for the correct determination of the k-values for increased scattering thin
films in the long wavelength range where k < 1073 (Fig. 15(a)). It is essential that the exact
determination of the k-values for the PUs in the range of photon energies below E, can only
be determined by measuring thick samples. Based on these results and from the comparison
of Figs. 6(b) and 7(b) (lower indentation in PU2), it can be concluded that the PU2 is very
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homogeneous, in terms of microscopic phase separation, resulting in very low scattering, as also
indicated in Fig. 2, making it suitable for applications in optics and optoelectronics.

Here, we proposed and experimentally verified a new method for simultaneous determination
of dielectric constants and scattering properties of polymers for optoelectronic applications
using a combination of optical R & T measurements in connection with a parametric modeling
procedure. A more complex numerical treatment of radiative transfer, based on multiple transport
theory or a rigorous solution of Maxwell’s equations, can in principle provide more accurate
solutions, but requires adapted optical setups and is rather time consuming.

6. Conclusion

The application of optical functional polymers requires knowledge of optical constants and light
scattering properties. In this work, the optical constants and the scattering coefficients were
determined from the reflection and transmission measurements of thin films and rods in the
wavelength range from 200 to 890 nm on the basis of dielectric dispersion and analytical scattering
models. Rayleigh, Mie and Hulst scattering models were used to characterize the scattering due
to volume inhomogeneities and the scalar diffraction theory due to surface roughness. Atomic
force microscopy with peak force quantitative nanomechanical mapping was applied to extract
the topography as well as mechanical properties such indentation depth in order to assign the
optical scattering to a suitable model.

We found that the scattering is primarily caused by the size of the microdomains and their
refractive index ratios, which are related to the molecular weight of the polyols. For accurate
determination of optical constants and band structure parameters, it is essential to consider
scattering in the models. Even with low scattering, its consideration is important, especially for
polymer optics and other thick samples. The described method appears to be well suited for the
qualification of new polymer materials. It can help develop high-performance optical polymers
for the lighting industry to minimize scattering losses and increase illumination efficiency.
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