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We present a straightforward and easily interpretable multi-scale infrared (IR) spectroscopic characterization of
anisotropy and arrangement of polymer nanofibers. Direct spectral interpretation of fiber bundles and single
fibers with respect to their anisotropic properties is possible by applying non-invasive IR polarimetry at defined
polarization states with spatial resolutions from the macroscale (a few mm) down to the nanoscale (a few 10 nm).
A vivid relation is shown to exist between vibrational bands in s-polarized reflection and absorption-associated
photothermal spectra measured by the AFM-IR technique. Such a relation is a prerequisite for detailed discus-
sions of IR spectra with respect to complex fiber structures and materials.

1. Introduction

Polymer nanofibers are of high technological relevance in opto-
electronic [1], bio-related and medical research and technology fields
[2-4], for example, as building blocks for fibrous scaffolds in neural
tissue applications [3,4]. Functionalization, anisotropy, and ordering
are key properties of fiber samples that require reliable and sensitive
characterization procedures. In this work, we focus on a combined
macroscale and nanoscale infrared polarimetric characterization for the
direct interpretation of the anisotropic properties of touch-spun poly-
caprolactone (PCL) nanofibers. The recently developed touch-spinning
method was used to produce nanofibers with scalable size in a simple
and reproducible manner from polymer solutions [3,4]. The resulting
aligned nanofiber scaffolds exhibit defined mechanical and optical
properties, as well as homogeneous morphology on the studied length
scales.

Few nanoscale IR studies of bare and functionalized fibers have been
performed in the literature so far [6-10]. A comparison of nanoscale IR
spectra of single fibers with polarized IR spectra of multiple aligned fi-
bers was presented elsewhere [5,6]. Specific vibrational bands were
discussed on a qualitative level [6]. In contrast, a quantitative in-depth
interpretation of spectra-structure relations for anisotropic and het-
erogeneous sample materials typically requires advanced optical
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interpretations involving analytical and/or numerical optical calcula-
tions [11-15]. However, a model-free approach would often be prefer-
able for assessment of the sample properties. It is therefore imperative to
understand whether, and to which extent, it is possible to derive infor-
mation on molecular structure, chemical structure, and orientation of
single and multiple nanofibers from direct inspection of polarization-
dependent AFM-IR spectra.

Here we present a multi-scale study of PCL nanofibers that provides
comparable spectra for polarization-dependent AFM-IR of a single fiber
and classical IR polarimetry of fiber bundles. Such a combined approach
can deliver detailed information on fiber anisotropy and ordering
without the need for optical simulations, thus laying the foundation for
future nanoscale interpretation of complex nanofiber materials.

PCL is a semicrystalline polymer; the degree of crystallinity ranges
from 20% to 80% depending on the fiber drawing conditions [4]. In this
work, we study PCL nanofibers with an estimated crystallinity of 57%
(as measured using XRD and DSC methods). In these samples, crystalline
and amorphous phases contain aligned polymer chains that contribute
to the fiber’s anisotropy.
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mailto:karsten.hinrichs@isas.de
www.sciencedirect.com/science/journal/25900072
https://www.sciencedirect.com/journal/micro-and-nano-engineering
https://doi.org/10.1016/j.mne.2022.100116
https://doi.org/10.1016/j.mne.2022.100116
https://doi.org/10.1016/j.mne.2022.100116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mne.2022.100116&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Hinrichs et al.
2. Experimental
2.1. Preparation

A set of fiber samples was prepared via the touch-spinning method
(Fig. 1) on glass substrates and in a free-standing fashion on a wire
collector from 8% polycaprolactone (PCL, M;, = 80,000 g/mol, Sigma-
Aldrich) in chloroform (ACS grade, VWR Chemicals BDH). Details on
touch-spinning can be found in Ref. [3].

2.2. IR polarimetric characterization

IR polarimetry of the samples was realized with polarization-
dependent AFM-IR [11,12] and with classical IR polarimetry/ellips-
ometry in reflection [13,14]. A schematic presentation of these multi-
scale polarimetric methods is shown in Fig. 2. A Mueller-matrix
ellipsometer was used for complementary measurements of trans-
mission spectra [16,17].

2.3. AFM-IR

For polarization-dependent AFM-IR measurements, a commercial
NanoIR2-FS set-up (Anasys Instruments Corporation, BRUKER) with a
polarizing unit and a pulsed mid-IR quantum cascade laser (QCL,
MIRcat-QT, Daylight Solutions Inc.) in a top-down configuration was
used. The QCL consists of four individual chips with emission starting at
900 ecm~!, 1127 em™!, 1419 em™' and 1544 cm™!. Polarization-
dependent sample spectra were referenced to the polarization-
dependent background spectra of these four ranges. Measurements
with a lateral resolution of about 30 nm were performed in contact mode
using a gold-coated silicon AFM tip. Spectra were taken at 70° angle of
incidence and 1 cm™' spectral resolution. For further details see
Ref. [11, 12].
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2.4. IR polarimetry/ellipsometry

Polarization-dependent IR reflectance, amplitude (tan ¥) and phase
(A) ellipsometric spectra (see inset in Fig. 2) were measured at an
incidence angle of 70° and at 4 cm™! spectral resolution in a dry-air
purged ellipsometer set-up with a photometric liquid-nitrogen-cooled
mercury cadmium telluride (MCT) detector externally attached to an
FTIR spectrometer (IFS 55 or Vertex 70, Bruker Optics, Ettlingen, Ger-
many). Cross- and co-polarized transmittance spectra were obtained in a
Mueller-matrix ellipsometer under azimuthal sample rotation (custom-
ized ELL14K mount, Thorlabs).

3. Results
3.1. Anisotropy of fiber scaffolds

Two types of anisotropy can influence the measured spectra of a fiber
scaffold: Firstly, the anisotropy of the scaffold in dependence of the
relative alignment of the single fibers within the probing spot; and
secondly, the anisotropy of the individual fiber due to an average mo-
lecular orientation. For a well-aligned scaffold, closely related spectra
would be expected for the fiber ensemble and the single fiber.

Fig. 3 shows s-polarized reflection spectra of the vertically and the
horizontally aligned PCL fiber scaffold on glass. The observed
absorption-like bands are consistent with Ref. [17], which discusses
characteristic vibrations of PCL chains in spin-coated films on gold
surfaces. Our data agree with the authors’ orientation analysis,
assuming an anisotropic alignment of the polymer chains within the
fibers. All bands in Fig. 3, except for the v(C=0) mode, exhibit a pro-
nounced anisotropy, as identified by the significant changes in band
amplitudes with in-plane sample rotation. The transition dipole mo-
ments (TDMs) of these vibrations are thus aligned predominantly along
the direction of the polymer chains.

In contrast to s-polarized reflection spectra (and to normal-incidence
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Fig. 1. a) Sketch of the touch-spinning method, in which a rotating disc holds two rods that collect a continuous fiber from a polymer droplet; b) Structure of
polycaprolactone (PCL); ¢) Schematic figure of fiber scaffolds prepared around a square glass substrate and “free-standing” around a wire collector.
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Fig. 2. Schematic presentation of 1) Polarization-dependent AFM-IR measuring the photothermal expansion (absorption) of the sample surface by an AFM tip upon
polarized irradiation; and 2) Classical polarimetry/ellipsometry measuring ellipsometric parameters (tan ¥ and A) and polarization-dependent reflectances (R) and
transmittances (T) under an incidence angle ¢ of choice. s-polarization is in x-direction perpendicular to the y-z incidence plane.

1108 1239
1.041048 1171 12921364

0_9%\/“

0.8+

S

Referenced R

0.7

0.6

1000 1200 1400 1600 1800
Wavenumber / cm™

Fig. 3. s-polarized reflection spectra (referenced to the s-polarized reflection of
the bare glass surface) for differently aligned PCL scaffold on a glass substrate.
Positions of peak maxima are indicated.

transmission spectra), the vibrational features in unpolarized and p-
polarized reflection spectra, as well as in ellipsometric tan ¥ and A
spectra, do not display simple absorption-like bands. Field components
of the probing radiation in direction perpendicular to the surface are
causing altered band shapes in spectra of anisotropic thin films and fiber
materials. Interestingly, the resulting characteristic band shapes, for
example in tan ¥ and A, are correlated with the average orientation of
the related TDMs, as previously demonstrated by ordering- and
orientation-dependent optical simulations for various other thin film
samples [18-21].

Characteristic band shapes, and changes thereof, are exemplarily
identified in Fig. 4, showing Kramers-Kronig consistent tan ¥ and A
spectra of the PCL nanofiber scaffold. The marked bands differ in shape
and amplitude upon changing of the fiber orientation. A detailed anal-
ysis of this finding is beyond the scope of this article and would require
in-depth optical simulations.

Next, we performed cross- and co-polarized transmission measure-
ments (Tps and Tg) of the free-standing wire-collector under 2z

azimuthal rotation (see Fig. 5). The resulting spectra enable a more
detailed inspection of the fiber scaffold’s anisotropy related to the di-
rection of average TDMs of the respective vibrations. While T naturally
captures all vibrational contributions along the polarization axes, Tps is
only sensitive to, and non-zero for, anisotropic contributions.

The two most intense characteristic vibrations and their specific
TDMs are marked in Fig. 5, namely the C=0 stretching mode around
1730 em™! and the asymmetric C-O-C stretching mode around 1239
em™! (assignment according to Ref. [22]). The presented cross-polarized
Tps spectra show significant contributions only between 1000 em ™! and
1440 cm ™, and for sample rotations around 45°, 135°, 225° and 315°.
At rotations around 0°, 90°, 180° and 270°, Tps approaches zero, sug-
gesting that the average TDMs are either parallel or perpendicular to the
optical axes of the scaffold, i. e., to the macroscopic fiber directions.
Maximum band intensities in Tg are observed around 90° and 270°. The
TDMs of these bands are therefore distributed predominantly along the
direction of the fibers, in accordance with the previously discussed
reflection spectra. In contrast, no significant contribution of the (C=0)-
related band is observed in Tps, but an almost rotation-independent band
is seen in Ty, indicating an overall isotropic distribution of the v(C=0)-
related TDMs. This finding implies that the average orientation of C=0
bonds within the PCL polymer chains is not simply perpendicular to the
direction of the nanofiber, as would be expected for a single molecule.

Several horizontal stripes that are independent of vibrational ab-
sorption bands are seen in Tg. Such baseline effects are assigned to a
certain degree of macroscopic inhomogeneity of the scaffold, for
example, to a slightly varying density of fibers on the mm scale.

3.2. Nanoscale AFM-IR

Finally, we employed AFM-IR to study individual fibers on the
nanoscale. Fig. 6 compares representative s-polarized AFM-IR spectra of
a single 460 nm thick fiber with macroscopic s-polarized reflection
spectra of fiber bundles in a scaffold. Both the single fiber and the fiber
scaffold were oriented at about 63° and — 27° (rotated by —90°) with
respect to the plane of incidence. Overall agreement between the two
sets of spectra is observed regarding band frequencies and shapes. Small
deviations in relative band amplitudes are present but could be
explained by optical effects and by macroscopic averaging. While AFM-
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Fig. 4. Ellipsometric tan ¥ (left) and A spectra (right) (referenced to corresponding tan ¥ and A spectra of the bare glass surface) for the horizontally and vertically
aligned scaffold on a glass substrate. Characteristic band shape changes are marked. For better comparison, the bottom tan ¥ and A spectra are zoomed-in by a factor

of 15 and 10, respectively.
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Fig. 5. Transmittance measured with crossed polarizers (Tps) and parallel polarizers (Ts) for azimuthal rotation of a free-standing fiber scaffold on a wire collector.
Two characteristic vibrations, the asymmetric C-O-C stretching and C=0 stretching modes, and their transition dipole moments (TDMs) are marked. Green arrows
indicate the displacements of the single atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

IR is probing a single well-oriented fiber, classical polarimetry is sensi-
tive only to the average orientation angle of the measured set of fibers
within the macroscopic scaffold. Compared to the s-polarized spectra of
the 0° and 90° oriented fibers in Fig. 3, the 63° and — 27° oriented fibers
in Fig. 6 show remarkably similar intensities of the absorption band
between 1000 cm ™! and 1440 cm™!. These band amplitudes exhibit a
cosine dependence on the azimuth angle, explaining why the relative
spectral band intensity changes from 0° towards —27° are stronger than
those from 90° to 63°.

In conclusion, the presented nanoscale PCL absorption data prove to
be comparable with macroscale s-polarized reflection spectra for this
kind of polymer material. Future work will thus aim at analyzing and
using the nanoscale fiber orientation for understanding in more detail
the macroscopic averaged optical response of the scaffold. This will open
the door for multi-scale investigations of more complex, potentially less
well-oriented, fiber materials, or even fiber scaffolds with crisscross
fiber orientations.

4. Conclusions

By comparing the vibrational bands in s-polarized reflection spectra
with those in s-polarized photothermal AFM-IR spectra, we ensure that
only related in-plane absorption properties are detected. A good corre-
lation between the respective results for a single fiber and a set of ori-
ented fibers was found. Azimuthal transmission measurements of fiber
scaffolds can also probe the in-plane vibrational properties and are well-
suited for direct discrimination of anisotropically and isotropically ori-
ented transition dipole moments. Cross-polarization transmission mea-
surements confirm these results and may serve as a quick identifier of
anisotropies.
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