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Abstract

A composite is a mixture of two or more materials with a clear phase difference, where,
the fundamental components retain their significant properties hence the resultant mixture
exhibits several unique behaviors. Fabrication of composites w.r.t.,, various applications and
its analyses is the objective of the enclosed study. Carbon and tetrapodal ZnO based
composite interfaces are utilized to improve gas sensing, optical, catalytic, thermal and
electrical properties. Effects of shape and concentration of ZnO are optimized as an

antibacterial filler in the electrospun poly(caprolactone) fibers.

In wind turbine blades, airplane wings, marine transportation and biomedical
instrumentation a crucial issue lies in damage detection, a damage caused by any reason if
not caught on time leads to acute material failure. This is life-threatening and also a growing
reason for increased waste generation. Current work aims to provide an in-situ damage
detection procedure to resolve this issue in a sophisticated at the same time a simplistic
method. Inspired by human skin, self-reporting materials have been tested as damage
detectors. Utilization of a molecular switch, spiropyran, as a self-reporter was proposed in
the framework of SFB 677 (Function by Switching), project C-14. Spiropyran, a molecular
switch, is studied for its multifunctionality as it can undergo reversible and visual
transformation in response to various stimuli, mainly, light, heat and force. For the very first
time, mechanochromism of spiropyran as a particle filler in a polymer composite is
presented here. Furthermore, dependence of the type of matrix and reinforcement on the
switchability of spiropyran is verified. A protocol to correlate the gradual color change of
spiropyran in a polymer composite to the accumulated impact force is established. In
addition, spiropyran functionalized polymeric fibers are investigated for strain induced

color change.



Zusammenfassung

Ein Komposit stellt eine Mischung aus zwei oder mehr Materialen mit einer eindeutigen
Phasenunterscheidbarkeit da. Dabei bleiben die kennzeichnenden Eigenschaften der
Fundamentalkomponenten erhalten, infolgedessen das resultierende Material ein eigenes
teils einzigartiges Verhalten aufweist. Die eingereichte Arbeit fokussiert sich auf die
Herstellung von Kompositen mit Bezug auf unterschiedlichen Applikationen und deren
Analysen. Kompositgrenzflichen werden zur Optimierung von Gassensoren, optischen,
katalytischen, thermischen und elektrischen Eigenschaften verwendet. Im Fall von
kohlenstoff- und Zinkoxide-(ZnO)Tetrapoden-basierten Kompositen wurde eine erhebliche
Steigerung der vorhergenannten Eigenschaften beobachtet. Form und Konzentration von
ZnO wurden zur Verwendung als antibakterieller Filler und deren Effektsteigerung in
elektrogesponnenen PCL Fasern optimiert. Weiterhin finden Komposite sich in einer
Vielzahl Anwendungen wieder, zu welchen unter anderem Windturbinenblitter,
Flugzeugfliigel, Seetransportmittel und biomedizinische Instrumente zahlen.

Allen diesen technischen Anwendungsfeldern ist die eminente Wichtigkeit einer
eindeutigen und friithzeitigen Schadenserkennung gemein. Zu spat bemerkte
Beschadigungen fiihren zu irreparablen Materialfehlern; somit zu Funktionsstérungen oder
zu vorzeitigen Lebensdauerausfallen des Gesamtsystems und vermeidbarer Abfallerzeugung.
Diese Arbeit liefert eine entsprechende in-situ Schadensdetektion, welche auf einer
anspruchsvollen gleichzeitig vereinfachten Methodik basiert. Inspiriert durch menschliche
Haut wurden selbstanzeigende Materialen als Schadensdetektor gepriift. Im
Sonderforschungsbereich (SFB) 677 der Deutschen Forschungsgemeinschaft (DFG)
JFunktion durch Schalten“ wird ein solches Selbstanzeigen durch die Nutzung von
molekularen Schaltern generiert. Spiropyran untergeht eine reversible und visuell sichtbare
Transformation als Reaktion auf physikalische Stimuli wie Licht, Warme und mechanische
Krafteinwirkung. Erstmalig kann der Mechanochromismus von Spiropyran, welches als
Partikelfiiller in einem Polymerkomposit eingearbeitet wurde, beobachtet werden. In
Abhangigkeit der verwenden Matrix wurde eine Verstarkung der transformativen
Schaltbarkeit von Spiropyran verifiziert. Eine direkte Beziehung und ein Protokoll zur

Korrelierung des graduellen Farbwechsels von Spiropyran innerhalb einer gegebenen



Polymermatrix und einer akkumulierten Krafteinwirkung sind bestimmt worden. Zusatzlich
wurden  Polymerfasern, funktionalisiert durch  Spiropryan, gemdaf} ihrem

dehnungsinduzierten Farbwechsel untersucht
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1. Introduction

Currently, materials and construction engineering on a global scale are based on
composites. A single material struggles to meet all the requirements of a challenging and
demanding advanced function. In contrast, a composite system built on well-tailored
materials offer a single solution to a multitude of issues.[!l Composites are categorized based
on the fundamental substances used, e.g. ceramics, polymers and metals.[2] Thereby, any two
or more chemically inert materials can be combined to produce a composite. Successful
usages of composites can be found in the automobile industry!34], aerospace engineering!),
biotechnologyl®! and medical sciencel78l. A special group of self-reporting composite system
assist in multiple stress exposed technologies, i.e., wind turbine blades, airplane wings,
marine transportation and biomedical instrumentation. Preventive and early damage
identification support the precise root-cause analysis and hinders the occurrence of material

failures that lead to severe impairment.

A relatively new category, which saw a significant incline in development and application
since the early 2000s is hybrid nanointerfaces (HNI)[°-13] i.e., composite interfaces created
by mixing different micro/nanomaterial for instance boron nitride coated copper
nanowirel13], ZnO particles in combination with metal nanoparticles(4] etc. Due to their high
surface to volume ratio, nano composites offer significantly improved electronic, optical and
catalytic properties compared to their respective bulk forms. Advantages of nano interfaces
can be found in numerous devices; to name a few, gas[5] and thermal barriers!¢], thin film
capacitors!'7]l, solid polymer electrolytes8l, catalysts(°l. Moreover, production of these
hybrid material is less complicated than doping or alloying, as in the conventional
semiconductor industrial process or challenging synthesis steps with high energy feed-ins
are obsolete for hybrid composites, enabling cost efficient manufacturing.[11.12.14-19] Several
techniques of HNI fabrication have been proposed, this includes spray dryingl20],
hydrothermal synthesis[?1], aerosol spray pyrolysis!22], infiltration[23] and sintering[14l. In
particular, production and applications of ZnO centered HNIs have been thoroughly
explored.[24-26] The thermal and chemical stability and the biocompatibility, elevates ZnO to

be a valuable foundational material.[27.28] The opticall??], catalytic[3°] and electronicl31]



properties of ZnO are shown to be adjustable by hybridization. The complex structures of
ZnO offer variety of possibilities, specially tetrapods, they can be sintered into differently
shaped and sized interconnected three-dimensional templates.[2832] The direct and wide
band gapped ZnO (3.37 eV) can be stimulated with low powered ultraviolet (UV) light and
the blue-green photoluminescence produced as a result of such stimulation can be altered by
functionalization or hybridization.[3334] Furthermore, hybrid materials based on metal or
metal oxide micro-, nano-structures can be processed as additives in polymer composites
(PC).[11 In a polymer matrix composite, carbon/glass fibers, CNTs, TiOz, SiOz, ZnO and Al203
nanoparticles, s.0., are utilized as nano fillers.[35-38] Interconnected nano sized
reinforcements have been observed to considerably enhance properties, e.g., modulus,
strength, thermal and chemical stability of the matrix.[37] Tetrapodal-ZnO (T-ZnO) as an
additive has proven to enrich the antifouling property of polythiourethane (PTU)I33],
antibacterial activity of the electrospun poly(caprolactone) (PCL) fibers(39l and has been
observed to induce self-reporting property in polydimethylsiloxane (PDMS)[40l. For many
applications such as impellers, wind turbine blades, dental implants and self-reporting
material PCs have been useful.[1.37,40]

Continuous UV exposure can cause material decomposition, it is necessary to locate such
affected areas of an instrument. While the force induced damages and initial stages of wear
are especially hard to locate and minor errors arising during production can cause material
failure on application of force. Under such circumstances self-reporting coatings play a very
important role. The existing non-destructive postpartum analyses[*!li.e., visual inspection[4Z],
acoustic waves-based techniquel*3], pulsed ultrasonic and sonic spectroscopyl*!l and
shearography!#4 of the reinforced polymer composites can perceive these types of damage.
However, all these techniques exhibit the disadvantage of an inefficient source determination
and the prediction of the material failure. Impairments caused by accumulated impact or
compression are among the common cause of material failure in wind turbine blades,
airplane wings and several other appliances.[*>46] These inherently occurring damages are
inevitable nevertheless, a complete material failure can be avoided by introducing a self-
reporter i.e., an indicator which provides a signal in response to changes in its surrounding,
may itbe a sudden increase in UV irradiation or temperature or most importantly mechanical

stress.



Self-reporting polymers are a common subject of research and in most studies a
molecular switch is used as a reporter.[4748] Molecular switches are a class of organic
molecules which transforms reversibly in response to various stimuli.[#950] Prominent
examples are azobenzenel®ll, diarylethenes[52l, spiropyrans,[?l spirooxazines/>3] and
diazocines[>0l. The presented collective research focuses on azobenzene and spiropyran, both
of the switches can reversibly isomerize between trans and cis form. Spiropyran
(colorless/yellow) answers to several triggers including forcel>*, UV (365 nm)[>3] and
temperaturel5¢] with a noticeable color change by undergoing a reversible C—0 bond cleavage
to form merocyanine (purple).[571 This transformation can be reversed by visible light (530
nm) irradiation or by thermal relaxation.[*%57] trans-Azobenzene folds at a N=N bridge to
form cis-azobenzene under UV (365 nm) irradiation which can be reversed by blue light
irradiation (450 nm) or by thermal relaxation at room temperature.[51.58] Both the molecules
can easily be functionalized to be incorporated into polymers. Azobenzene in a polymer can
exhibit photomechanical behavior i.e., light initiated transformation of azobenzene imparts
macroscopic movements.[5%60] For such photomechanical effects azobenzene polymers have
to be pre-aligned to behave like a liquid crystal.[59.61-63] Likewise, spiropyran integrated into
the backbone or sidechains of polymethacrylate (PMA)[54, PMMAIé4], polyurethane (PU)[6566],
polynorbornenesl¢7], exhibits excellent reversible responses to the above mentioned stimuli .
In various studies spiropyran has displayed high potential to operate as a self-reporter to
light without its covalent integration into the polymers.[¢8-701 Main objective of the current
research is to utilize spiropyran as a composite to produce a stress, UV and temperature
sensitive reinforced PC cost effectively. A quantitative method to recognize the accumulated
impact force through the intensity of the color change is proposed.

In the given work, T-ZnO based HNIs with fullerenes were monitored for their modified
optical and gas sensing properties in chapter 3, with activated carbon were studied for an
efficient reduction of a highly hazardous waste water contaminant (hexavalent Cr) in chapter
4, and with MWCNTs were optimized to obtain a competent electrically and thermally
conducting composite in chapter 5. Antibacterial and cell growth activities of the PCL/T-ZnO
composite scaffold were investigated in chapter 6. The self-reporting ability of spiropyran as

an additive in different matrices was investigated in chapter 7 and the effects of different



reinforcements such as glassfibers and T-ZnO were examined as well. The
mechanosensitivity of spiropyran functionalized PMA microfibers were explored in
chapter 8. Lastly, photomechanical effect of the azobenzene-based polysiloxane film was
analyzed in Chapter 9. The analytical methods that were utilized for in-depth investigations
of the physical and chemical properties of the composites were periodic impact testing,
Raman spectroscopy, AFM, UV-Visible spectroscopy and SEM. The given work is a
developmental step towards producing inexpensive and eco-friendly construction material
with in-situ sensors, to obtain a direct indication of damage before it leads to instrument

malfunction.
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2. Knowledge Integration

This section provides a theoretical background on the materials and the analytical
methods employed within the given work. Also elaborates the motivation of the current study.
Further extensive information to the following topics: types of composites, their synthesis,

applications and analyses.

2.1.Composites

By definition, a composite is a combination of physically and chemically different
substances which are not altered when grouped together, however, is collectively used to
enhance particular properties.[12] Application of artificial composites range from automobile
and aerospace components, orthopedic and dental surgeries, Li-ion batteries and
catalysis.[13] Composite systems can be exercised with various materials such as metals,
wood, ceramics, polymers as a matrix and glass and carbon fibers, micro and nano
semiconductor particles, as reinforcing additives (Figure 1).[11 Without matrix composites
are well-known as hybrid materials and are used to enhance optical, thermal and electrical

conductivity in conducting and semiconducting particles.!*!

eramic Matrix
Composite

Polymer Matrix
Composite

Natural Bones, Wood etc

With Matrix

"
o
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Hybrid Micro-Nano
Semiconducting Particles
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Figure 1. Categorization of composites based of their occurrence and the fundamental materials utilized.



2.1.1. Synthesis of Micro- and Nano particles

Industrially applicable nanomaterials, e.g. CNTs, TiOz, ZnO, Al20s3, Si and SiOx particles of
different shapes are conventionally produced by sol-gel process, nano structuring, chemical
vapor condensation and flame-based synthesis. [-71 This subchapter provides brief
descriptions on the syntheses of the micro- and nanomaterials that were mainly utilized in

the given work.

e  Flame transport synthesis (FTS) is only one of many well-known methods to produce
particles for composites and was mainly employed as it is a rapid and comparably simple
method to produce various structures of numerous metal oxides. Among the metal oxide
semiconductors due to its versatility, T-ZnO is a highly utilized base material for composites,
three-dimensional templates, and reinforcing PMCs. A strong luminescence, wide band gap
(3.37 eV) and the tetrapodal shape makes T-ZnO the most suitable composite material to
enhance electrical, mechanical and optical properties of a system. Hence, micro-, nano-
tetrapodal ZnO particles were produce FTS. This method of T-ZnO production involves zinc
powder and polyvinyl butyral (PVB). The Zn powder and PVB are mixed at 1:2 weight ratio
and taken in a ceramic crucible. The crucible is then placed in a muffle furnace pre-heated to
500 °C. A source of pressured air is provided from the rear end of the furnace. Constant flow
of pressured air helps to keep the furnace temperature constant. After 30 min of process time
the crucible is removed from the furnace and cooled before collecting the low-density
particles.[8 These particles can be processed depending on the application.[®] Also, FTS can

be modified to produce other metal oxide particles such as SnO-.

. Carbon based material such as CNTs, fullerenes, graphite and graphene oxide are
among the most used substances to produce composites.lll They are cost efficient to produce,
combination of carbon-based material and metal oxides provide high versatility.[10.11] CNTs
are fabricated by electric arc discharge, laser ablation and chemical vapor deposition (CVD),
s.0., the obtained CNTs are later purified to remove catalysts and carbon precursors.[121 Mass
production of fullerenes, graphite and graphene have also been established and more

information can be found in the work published by Kelly et al.[13]



. An alternative to grahititic anodes in Li-ion batteries is an arrary of Si microwires,
fabricated by lithographic nano structuring of p-Si followed by macropore etching. Stepping
away from the conventional methods of fabrication Hansen et al.,[14] present a non-aqueous,
macro-pore etching process in organic electrolyte combined with 10 wt% hydrofluoric acid
(HF) and polyethlyene glycol (PEG). Wires of 70 pm length and 1.2 pm diameter showed
highest stability during cycling and Li uptake. Following the method described by Foll

et.al.,[15] production of desired shapes and sizes of Si wires is feasible.

In the current work, these micro-nano structures were further used as the base material

for creating hybrid composites.



2.1.2. Production and Application of Micro- and Nanocomposites

An approach of effectively enhancing a particular functionality of a material is to create
nanocomposites, as they further improve multiple properties. Selected hybrid materials and

known methods of producing them are discussed here.

e  The T-ZnO particles produced by the FTS can be pressed into desired shapes and sizes
(see Figure 2) and sintering these forms at 1150 °C for 5 h increases the interconnections
for stability. A composite made from infiltrating a cylindrical template of T-ZnO with CNTs as
published in Schiitt et.al. 6] showed improved temperature selectivity in ammonia

sensors.[11]

Figure 2. Three-dimensional interconnected network of T-ZnO particles produced by the FTS pressed into
different forms and these shapes are stabilized by sintering at 1150 °C for 5 h.

Following the same principle, a composite of hollow tetrapodal networks of CNTs and
bioactive quartz are fabricated by reducing the ZnO in an H2 atmosphere after infiltrating the
sacrificial T-ZnO template. This hollow network CNTs hybridized with bioactive quartz is
used as a scaffold for osteoblast growth. [17]

e A well-known light weight material, aerographite*8], produced following the CVD

process using a sacrificial T-ZnO template was decorated with Si/SiOx nanoparticles in the



study by Smazna et.al.[191 Aerographite was glazed with Si/SiOx nanoparticles in an
atmospheric plasma chamber by introducing hexamethyldisiloxane (HMDSO) into the

effluent plasma jet.

e  Another possibility of hybridization is by chemical deposition, Smazna et.al.,[20]
present a method of Zn0-Ga203 composite fabrication. The ZnO microwires were immersed
under UV irradiation for 12 h in a solution made by dissolving gallium acetylacetonate in
chloroform. Post chemical treatment the coated microwires were annealed at 600 °C for 1 h

in Oz or Ar atmosphere.[20]

e  Ultra-thin films of TiO2 (thickness: 15-45 nm) fabricated by atomic layer deposition
(ALD) when sputtered with gold nanodots created a composite that is highly UV sensitive.
The photoconductivity in Au functionalized TiO:z film increases due to the Schottky barrier
created at the nanoscale interface between the anatase TiOz2 film and Au nanoclusters. These
nano-interfaces enhance the electron depletion region and suppress electron-hole

recombination in turn improving the UV sensing of the film by an order of magnitude.[21]

e Similar studies as above were performed on the UV, gas and gas/vapor sensing
properties of TiOz thin films functionalized with Au and Ag nanodots and Ag-Pt and Ag-Au
bimetal nanoclusters. The TiO:z thin films were produced by the aerosol spray pyrolysis
technique.[22] A mixture of titanium diisopropoxide (TTIP), acetylacetone and isopropanol in
appropriate was fed into the spraying chamber with oxygen gas flux. After spraying, the thin
films were annealed at 450 °C for 1 h. The heat treated TiO:2 films were sputtered with solo

metal and bimetal nanodots to enhance its sensitivity.[22]

e  Spraydrying is a technique adopted when large quantities of multicomponent hybrid
materials with narrow size distribution are required. This is a slurry-based method to
produce single- or multicomponent granules or spherical particles.[23-25] The slurry is
prepared by dispersing the desired primary powders in a solvent and for composites, the
particles are mechanically pre-mixed before dispersion and this mixture is fed into a rotary
atomizer for droplet formation. These droplets are sprayed and dried, the generated particles
are then collected. Some of the examples of hybrid composites produced with spray drying

are Zr02-Al203, MWCNTSs coated NazFePO4F and TiOz in combination with mica and h-BN are.



Size and shape distribution of the particles depends mainly on the type of solvent, viscosity

of the mixture, concentration, humidity and temperature.[23.24]

Presented study in the chapters 3 and 5, three-dimensional templates made of
interconnected T-ZnO network were uniformly infiltrated with dispersions of fullerenes and
MWCNTs respectively. Post infiltration the templates were dried appropriately before testing
their properties. In the chapter 4, T-ZnO/activated carbon composite was synthesized

hydrothermally, more details on this can be found in the referenced chapter.



2.2. Analytical Methods to Characterize Nanocomposites

Crucial point of any study is its post experimental analysis, which helps narrow down the
material combinations that works best for the required function. Post analyses assist in
understanding the reasons for a material failure as well. Some of the known techniques to
analyze physical structural stability and morphology of a nanocomposite are scanning
electron microscopy (SEM), X-ray diffractogram (XRD) and atomic force microscopy (AFM).
Methods to study chemical structural stability and crystallography of a composite before and
after the experiments are transmission electron microscopy (TEM), Raman spectroscopy, so
forth. This chapter provides a brief summary of the working principle of Raman spectroscopy
and AFM, methods that were mainly employed in the given work and a few dedicated
examples to introduce the upcoming study. Detailed descriptions of the fundamental

working principles can be found elsewhere.

2.2.1. Raman spectroscopy

Raman spectrometer measures signature molecular motions induced by monochromatic
light. This enables unambiguous identification of materials and bonding nature. Inelastic
scattering of an incident photon produced as a result of its interaction with matter is called
Raman scattering.[?¢] Incident photons scatter with lower or higher energy after causing

nuclear motion (elaborated in Figure 3).
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Figure 3. On the left is a schematic of the scattering processes. In the middle is a sketch of the interaction
between the incident photons and a molecule, showing elastic and inelastic scattering. On the right is a
representative image of the WiTec RA 300 spectrometer.



The electron-phonon mediated photon scattering makes Raman spectroscopy especially
useful in studying carbon-based materials and semiconductors. Essential information such
as degree crystallinity or oxidation and defects can be obtained from a Raman spectrum. The
following sections provide direct examples of Raman spectroscopy as an analytical

procedure for the resulting data.

¢ Crystallinity of Silicon

Due to the disorderness and dangling bonds present in an amorphous Sj, crystallinity has
a direct co-relation to the conductivity of Si.[27] The dangling bonds or other defects create
efficient recombination centers for electrons and holes decreasing conductivity.[27] Degree of
crystallinity of Si microstructures can simply be tracked by Raman spectrometer. The
characteristic first-order peak of Si shows up at ~520 cm! (see Figure 4(a)) due to
degenerated transverse optical (TO) phonon modes and a second-order transverse optical
phonons cause a peak at ~960 cm-1. A second-order transversal acoustic phonon contribute
to the peak at ~300 cm! (Figure 4(a)).[2¢ Shape and position of the first-order peak depends
on the symmetry of the Si crystal. This peak shows a red shift when oxidized or
amorphized.[1428] As conductivity decreases with decreasing degree of crystallinity in Si, this
is a vital information to have for a battery with a Si anode. In study by Hansen et.al.,[14] on Li-
ion battery, Raman spectroscopy was employed to investigate the solid electrolyte interface
(SEI) and the effects of various combinations of electrolytes on the structural stability of Si

microwires (Figure 4).
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Figure 4. Investigation of crystallinity of Si under scanning Raman spectroscopy. (a) Reference Raman
spectrum of Si showing characteristic peaks. (b) Raman map of Si microwires acquired before lithiation
at the distinctive first-order peak of Si at ~520 cm! with its corresponding scalebar. (c) Raman spectra
of reference Si and Si microwires acquired after lithiation at different spots.

During the electrolyte-electrode interaction oxygen diffuses through the SEI, oxidizing
the Si microwires. Uniform crystallinity of Si wires before lithiation is shown in the Raman
map (Figure 4(b)) acquired at ~520 cm~1. The same Si wires cycled in diethylene carbonate
(DEC) showed a drastic effect on its crystallinity. Except the reference spectrum in
Figure 4(c). the spectra (I-V) were extracted from various spots on different wires. The large
shift in the TO mode from ~499 to 473 cm~! and the change in symmetry of the peak indicate
a systematic amorphization. Such study helps in determining the most suitable electrolyte

and other parameters for the lithiation and delithiation of Si microwires.[14



¢ A study of defects in ZnO

Defects play an important role in the photocatalytic behavior as in the electrical and
thermal conductivity in ZnO. An exemplary study of the semiconductor, ZnO, was conducted
under Raman spectrometer to track its surface defects, oxygen and Zn vacancies. ZnO is a
group II-VI semiconductor with a wide band gap (3.37 eV), making it photocatalytic under
UV irradiation. ZnO possess a hexagonal wurtzite-type unit cell (space group, P63mc) and
can be grown in complex shapes such as tetrapods, needles, wires etc.[°l The tetrahedron ZnO
(i.e., each Zn2+*ion is surrounded by four 02  ions and vice versa) has 12 lattice phonons (9
optical and 3 acoustic), this can be expressed as following: I' = 2A1 + 2B1 + 2E1 + 2E2 (where,
A and B represent modes with one-fold degeneracy and E represents modes with two-fold
degeneracy).[2?] Going by the studies of Schumm et al.,[30] and Russo et.al., 31l and Wong
et.al, [32] the two B1 modes are inactive, the two Ez modes are only Raman active (Ez modes
are divided depending on its frequencies E2l°v and Ezhigh), a pair of E1 mode and an A1 mode
are both Raman and IR active (these polar phonon modes are further divided into LO,
longitudinal optical and TO, transverse optical components).[30-32] These are the nine optical
phonons. As for the rest, an A1 mode and a pair E1 modes are the acoustic phonons.[33] In the
signature Raman spectrum of ZnO, there are six primary peaks. Values with its corresponding
labels and description listed below (Table 1 and Figure 5) were the acquired from the T-ZnO
network post sintering. These sintered templates were employed further in composite

preparation.

Table 1. Represents labelled Raman shift and the direction of lattice vibration w.r.t c-axis observed in
sintered interconnected network of T-ZnO produced by FTS.

Labels Raman shift (cm-1) Displacement to c-axis
Ezlow (heavy Zn sub-lattice) 104.79 Perpendicular
Ezhigh (O rich sub-lattice) 442.31 Perpendicular
A1(TO) 335.68 Parallel
A1(LO) 547.67 Parallel
E1(TO) 384.71 Perpendicular
E1(LO) 582.51 Perpendicular
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Figure 5. Raman spectra and 80*80 um? scans (Aex, 532 nm and integration time 43 ms) of a sintered
interconnected network of T-ZnO produced by FTS. (a) Raman spectra extracted from two different
areas in a scan, the red spectrum extracted from the scan (b) and the black spectrum extracted from the
scan (c). (b) and (c) Subsequent Raman maps a sintered T-ZnO network measured at the peak, 384.71
cm'l and 442.31 cm'! respectively.

Key difference between the Raman spectra extracted from different parts of tetrapods is
the peak at 384.71 cm-l. This peak is associated with rigid sub-lattice vibrations
perpendicular to c-axis and is not accessible from every direction of incidence.[31.34] Crystals
with its c-axis perpendicular to the incident light expose the polar E1(TO) oscillations
enhancing its intensity. Although not every crystal that is perpendicular to the incident light
shows this peak, this is a sign of point defects such as oxygen vacancies and Zn interstitials.
At these sites, intensity of the characteristic peak of ZnO (442.31 cm1) reduces similarly
observed by Das et.al., indicating disorderness.[3435] Commonly observed phenomenon is the

rise of peaks between 570-590 cm! due to structural defects.[30.34.36]

¢ (Quantitative studies of carbon-based material via Raman spectroscopy

Sensitivity of Raman spectroscopy towards symmetric covalent bands with no natural
dipole moment is extraordinary. Effects of ambient conditions on the carbon-based material

in a nanocomposite can also be studied using Raman spectroscopy. Characteristic Raman



peaks of MWCNT networks, fullerenes and graphene-oxide (see Figure 6) with its labels are
listed in the Table 2. [37.39]

Table 2. Characteristic Raman peaks and its labels of different carbon-material

Type of Carbon Labels Raman shift (cm-1)
material
D-band 1348.95
Graphene-Oxide G-band 1591.74
G'-band 2668.86
D-band 1331.81
Fullerene, Ceo Pentagonal pinch 1462.21
mode
G-band 1575.12
MWCNTs D-band 1336.86
G-band 1572.27
=
N2 — Graphene-Oxide
= — MWCNTs
e — Fullerene, Cg
2
£
A r . ' T . r DL 1 /L'
1000 1500 2000

Relative Wavenumber (1/cm)
Figure 6. Different carbon-materials such as graphene-oxide, MWCNTs and Csp were investigated under
Raman spectrometer (single spectrum, integration time: 0.5 s, accumulation: 10). Dotted lines show the
shift in the characteristic peaks due to varying structures.



Even though it the same C-C bonding in all the tested carbon-material, that gives rise to
these peaks (see Figure 6), the structure of the material causes shows red or blue shift.[37:38]
Slightest Changes in these peaks is a clear evidence of any structural (e.g. defects,
disorderness and s.o0.) or electronic modification. Hence is a significant tool in analyzing
carbon-material based nanocomposites.[37.3°]

The investigations represented here were performed under WITec Alpha RA 300
spectrometer (Figure 3) installed with two lasers 532 and 633 nm (with corresponding laser
powers 60 mW and 35 mW) was employed to analyze the chemical composition of the
nanocomposites in the presented study. As this is a scanning Raman microscope with a laser
spot of 1.5 pm, area up to 200 um?2 can be measured. The scattered photons are collected and
integrated by a 100 um glassfiber. In the framework of the given work, Raman spectra of
carbon-ZnO nanointerfaces were compared to these experimental and literature values for

in-depth assessment.



2.2.2. Atomic force microscopy

Atomic force microscopy helps quantify relative height, topography and roughness of a
surface. These parameters are especially important when working with thin films. After
growing or depositing the thin films it is necessary to know their surface morphology, as the
electrical, mechanical and optical properties depend on the uniformity of the film. Surface
roughness is a controlling parameter in catalytic experiments. In an AFM, a laser spot focused
on an oscillating cantilever is reflected onto a photodiode to track its deflection that occurs
due to the interaction between the tip and surface (see Figure 7(a)).
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Figure 7. (a) Sketch of an AFM set-up showing its basic working principle, a laser spot in focused
on the cantilever and the tip interacts with the surface of the sample. (b) Representation of
Lennard-Jones potential approximation applied to determine the suitable mode to work in.

From the Lennard-Jones potential approximation,[4%] the distance between the sample and
tip governs the type of force between them (Figure 7(b)). The contact mode and non-contact
mode operates merely in repulsive and attractive regime respectively. [40] In the intermittent
tapping mode, a cantilever (with spring constant, 2-200 Nm-) oscillates between attractive
and repulsive regime at a frequency of 50-300 kHz. [40] The surfaces examined in the given
work were measured in tapping mode. Depending on the material being tested resonance

frequency is chosen. It is a non-destructive method to map a surface.
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Figure 8. (a) A topographical scan of a sputtered TiO: thin film alongside its corresponding
scale bar (b) A topographical 3D image of a quartz substrate coated with clusters of ZnO
nanoparticles, beside it is its scale bar. (c) Is a 3D topographical images of fringes on a Si surface
created by a pulsed laser irradiation, analogous scale bar is presented next to it. (d) Is a height
vs position plot extracted from the scan (c) to calculate the average height of the fringes.

Exemplary measurements are presented in the Figure 8. A topographical scan of a TiO2
thin film (see Figure 8(a)) fabricated in a custom-made unipolar reactive pulsed DC
magnetron sputtering chamber. As the surface roughness determines the photocatalytic
activity of the TiOz, AFM is a crucial tool for studying the deposited nano films. Average
roughness of the presented scan was calculated to be ~13 nm.[*1] A surface roughness study
on clusters of ZnO nanoparticles coated on a quartz substrate is shown in Figure 8(b),
average roughness of the surface was measured to be 1.72 nm. Another example
topographical study presented is a Si surface structured with a pulsed laser (Figure 8(c))
and the aim was to distinguish the interference pattern created on the surface, heights of the
large and small fringes are 8.58 nm #0.53 and 3.9nm =*0.57 respectively. These
measurements were obtained from the WITec RA 300 spectrometer, which is installed with

a possibility to perform AFM scans as well. The cantilevers used to measure the here



presented samples were from Oxford instruments (Asylum research). For tapping mode, a

silicon pyramidal tip (tip radius, 5-10 nm) on a silicon cantilever with 75 kHz, 2.8 Nm-! with

an Al reflex coating.
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2.3. Polymer Composites

This section provides an insight into the polymer composite system. The two important
components that makes up a polymer composite are the fillers or the reinforcement and the
polymer matrix surrounding it. In a multi-phase composite with a distinct interface the fillers
and the matrix remain chemically inert. The chemically and physically independent matrix
and the filler combine to give extraordinary properties such as higher ultimate tensile
strength, thermal and electrical properties, impact strength and corrosion resistivity.[1]

Additives delay the polymer aging process, also enhance the surface properties.

2.3.1. Matrices and Reinforcement

Polymer composite (PC) can be classified based on the chosen matrix, thermoplastic and
thermoset. Examples of polymers in a thermoplastic PC are polymethylmethacrylate,
polyethylene, polycarbonates, polyamide-imides, polyether ether ketone, poly-sulfone. The
thermoset polymer includes epoxies, polyesters, urea, silicone. In addition, these two there
is elastomer matrix, polymer with low Youngs’s modulus, viscoelastic and high yield strength.
Elastomers are amorphous polymer with glass transition temperature lower than room
temperature. Some examples of such matrix are thermoplastic elastomers, polysulfide
rubber, polybutadiene, silicone rubber and natural rubber.[!-3] Brief description of the

polymers employed in the context of this thesis are the following,
e Polythiourethane (PTU)

Polythiourethane is highly cross-linked thermoset made from two components which are
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and hexamethylene diisocyanate
(HDI). Respective chemical structures and molecular weights are provided below (see
Scheme 1.). When the monomers, PETMP and HDI are mixed at appropriate ratios i.e.,
2 mmol, 1 g and 8 mmol, 1.4 g respectively, components undergo polyaddition reaction to
form the polymer. PTU is a solvent free polymerization, hence, no harmful gases are produced
during the synthesis. Among the components, PETMP is the less reactive than HDI due to the
added stabilizers. Due to this fact, fillers such as dyes and nanoparticles are first thoroughly
dispersed in PETMP, later HDI is added. This mixture is degassed and poured into a mold

with desired shape and dimensions.
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Scheme 1. Chemical structures, formulas and molecular weights of the two components (HDI and
PETMP) of PTU.

e Epoxy

Epoxy is a colloquial name given to the cross-linked polymer resulting from curing the
pre-polymer epoxy resin. For the PC studies in the current work epoxy resin was cured by an
amine-based hardener. Common constituents of an epoxy resin are pre-polymer epoxy resin,
bisphenol-A-(epichlorhydrin), bisphenol-F-epoxy resin, 1,6-bis(2,3-epoxypropoxy)hexane
and common constituents of a hardener are phenol (styrenated), 2,2,4-trimethylhexane-1,6-
diamine, m-phenylenebis(methylamine), phenol (methylstyrenated). By alterating the
quantity of each of these constituents the reaction time and the degree of cross-linking can
be changed.['l The mixing ratios of the epoxy and the hardener is varied to vary the curing
time and the mechanical properties of the end product. For reinforcement, fillers can be
mixed into the resin or the hardener before curing.[!] Other methods of reinforcement are
elaborated in the sub chapter 2.3.2 Methods of Fabrication of Glassfiber Reinforced Polymer

Composite

Polymer composites can also be categorized based on the reinforcement used e.g.,
particles, fibers and flakes. Flexibility and the optical property of the composite depends on
the shape and orientation of the fillers. Depending on the function of the PC the additives are
chosen. Different and appropriate fillers are utilized for different functions such as an
electromagnetic absorbing, conducive or magnetic or optically translucent PC. Multiple
additives are used for a multi-functional PC.

e PCs for an electromagnetic-wave absorbing application, additives such as carbon

powder and fiber, carborundum powder and fiber, graphite, aluminum fiber, barium titanate



and so forth. These composites absorb electromagnetic energy and convert it to other forms
of energy such as heat and electricity. The absorbing properties of the additives can be
enhanced by varying the shape of the fibers used to triangular, squared or polygonal.

e Applications were electromagnetic-wave transparency is required organic fibers,
made of aramid or high molecular weight polyethylene and quartz fibers are used.
Transparency of a PC to electromagnetic-wave depends on the dielectric property of the
matrix and the additive. Usually organic polymers have good dielectric properties, hence,
bismaleimide resins, cyanate ester resins s.o., are utilized.

e Reinforced PCs are most widely used in the painting and coating industries. By simply
mixing pigments (iron oxide, titania, alumina particles and so forth) as fillers into paints,
industries achieve UV reflective, anti-corrosion s.o., properties. Such material properties
showed remarkable increase the age and the stability of a building. The extremely high
interfacial area that glass and carbon nanofibers offer increases toughness of the material
without drastically altering stiffness. Glass and carbon fiber reinforced PC (GFRPC and
CFRPC) are applied in various fields such as automotive, aerospace, windmills and marine

technology.l!

Contemporary studies are focused on enhancing all the above-mentioned properties with
as less additives as possible to increase cost efficiency time. Many investigations have shown
nano, micro particles with its extremely high surface to volume ratio enhance optical,
electrical and thermal properties at just 0.5-10 wt% filling factor.[5.¢]

e Titanium dioxide nanoparticles are electro-spun with polyvinyl alcohol,
polyacrylamide, polyglycolic acid, poly(butylene terephthalate), to produce biocompatible
scaffold material for wound dressing.[”]

e Multi-walled CNTs (MWCNTs) are covalently or non-covalently functionalized to
establish uniform dispersion in solvents and to prevent re-agglomeration. Functionalization
enhances the interaction between the nanotubes and polymers. MWCNTs (1 wt%) improved
tensile strength of polystyrene up to 25 % as reported by Qian et all8l. Indentation resistance
of epoxy resin can be increase by addition of 2 wt% of aligned CNTs exhibit superior electrical

and thermal conductivities.l?! With just 0.021 wt% of aligned single walled CNTs improved



electrical conductivity of epoxy resin by several orders.[?9] MWCNTs used as fillers in
polymeric thin films.[®l

e About 0.5 - 1.0 wt% of T-ZnO microparticles were can be electro-spun as additives
with PCL. These fiber mats have excellent osteoconductive property and are used as
periodontal membrane. T-ZnO makes this biodegradable membrane antibacterial.[!1]

e Anti-fouling studies by Holken et al., observed that the addition of 5 wt% of T-ZnO
microparticles to polythiourethane showed highest mechanical strength and lowest
biofouling.[12]

The enclosed published work involves extensive study using T-ZnO and woven glassfiber

as additives to enhance optical and mechanical strength.



2.3.2. Methods of Fabrication of Glassfiber Reinforced Polymer Composite

Glassfiber reinforced polymer composites (GFRPC) can be fabricated by several methods

and some of the vastly employed procedures are explained in this section.

¢ Hand lay-up technique

Laminates using woven glassfiber mat were produced with this technique introduced by
Aramide et al[13].A silicone mold of desired shape and dimensions is cleaned and coated with
areleasing agent, hard wax is commonly used, unsaturated resin/hardener is layered evenly
in the mold (see Figure 9). Once the resin hardens, alternate layers of the glassfiber mat and
the resin are applied, a final top coating of the resin as shown in the Figure 9. Tensile strength

can be varied by varying the glassfiber content.[14

Pour rest of the
pre-polymer

Figure 9. Schematic representation of the Hand lay-up method of producing GFRPC laminates. As a first
step, about 20 vol% of the pre-polymer i.e., epoxy resin and hardener mixture was poured into a desired
mold.



e Compression molding

Erden et all’¥ and Hameed et al,[15] also follow the hand lay-up method followed by
compression molding to produce laminates. The glassfiber mats were infiltrated by
oligomeric siloxane modified polyester matrix in Erden et al., and compressed for 120 min at
room temperature at 120 bars.[!5] In the study by Hameed et al, poly(styrene-co-
acrylonitrile) modified epoxy resin was used as the matrix around the glassfiber mats. These

laminates were compressed into a mold before curing.

e Bag-molding technique

This method of laminate production can be implemented to optimize the fiber to resin
ratio in a composite. A mechanical pressure is applied on to a fiber mat coated with
unsaturated resin, laid out in a desired mold inside/under a flexible diaphragm or a bag. This
facilitates in reduction of resin content whilst curing meanwhile decreasing the weight of the
entire composite. By this method of lamination air trapped between layers can be removed
effortlessly. This technique lowers humidity, controlling the cross-linking process and

prevents the fibers from shifting while curing.[16.17]

¢ Resin injection molding

Resin injection molding techniques is employed to produce various form of reinforced
composites. Resin is mixed with a curing agent/hardener and is injected into a mold under
high pressure using an impinging mixer. Reinforcement involves mixing broken glassfibers,
mica in the resin/hardener mixture before being injected into a mold. For a lamina, woven
glassfiber matis laid out in a mold and the pre-polymer mixture is injected onto the glassfiber
mesh.

Several other techniques such as pultrusion, spray-up, resin transfer molding can be opted
to produce reinforced polymer composites. For the study shown in the third of section 7, a

lamina with a single layer of glassfiber mat was produced following the hand lay-up method.



2.3.3. Sources of Damages and its Analyses

Quintessential aspect for improving the cost efficiency and life time of a composite is the
quantifiable and reproduceable analysis of the damage level. To understand the necessity of such
damage analyses it is imperative to list the sources of damages and existing methods of
analyzing them. Exposure to UV irradiation, high temperature and humidity changes, applied
stress/strain and impact force s.o., are some of the external phenomena that can damage a
lamina (see Figure 10). Source of a damage can be anything from faulty fabrication to
external impact. Even in an automated production, fibers can be misaligned and other defects
such as delamination and adhesion failure between additives and matrix (Figure 10) can be
created. Automotive, aerospace and power generation e.g., windmill industries have several

approaches for post damage analyses.

1

——

Delamination

Cracks

Wear and edge damage
Accumulated impact damage

hoON=

Figure 10. Graphical display of commonly occurring damages in a WBT. The part shown is the mid
segment of a WBT. Different types of damages at different areas which leads to material failure are
labeled.

Non-destructive testing (NDT) commonly followed to monitor wind turbine blades
(WTBs) arel18l:
e Study by Ataya et al., [1°1 summarized, form, location and causes of damages on the

trailing edge of a WTB. The investigation showed trailing edge being the binding region of



two shells with a long line of adhesive joint is prone to damages caused by operational and
environmental conditions. In this study the authors monitored the turbines with the most
commonly used NDT called visual inspection. After the labeling the WBTs, location of
discontinuities and damages are tracked with a high-resolution camera. Longitudinal cracks
through the adhesive material along the trailing edge, transversal cracks and edge cuts were
observed.[1° This method can only be used in post failure analysis, as the part that has to be
inspected needs to be dismantled. Hence this method fails to report a damage before
complete material failure.

e Jlingert et al., [20] employed acoustic wave-based technique to detect the damage in
WBTs. Acoustic wave-based technique belongs to a class of local resonance spectroscopy,
which is an NDT performed regularly by the inspectors. WBT is tapped with a small impulse
hammer to produce sound waves which are recorded by a microphone. Resonance of the
waves produced are dependent on the structural integrity of the WBT. Delaminations and
trapped air bubbles can be recognized buy this measure.[20] Acoustic emission is combined
with digital image correlation by Zhou et al, 211 to study GFPRC delamination under
compression. This method helps recognize cracking of the matrix, fiber/matrix debonding
also known as delamination and fiber rupturing. For this method to be accurate, background
noise created by the wind has to be subtracted. Even with the subtraction, similar to the
precious technique, it is only useful after the delamination or other kind of damage has
occurred.

e Echo-based method i.e., pulsed ultrasonic and sonic waves are directed towards an
interested WBT surface and echo response received from the surface provides information
about the structural integrity of the WBT. For easy identification of the damage areas, 2D or
3D scans can be generated using this method.[2021] Key disadvantage of this technique is
depth of penetration, barely the surface can be analyzed.

e NDTs based on electromagnetic waves are among the most accurate methods in
currently in use as it offers subsurface access, with which deeper defects, polymer
degradations and thermal impacts can be determined. Electromagnetic NDT can be further
divided based on its source such as microwave,[22] terahertz,[23] eddy current,[?4] radio

frequency eddy current(?4l and pulsed eddy current.[25] Requirement of using eddy current is



to have a conductive composite, defects in CFRPCs and metal matrix composite lamina be
more accurately tested compared to other NDTs. Microwave and terahertz can penetrate
dielectric material, hence can be used to scan GFRP(Cs.[22-23]

All the aforementioned techniques however non-destructive have several disadvantages,
these methods are mostly post failure analysis. They help in replacing the faulty parts
nevertheless does not help find the source of a material failure. For safety measures, a
damage must be found well before it leads to material failure. A plausible method to possess
damage control is to utilize self-reporting material, a material that indicates impairments
before severe failures occur in the system. Next chapter on self-reporting 2.4. Self-Reporting
Polymer and Polymer Composites provides several materials that can be employed as damage

indicators.
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2.4. Self-Reporting Polymer and Polymer Composites

Self-reporting is an umbrella term used for materials which senses and reports changes
in its surrounding environment. This chapter offers reliable solutions for the inadequacies
encountered in the methods of damage detection listed in the sub chapter 2.3.3 Sources of
Damages and its Analyses. A material providing visual indication of changes in ambient
condition such as temperature, humidity, pH, polarity, UV intensity, and mechanical stress
without any assistance from an external device is known as self-reporting material. Human
skin is a complex natural self-reporter, gives a visual indication of everything it experiences
by a change of texture, hydration or color. Commonly used stimuli responsive products are
lenses that darkens under sunlight and strips that changes color depending on the pH of the
medium. Use of self-reporters can be practical in biotechnological, aeronautical and
automobile industries where a slightest modification in parameters can cause severe
complications. Photochromes, mechanochromes and thermochromes are the prominent self-
reporting material that changes color in response to light, force and heat respectively.[!]

Stimuli responsive material can be made of anything from a molecular switchl! to
ceramicsl?! to polymers/3] to nanocompositesl*l. A class of stimuli responsive material used
in the presented published work is a molecular switch such as azobenzene, spiropyrans,
diarylethenes and crown ethers, which can shift between two or more stable states in
response to temperature, light, pH and electric current.[>-7] Such shifts between states are
reversible and is known as isomerization.[8! [somers, in particular stereoisomers, possess
identical functional groups and number of atoms but differ in its spatial arrangement. These
isomers have substantially different optical, thermal and electronic properties,[°! such a
change in an organic molecular switch can be triggered by light, pH, polarity, temperature
and mechanical force. Depending on the trigger, the switching mechanisms are further
divided as photoisomerization, thermoisomerization, mechanoisomerization and so forth.
Due to these triggers a molecular switch undergoes stereoisomerism, where, a molecule
shifts between cis to trans or E to Z isomers reversibly (see Figure 11).[10.11] [n particular,
azobenzene and spiropyran were studied in different environments in the given research

work.
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Figure 11. Basic mechanism behind photoisomerization of the molecular switches, azobenzene and
spiropyran. (a) Sketch of the energy vs isomerization reaction of an isolated molecule, shows reversible
excitation mechanism under irradiation. Isolated molecule in its isomeric state A/B irradiated by
hvi/hv; light gets excited to higher energy state and relaxes to either A/B state depending on the
irradiation. Transition from A to B is only possible with UV irradiation, however, due to the lower energy
barrier (AE) between the metastable state and the B-ground state, B to A transition is possible under
visible light irradiation or direct thermal relaxation as shown by the orange curve. (b) Isomerization of
azobenzene causing torsion of N=N. (c) Isomerization of spiropyran to merocyanine by undergoing C-0
cleavage under the influence of light, temperature and force.

> Azobenzene

Two benzene rings connected by a double bonded nitrogen bridge, azobenzene, is at its
most stable state in trans form. trans-Azobenzene (9.9 A) can be transformed to the much
shorter cis form (5.5 A) under UV light (365 nm) irradiation (Figure 11(b)) and back by blue
light (450 nm) irradiation or by thermal relaxation (see Figure 11(a)).['1] Because of the
significant difference in structure, azobenzene is an attractive molecular switch for
disciplines such as catalysis, photomechanics, adhesives etc. Léonard et al., used azobenzene
and its derivatives as a photocontrolled promoter in several catalysis.l12l Smart surfaces i.e.,
azobenzene grafted surfaces were studied by Zhang et.al.[!3] Self-assembled azobenzene on
SiOz surface was employed to create selective protein adsorption.!13] Investigations made by
Kizilkan et.al.,['4! on liquid crystalline elastomeric films containing azobenzene externally
coated by silicone showed photocontrollable adhesion. Polymers bearing azobenzene
moieties was synthesized by Matéjka et.al,[15] Li et.al. [l and Kim et.al,['7] to produce
photocontrolled mechanical macroscopic movements. Shinkai et.al.,[18] developed two crown

ether rings combined with an azobenzene bridge to photocontrol the ion captivity.



Azobenzene in siloxanes have gained high interest in the recent years due to the flexibility
and stability of siloxanes. In the chapter 9, photomechanical studies were performed by AFM
of the first example of a cross-linkable polysiloxane with azobenzene incorporated in its main

chain is presented.

» Spiropyran

Spiropyran is class of molecular switch that has numerous triggers to cause isomerization
from its closed form to the open form also known as merocyanine.l1°1 Mechanical force, heat
and UV are the main triggers studied in the published work presented here. Spiropyran
(dipole moment, ~4-6 D) isomerizes in a similar manner as shown in Figure 11(a) to
merocyanine (dipole moment, ~14-16 D) by breaking the Cspiro-O bond in response to a
stimulus, creating a zwitter ion (see Figure 11(c)).['9] However, depending on the
environment, merocyanine can further isomerizel20] or stack as H or ] aggregatel21l. Polarity
of the medium determines the path of isomerization and the color of this molecule
strongly.[1822.23] The transition is commonly accompanied with an evident color change,
making this molecular shift easily detectable.[19] Spiropyran is commonly colorless to yellow
and merocyanine is purple to blue. Due to the large change in dipole moment, spiropyran
grafted on to surfaces has been recorded to show switching wettability.[24] Spiropyran is a
versatile molecule as it can be functionalized and polymerized into main or side chains of
different polymers for example PMA,[25] PMMAI23] and PUI9. It has been studied for its
mechanosensitivity, where a polymer with spiropyran in its main chain shows color change
under mechanical stress. One such example is PMA with a backbone containing spiropyran,
synthesized by Davis et.al.[25] Spiropyran is first functionalized with o-bromoester and
polymerized via single-electron-transfer living radical polymerization. With 500 MA units on
either side of spiropyran, the polymer shows excellent self-reporting property.[25] In the
presented work, this polymer was blended with PMMA and centrifugally spun to obtain
durable self-reporting fibers, study on this is presented in chapter 8.

Self-reporting polymer composites are among the well-researched materials. As a
stimulus responding filler; ZnO is used in PDMS based polymer composites. Changes in the
photoluminescence of T-ZnO with applied tensile force was tracked by Jin et al.[26] Green

emission occurs due to the surface defects of T-ZnO under UV irradiation, this emission



decreases in response to increasing strain. These composites are produced by dispersing T-
Zn0 microparticles into the elastomeric PDMS matrix.[26]

Other recently researched materials in this field are glass and carbon fiber reinforced
polymer composites (GFRPC and CFRPC respectively). GFRPCs functionalized with
fluorescent proteins indicates delamination at the fiber-matrix interface. Using the high
conductivity of carbon fibers to its advantage, damage in CFRPC can be determined by
measuring the resistance of the polymer composite. Resistance increases due to deformation
in composites. Yet another example of a self-reporting polymer composite is fluorescent dye
filled hollow fibers embedded in an epoxy based matrix. Unpredictable cracks activate the
dye and these cracks can be discovered with the help of its fluorescence.[271 However effective
these methods are in finding the initial location of the material failure, the biggest challenge
is to find the damage before it gets severe and before any material malfunction occurs. This
was accomplished in the course of the presented study by using the mechochrome
spiropyran as an additive in polythiourethane based polymer composite. More details can be

found in the articles included in section 7.
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3. Interactions at the Interface of Tetrapodal ZnO and Fullerenes

A study on the influence of fullerene (Ceo0) hybridization on the photoluminescent and
electrical properties of T-ZnO is presented in this chapter. The Cso and T-ZnO composite
creates nanoscale interfaces which were observed to be beneficial for gas sensing. Optical
and structural examination of the the two constituents were performed to acquire an insight

into the interactions occuring at the HNI.
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Buckminster fullerene (Ceo) based hybrid metal oxide materials are receiving considerable attention because of their
excellent fundamental and applied aspects, like semiconducting, electron transfer, luminescent behaviors, etc. and this
work briefly discusses the successful fabrication of Ceo decorated ZnO tetrapod materials and their detailed structure—
property relationships including device sensing applications. The electron microscopy investigations indicate that a quite
dense surface coverage of ZnO tetrapods with Ceo clusters is achieved. The spectroscopy studies confirmed the
identification of the Ceo vibrational modes and the Ceoinduced changes in the absorption and luminescence properties of
the ZnO tetrapods. An increased Ceo concentration on ZnO results in steeper ZnO bandgap absorption followed by well-
defined free exciton and 3.31 eV line emissions. As expected, higher amounts of Ceoincrease the intensity of Ceo-related
visible absorption bands. Pumping the samples with photons with an energy corresponding to these absorption band
maxima leads to additional emission from ZnO showing an effective charge transfer phenomenon from Ceoto the ZnO host.
The density of states model obtained from DFT studies for pure and Ce coated ZnO surfaces confirms the experimental
observations. The fabricated Ceo—ZnO hybrid tetrapod based micro- and nanodevices showed interesting ethanol gas

. sensing characteristics.
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Introduction

Since its discovery, buckminsterfullerene (Ce0), among all the low
dimensional carbon allotropes, has always introduced new
fundamental and applied research paradigms in various
disciplines due to its unique physical and chemical properties.!
Together with other fullerenes (such as Cvo, Css etc.), buckyballs
belong to the semiconductor family with a bandgap energy from
1.5 to 1.98 eV, which makes them attractive for optical and
electrical applications.2 Taking into account their excellent charge
extraction and accommodation capabilities,3 diverse applications
in photovoltaics,!b photocatalytic water purification,* as a
photocorrosion protective layer,> energy® or even as an
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antibacterial barrier,” have been proposed. Generally, in most of
the applications, fullerenes were immersed in a hybrid layer in the
form of fullerene agglomerates. In this strategy, fullerenes were
involved as the bulk phase, allowing only a small fraction of
individual fullerene molecules to be accessible for interaction with
the other phases/materials. Surface accessibility is the most
important criterion towards many applications. To achieve a
higher surface accessibility compared to conventional methods,
advanced synthesis strategies in adequate hierarchical forms need
to be developed. In this context, three-dimensional (3D)
architectured substrates play an important role as they can
support nanocrystals (or several monolayers) of fullerenes on
their surface, thereby increasing the overall accessibility. An
appropriate highly porous and non-conductive 3D cellular material
in which fullerenes can be homogenously decorated on the surface
would provide new fundamental research scopes in the direction
of the fundamental structure-property relationship and can also
lead to a large number of advanced applications because of high
surface accessibility and simplicity of use.
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Nanoarchitectured porous materials in the 3D form are the
most adequate candidates for such desired applications, boosting
their research focus in the last couple of years. Various physical,
chemical, and biologically inspired and other innovative strategies
have been adopted for their fabrication. However, issues like
versatile fabrication, cost effective process, upscalability, etc., have
been the main concerns for the advanced materials community.
Structural aspects of nanomaterials could play a very important
role in this context, since a macroscopic porous network material
can be easily built out of complex shaped nanostructures, for
example from nanoseaurchins, tetrapods, multipods, etc., in a cost-
effective way which could be rather efficient in contrast to
complex multistep processes or clean room technologies.8 Because
of its unique crystalline nature, zinc oxide (ZnO) is a remarkable
candidate for complex nanostructuring and the usually flame
based process offers the possibility of a large scale growth of nano-
and micro-tetrapods.8ab These tetrapods are formed with four
interconnected arms via a central core, facilitating the easy
accessibility of 1D nanoscale features in a complex 3D shape and
offering large technological opportunities.8b Additionally, these
zinc oxide tetrapods can be used as building blocks for
synthesizing highly porous 3D interconnected networks, which
can be used as solid backbones for fabricating hybrid materials or
as sacrificial templates0 for developing a new class of porous 3D
materials.8ab11

With n-type conductivity, ZnO is one of the most active
materials from the II-VI metal oxide semiconductor family
because of its hexagonal-wurtzite crystal structure, featuring a
high polarity along the c-axis, supported versatile growth nature
and unique physical (e.g. optical and electrical) properties.le12 The
complex shapes additionally facilitate ZnO nanomaterials with
many structural aspects, thereby making tetrapods from ZnO a
very relevant nanomaterial candidate for various technological
applications.8b In order to enhance or even tune their properties,
the ZnO nanostructures need to be hybridized with other
nanostructured materials. For the successful fabrication of any
hybrid materials, two necessary requirements should be fulfilled,
(i) structural appropriateness of the underneath backbone, and
(i) desired properties of the nanostructures utilized for
hybridization. Three dimensional networks consisting of
interconnected ZnO tetrapods, which can be synthesized in large
amounts by the flame transport synthesis, are a very adequate
choice as the template.1! Owing to the three dimensional shape of
the tetrapodal microparticles, highly porous networks can be
fabricated. Due to the super-hydrophilic properties of such
templates and the large free volume, these networks can be
homogenously coated using any kind of nanoparticle dispersion.!!
Fullerene Ceo exhibits remarkable properties such as strong UV
absorption, excellent electron accepting, charge transfer, etc.le
when used in the form of a very thin coating. Therefore, the
characteristic features of individual Ceo molecules are very useful
for the desired functionalities. Both being very unique
nanomaterials in terms of physical properties, accordingly we
aimed to synthesize a 3D hybrid material in the form of Ceo coated
ZnO tetrapods and investigate its optical, electronic, and sensing
properties in detail.

Actually, ZnO and Ceo are very complementary, because they
can significantly enhance each other’s functionalities, thus making

the hybrid system a very interesting candidate in terms of
technological relevance.!3 For example, ZnO is a very important
gas sensing material and its sensitivity as well as selectivity can be
further improved by decorating the ZnO surface with carbon
nanostructures.12¢14 On the other hand, ZnO-fullerene based
hybrid structures have shown increased electron mobility leading
to an enhanced efficiency of solar cells.!b Several hybrid material
systems based on carbon- ZnO have been synthesized towards
different applications!4a15 but to the best of our knowledge, the
effect of fullerene layers on the ZnO surface has been less explored,
and mainly with studies of its properties at room temperature
(RT).16 A temperature dependent investigation might reveal more
about the mutual effects of ZnO and Ceo with respect to each other’s
properties, for example, electron transfer behaviors,12 optical
responses and electrical conductivity changes, etc.

ZnO inherits n-type electrical conductivity due to unavoidable
defects which can be easily enhanced by doping with group III
elements.l” For optoelectronics applications, e.g., LEDs, a p-n
junction is required which provides the necessity to make ZnO p-
type as well. But achieving p-type conductivity in ZnO is really
difficult and has been a topic of discussion since ever.18 Although a
successful p-doping of ZnO utilizing N,19 As or P sources has been
reported, its stability and reproducibility are still an open topic. In
general, p-type conductivity is achieved by doping with acceptor
elements and this requirement is nicely fulfilled by fullerene
molecules due to their strong charge ejecting properties.20
Inspired by the unique properties of ZnO material and Ceo, we have
fabricated a Ceo-ZnO tetrapod based hybrid 3D porous networked
material, where fullerene molecules are strongly attached to the
surface of nano-microscale arms of ZnO tetrapods by using a
simple infiltration technique.l! ZnO itself exhibits exceptional
optical properties and the addition of Ceo introduces additional
states within the bandgap, which promotes further advanced
applications. In the present work, we successfully varied the
amount of Ceo on ZnO tetrapods and investigated the samples’
morphological, structural and optical properties in detail, under
various conditions. The Ceéo decorated ZnO samples have also been
explored via low temperature photoluminescence (PL) studies,
which indicate electron transfer processes from Ceéo to ZnO. The
computational modeling for the density of states of the Cs0-ZnO
hybrid system also supports the experimental results and
preliminary gas sensing studies hinted its potential towards
technological applications, showing excellent ethanol sensing
properties. Since ethanol is one of the main products of alcoholic
fermentation in winemaking processes,?! various studies have
been performed to develop cost-effective ethanol sensors for
continuous monitoring of the ethanol concentration during the
wine production.22

Motivated by the abovementioned features, we synthesized
hybrid composites using flame based ZnO tetrapods covered with
different Ceo floodings in a simple strategy.!! The hybrid
composites were fully characterized by morphological, structural,
optical and electrical techniques. Optical spectroscopy
investigations highlighted the effect of the Ceo addition on the
absorption and luminescence properties of ZnO. Noticeable
differences were observed in the near band edge (NBE) region
with the amount of the Ceo floodings, namely an increase in the
relative intensity of the free exciton (FX) and 3.31 eV emission line.
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Furthermore, exciting the composite samples at the maximum of
the Ceo absorption band led to the observation of the ZnO green
luminescence, evidencing the occurrence of charge transfer
processes. Further rationalization of the interaction of Ceo with
ZnO and the related charge transfer process was also supported by
density functional theory (DFT) calculations.

Experimental
ZnO network synthesis

For the scaffold material for deposition of fullerenes a newly
developed flame transport synthesis8223 was further modified. For
this purpose, a conventional muffle furnace382 with a metal

crucible, is preheated up to 950 °C, and a nitrogen rich atmosphere
is achieved using a N2 gas flow of 41 lh-1. After that, a simple Zn
wire (of a total weight of 10-15 g, with a purity of approx. 99.95%)
was inserted and placed into the metal crucible. After the
temperature stabilization, pressured air was let into the furnace
leading to a rapid Zn oxidation and thus to the formation of a large
amount of ZnO 3D structures. In the next step, 3D ZnO pellets were
formed out of the produced ZnO powder by compressing and
sintering it at 1150 °C for 5 hours (Fig. 1a and S1at).

Fullerene solution preparation

A water-based solution of fullerene powder (with 99.5% purity
purchased at Sigma Aldrich) was prepared based on the

Fig. 1 ZnO microstructures and the process scheme: (a) SEM image of a ZnO-tetrapodal network after sintering. (b) Actual drop-coating process with a
Ceo solution. (c) Schematics of the surface after a flooding process was performed. (d) Camera image of a ZnO pellet after the coating. (¢) SEM image of
the ZnO network coated with Ceo. (f)-(k) SEM images of the density variation of Ceo on ZnO. (f,g) - 10 floodings, (h,i) - 20 floodings, (j,k) - 60 floodings.

method proposed,2¢ where toluene was taken as a solvent
(Ceo exhibits excellent solubility in toluene).2s First
fullerene powder was diluted into toluene and then an
identical amount (fullerene + toluene) of water was added
into the solution and sonicated for several hours (typically
4 to 5 hours) until all the toluene was evaporated. Mixing

the Ceo in the toluene, with a slightly lower concentration
(2.0 mg ml-1) than the maximum reported solvable
concentration (3.8 mg ml-1),24 and dispersing it with an
ultrasonic tip, resulted in a dark purple solution with no
visible precipitation of fullerenes. Additionally, the beaker
with Ceo-toluene solution was placed into the ultrasonic




bath and the same amount of distilled water was rapidly
added to the pristine solution. During the preparation of
the solution with toluene no visible Ceo precipitates were
observed, however when the distilled water was added to
the mixture and the sonication process started, two clear
phases were visible: a dark purple phase (standing for
toluene + 6) and a white phase (representing the possible
hydrogenation of Ceo).26 After several hours when the
toluene was evaporated, the color of the solution changed
to a yellowish-brown>27 and a water based solution of
fullerenes was successfully produced.

Drop-coating of the ZnO network

The so prepared Ceo solution was subsequently drop-cast
onto fresh sintered pellets of ZnO that were kept on a hot
plate (~80 °C), as shown in Fig. 1b. The moderate density
of the pellets was chosen (0.3 g cm-3) to guarantee a high
porosity of the template for the optimal accessibility of the
tetrapod surface for the Ceo molecules. For the small size of
the cylindrical pellets (3 mm in thickness and 6 mm in
diameter), 50 pL of the solution was taken per round. A hot
plate maintaining a temperature of 65 °C was utilized to
accelerate the evaporation process. Intervals of 1.5 hours
were kept between the rounds to let the water and the
remaining solvents present in the solution evaporate (ESI
Video, V11). The total number of coating cycles was varied
from 5-60, thus resulting in the total amount of fullerenes
on the ZnO surface in the range of 0.5-6 mg, respectively.
In the final step the Ceo coated ZnO templates were dried in
a vacuum furnace (at 65 °C, 100 mbar, for at least 8 hours).
Even though some drop-casting procedures took several
weeks, the solution remained unchanged and formed no
visible precipitates. Fresh sintered ZnO pellets revealed
extreme hydrophilic properties, allowing a fast penetration
of the droplet of the water solution of Ceo, while the pellets
that were kept for several weeks in the room with the
typical humidity and the absence of UV light turned out to
be hydrophobic. Performing a heating treatment of these
templates at 600 °C in the ambient atmosphere for 30 min
solves the problem of hydrophobicity.

Characterization

The produced ZnO/Ceso composites were characterized by
scanning and transmission electron microscopy (SEM,
TEM), Raman spectroscopy, absorption,
photoluminescence, PL-excitation (PLE) and electrical
measurements. SEM analysis was performed in a Zeiss
Supra 55 V with a working voltage of 15 kV and a working
current of 10 pA. For TEM characterization a Technai F30
STwin was used (with FEG, accelerating voltage of 300 kV,
Cs=1.2 and an EDAX EDX detector). A small amount of the
hybrid network, consisting mostly of single tetrapods or
even of only the tetrapod part, was placed on a Cu grid with
a carbon mesh sample holder. In order to evaluate the

chemical and structural composition of the ZnO/Ceo
composites, RT Raman spectra were obtained by using a
alpha300 RA, WITec system, with a triple grating
spectrometer (600 gr mm-1) and a CCD detector. The
measurements were performed in a backscattering
geometry using the 532.2 nm line of a cw laser. The spot
size of the laser on the sample was ~1.41 pm, the maximum
power at the sample was ~52 mW and the entire scattered
beam was collected by an optical fiber with a diameter of
50 pm. The spectra were taken with a spectral resolution of
1 cm-1. Additional measurements were performed in a
Jobin Yvon HR800 spectrometer, using the 442 nm
wavelength radiation from a cw He-Cd laser, a x100
magnification lens and a 1800 gr mm-1 diffraction grating.

The RT samples absorption was recorded in a UV/Vis
JASCO V-560 system equipped with deuterium and halogen
lamps and a ISV-469 integrated sphere. Steady state PL
spectroscopy was performed as a function of temperature
(from 10 K to RT) using a cold finger He cryostat. The 325
nm line of a cw He-Cd laser (power density 10 < 0.6 W cm-2)
was used as the excitation source, corresponding to an
energy of ~3.8 eV. The luminescence radiation was
dispersed using a Spex 1704 monochromator (1 m, 1200 gr
mm-1), then it was detected with a cooled Hamamatsu
R928 photomultiplier. All the measurements were
conducted using a neutral density ND1 filter to avoid
damaging the samples by overheating with the UV
radiation. The RT PLE was assessed in a Fluorolog-3 Horiba
Scientific set-up with a double additive grating Gemini 180
monochromator (1200 gr mm-! and 2 x 180 mm) in the
excitation and a triple grating iHR550 spectrometer in the
emission (1200 gr mm-!and 550 mm). As excitation source
a 450 W Xe lamp was used. The PLE has been measured by
setting the monochromator in the maxima of the optically
active defects and the excitation has been scanned to
higher energies. Additionally, the same Fluorolog-3 system
was used to perform energy dependent RT PL
measurements. Namely, the RT PL of the ZnO/Ceo was
evaluated by exciting the samples with below ZnO bandgap
energy, corresponding to the blue absorption maxima
reached after the functionalization with Ceo.

[-V measurements were performed using a self-
designed  setup PC-controlled
micromanipulator with Cu/ Au sputtered contacts,
Keithley that is controlled through a Labview program
allowing to measure the current flowing through the
template at the set intervals in the studied voltage ranges.
(Due to the still high template resistance 2-wire
measurements were performed.) Cylindrical templates of
the same ZnO density with and without Ceo coating were
analyzed. Several types of electrical contacts deposited at
both ends of a cylindrical template were tested: adhesive

consisting of a




silver paste with its solvent being evaporated, or sputtered
gold contacts, or sputtered Ni-Au contacts.

Device preparation and gas sensing measurements

The devices based on ZnO/Ceo were fabricated using the
same approach reported in previous studies,?8 while
devices based on individual hybrid microstructures were
fabricated in a FIB/ SEM system using the procedure
reported by Lupan et al28 Hybrid individual
microstructures were contacted with a Pt complex to
Au/Cr pads (Fig. S8at). UV measurements were performed
at RT in the dark and in air (relative humidity ~ 30%) and
upon UV illumination at A = 365 nm (~3.4 eV) and an
intensity of ~10 mW cm-2, as was reported earlier.8b [n the
case of devices based on networks, gas sensing
measurements were performed in the range of 20-400 °C,
in order to determine the optimal operating temperature
(OPT). For the devices based on individual structures, the
measurements were only performed at RT. More details on
gas sensing measurements were presented in our recent
work.28 The gas response (S) was defined as,

R —Rgi

S = [%} X 100% where, Rgas and Rair are the
air

resistance of the sensor under exposure to gas and ambient

air, respectively.

DFT computational modeling

Under the framework of density functional theory (DFT)29
computational modeling is performed using the Vienna ab
initio simulation package (VASP).3° The projector-
augmented-wave (PAW)31 method as implemented in
VASP is used with the Perdew-Burke-Ernzerhof32 (PBE)
variant of the generalized gradient approximation (GGA) as
the exchange correlation functional. A plane-wave cutoff of
520 eV has been kept for the kinetic energy. We have also
included van der Waals correction in the form of Grimme’s
semi-empirical corrections.322 The hexagonal stable phase
of ZnO (space group P63smc) has been considered in our
modeling where each Zn atom occupies the tetrahedral
void formed by 4 adjacent O atoms and a similar
configuration is maintained for O atoms. We have
considered a supercell of ZnO to model the surface
adsorption of Ceo molecules on the oxide. The fullerene
molecule is adsorbed on the (0 0 1) surface of ZnO. A space
of 30 A is kept along the c-direction to avoid any spurious
interactions of the simulation cell with their periodic
images. During structural relaxation, to minimize the
computational cost associated with a relatively large
supercell, only top one layer of ZnO along with the
adsorbed molecules on it is allowed to relax keeping the
bottom layers of ZnO fixed. The Brillouin zone was sampled
with a k-mesh of within the Monkhorst-Pack33 scheme.

Results and discussion

The fabrication strategy for the Ceo-ZnO based hybrid
composites is presented in Fig. 1(a-d). The micro- and
nanoscale tetrapods with pyramidal arms (length in the
range of 10 to 50 um, base and tip diameters ~10 pm and
500 nm, respectively) as shown in the scanning electron
microscopy image in Fig. 1(a) are utilized as a backbone for
Ceéo molecules decoration. The tetrapod based 3D
interconnected network tablets with a porosity of ~92%,
which were achieved by post-sintering (favors
interconnections), were infiltrated with commercially
available Ceo in the solution form via a pipette (Fig. 1b and
ESIVideo, V11). The high porosity and hydrophilicity in the
network allow a homogeneous flow of Ceo based solution in
the entire network and drying results in an attachment of
Ceo molecules on the surface of the ZnO tetrapod arms (Fig.
1c). The amount of Ceo molecules decorated on ZnO
tetrapods depends on the number of infiltrations and the
used concentration of the dispersion. The initial ZnO
templates are white in color (Fig. 1b), turning into
brownish color (Fig. 1d and S17) after Ceo infiltrations (~50
floodings). The number of floodings is the most important
parameter deciding the Ceo coverage at ZnO tetrapod arms
and, depending on the requirements, from well separated
Ceo molecules to continuous Ceo layers (mono and multiple)
on the surface of ZnO tetrapod arms can be easily achieved
by the here adopted dropcast strategy. Typical SEM images
corresponding to Ceo coated ZnO tetrapods from the hybrid
network in Fig. 1d are shown in Fig. 1e, S2 and S3.1 The
detailed SEM analysis of the coated templates revealed a
homogeneous coverage of the ZnO tetrapods and,
depending on the number of cycles (ESI Video, V1), more
or less dense distribution of Ceo was achieved (Fig. 1f-k, S2
and S3t). However, measuring the smallest particle at the
ZnO surface, it is visible that Ceo is drawn together forming
clusters with sizes varying from 100 nm to 1 um (Fig. 1g, i,
kand S31).

The crystallinity of the ZnO/Ceo was evaluated by
electron microscopy and Raman spectroscopy. In
particular, transmission electron microscopy studies
revealed the presence of fullerite, a crystalline solid Ceo
modification.3* In bright field mode several clusters
attached to ZnO tetrapods have been identified as shown in
Fig. 2(a and b). High resolution TEM studies confirmed a
highly crystalline arrangement, demonstrated in Fig. 2c.
The corresponding fast Fourier transform pattern (Fig. 2d)
matches well with a simulated electron diffraction pattern
from the cubic Ceo 35 in the [1 0 2] orientation (Fig. 2e).
Based on the high resolution images, the interplanar
spacing corresponds to 3.23 A for (4 0 2) (literature value:
3.17 A (ref. 36)) and 7.89 A for (1 1 1) (literature value:
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Fig. 2 (a) TEM low magnification bright field micrograph of several Ceo
clusters on top of a ZnO tetrapod surface (appearing black due to the larger
thickness compared to the thickness of Ceo clusters). (b) TEM bright field
image of a single cluster of Ceo. (c) HRTEM micrograph from the position
marked in (b) aligned to [102]. (d) FFT pattern from (c). (e) Simulated ED-
pattern from [102] orientation. (f) Raman spectra of reference fullerene
powder (pink), reference ZnO network (black) and ZnO network coated
with fullerenes. Number of floodings for the analyzed samples was: 5 (cyan),
10 (blue), 20 (green) and 60 (red). For the ZnO network with 60 floodings
of Ceo on the surface the D peak at 1350 cm-! becomes sharper and more
defined.

8.18 A (ref. 36)). The deviation for (020) indicates an
increased lattice parameter b. Moreover, a tilt in a and y
was observed. Similar to Fig. 2a many fullerite fractions
have been identified next to ZnO tetrapods. Basically, Ceo
molecules were arranged to form spherical clusters with
diameters from 50 to 1000 nm (Fig. S3 and S4at). By a
selected area electron diffraction (SAED) pattern taken
from the red marked region (Fig. S4bt) it was shown that
every cluster is an independent crystalline domain (Fig.
S4ct) and every interface between two spheres represents
a domain boundary. Thus in the beginning small clusters of
Ceo molecules start to agglomerate. While continuously
growing occasionally clusters merge and form a common
boundary.

RT Raman spectra of the Zn0O/Cso composites are
presented in Fig. 2f. Beside the vibrational modes known
for the ZnO (black curve), all of the peaks have been
identified and correspond to the values reported in the
literature for fullerenes.37 For the latter, the strongest peak
at 1469 cm-!, the pentagonal pinch mode (PPM)
corresponding to a totally symmetric Ag(2) mode,38 is seen
in samples having the number of floodings from 5 to 20
(cyan, blue and green curves in Fig. 2f). The samples with
10 floodings (blue curve) show most clearly the presence
of the further fullerene peaks Ag(1) at 495 cm-! and a
broader peak at 1565-1581 cm-! that could be assigned to
the Hg(8) mode. An interesting phenomenon is observed
for the sample with the much higher counting (60
floodings, red curve), namely the distinct D band peak at
1350 cm-1, well known for the carbon materials indicating
the presence of defects. Explanation for that might be the
fullerene structures building a layer on top of ZnO and
producing edge defects that are Raman active.38

PL and PL excitation measurements were carried out in
order to investigate the influence on the optical properties
of the 3D ZnO networks by the addition of Ceo. Fig. 3a
depicts the normalized PL spectra of the Zn0O/Cso samples
(from the UV to the near infrared) obtained at RT. All
samples exhibit a dominant green/yellow emission band
with maxima slightly shifted between the samples. While
for the samples with 10 and 20 floodings the maxima are
located at ~2.23 eV, the samples with the lowest (5) and
highest (60) Ceso content evidence a high energy shift of the
band maximum peak position (~2.27-2.28 eV). As
reported in the literature,17b this PL band is frequently
composed by the overlap of different emitting centers,
which may have different relative intensities in the
analyzed samples, resulting in the shift of the maxima of the
overall emission. Even so, if the emission is originated from
the same optical center, the ~50 meV apart could be related
to distinct band bending effects on the ZnO electronic
structure and ZnO/Ceo interface, assuming that the
green/yellow band involves effective mass described
electronic states. At 14 K (Fig. 3b), spectra are also
dominated by the visible band, evidencing a vibrational
assisted structure, similar to the socalled structured green
band, widely reported in the literature.17239 Regarding the
NBE recombination that appears in the UV region (inset of
Fig. 3b and Fig. S51), noticeable changes can be observed
with increasing Ceo content, meaning that distinct
interactions between the ZnO surface and Ceo molecules
occur for the different hybrid systems. In particular, a
strong quenching of the NBE is seen in the sample with the
lowest (5) flooding. In this case, the NBE seems to be absent
when compared with the visible emission, however an
ultraviolet/blue band at 3.0 eV was also detected, probably




related to disorder-induced defects, as was previously
observed in thin films.40 For the samples with higher
floodings (10 to 60), a well-defined NBE emission was
observed (Fig. 3c and S61). While the sample with 10
floodings exhibits NBE PL mainly dominated by the Al-
donor bound exciton transition, increasing the Ceo
floodings (20 and 60) promotes changes in the dominant
donor bound exciton recombination, accompanied by the
observation of the emission at 3.31 eV and its phonon-
replicas. This line has been widely discussed in the
literature*! and associated with distinct recombination

mechanisms, such as  structural defect-related
transitions4142 or surface excitonic contribution.43
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with the presence of surface states, as identified by the
of distinct plasma treatments on the
recombination line intensity. In fact, the same authors
observed an increase in the relative intensity of this line
when ZnO tetrapods grown by LAFD were mixed with
carbon nanotubes (CNTs).45 This fact constitutes another
indication that the 3.31 eV emission is affected by surface
states. When incorporated in the CNT composite, the
surface of the ZnO tetrapods was in direct contact with the

influence

functionalized CNTs, leading to a higher concentration of
electron-hole pairs on the surface of the ZnO 3D structures.
The enhancement of the PL intensity in ZnO/carbon
composites was previously reported in the literature,15bc
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Fig. 3 (a) Normalized RT PL of the studied ZnO-T-Ceo samples, excited with 325 nm (3.8 eV photon energy) and using a ND1 filter. (b) Normalized 14 K PL spectra
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maximum).

Recently, this emission was studied in detail by ]J.
Rodrigues et al.*4 in ZnO microrods grown by laser assisted
flow deposition (LAFD). This line was seen to dominate the
low temperature PL spectrum in the UV region, evidencing
a spectral shape similar to the one obtained for the Zn0O/Ceo
samples with 20 and 60 floodings. The reported work
suggests a strong correlation of the 3.31 eV emission line

and attributed to the generation of a higher concentration
of optically active centers, namely improving surface and
excitonic related recombination. A similar phenomenon is
likely to be present in the ZnO samples with a higher
amount of Ceo on its surface and thus the enhancement of




the relative intensity of the 3.31eV emission. It is
important to note that the intensity of this line increases
with the increase of Ceo, as in Fig. 3c. Moreover, besides the
enhancement of the 3.31 eV emission, also the intensity of
FX recombination is seen to increase (inset of Fig. 3c and
Fig. S6t1), accompanied by a decrease in the relative
intensity of Al donor-bound exciton, meaning that with the
used
concentration is favored rather than the carriers captured
through the Al shallow donor. With the increase of Ceo
floodings differences in the electronic states band
alignments are expected, inducing changes in the
preferential recombination paths. Indeed, the offset
between the lowest unoccupied molecular orbital (LUMO)
of Ceo and the conduction band minimum (CBM) of ZnO
defines the barrier for charge transfer between the two
materials and was seen to depend on the thickness of the
Ceo layer covering the ZnO structures.6

These differences are also reflected in the RT PLE
spectra (Fig. 3d) when monitored at the visible band

conditions an enhancement of free -carrier

maxima. The spectra show that the emission is mainly
populated with photons with energy equal to or higher
than the ZnO bandgap. Furthermore, it can be also shown
that the ZnO bandgap absorption feature becomes slightly
narrower as the Ceo floodings increase, exhibiting a steeper
absorption and a slight shift towards the expected bandgap
to pure ZnO. Such behavior indicates a suppression of the
effective mass described electronic states in the population
pathways of the broad emission, suggesting that a charge
transfer from ZnO to Ceo cannot be discarded. As shown in
Fig. 3d, the band tail observed below the ZnO bandgap is
more pronounced for samples with lower Ceo floodings.
Comparing these results with the ones observed for the
NBE emission, one notes that the absence of this emission
in the sample with the lowest Ceo floodings is accompanied
by a more pronounced effect in the band tail states of the
PLE spectra, while steeper absorption results in a
wellresolved NBE (Fig. 3c and Fig. S61). Absorption
measurements (Fig. 4a) reveal, besides the ZnO bandgap,
additional visible and near infrared absorption bands in the
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Fig. 4 (a) Absorbance spectra of the ZnO-T-Ceo (Ce0) absorption spectrum reproduced from ref. 56 and 57 and (b) RT TRPL of the sample
with 20 floodings acquired after 0.05 ms of the pulse of a Xe flash lamp. The valley at ~517 nm (~2.40 eV) corresponds to the blaze of the
grating. (c) Schematic representation of the band alignment for ZnO and Cso molecules, based on the spectroscopy results and ref. 3. (d)
Relative intensity of the visible band as a function of the temperature for the analyzed samples.




samples with Ceo on the surface, where the band with the
highest intensity is peaked at 448 nm (~2.77 eV). The wide
absorption region appears when Ceo is added to the ZnO
tetrapods, with its intensity increasing as the Ceo amount
increases up to 20 floodings. For comparison, the RT
absorption of a Ceo sample from ref. 47 is included in Fig.
4a. As can be seen, the most intense absorption band in the
visible region (dashed line in Fig. 4a) of the composite
samples is not present in the Ceo absorption spectrum,
suggesting that its origin is likely related to ZnO-Ceo
interactions. The additional absorption bands are related
to the Ceo molecules.

In order to evaluate the possibility of charge transfer
from the Ceo molecules to ZnO, PL measurements were
carried out exciting the samples at 448 nm (maximum of
the mentioned absorption band), using a Xe flash lamp with
a delay time close to the pulse lamp width in order to
approach the steadystate conditions (Fig. 4b). For
comparison purposes a band to band excitation was also
performed using the same delay. In both cases a ZnO green

band was detected, evidencing that this ZnO emission band
can be populated via both excitation processes. The
excitation at 448 nm corroborates the hypothesis of charge
transfer from the Ceo to ZnO. These results are also in line
with the behavior observed for the ZnO NBE where an
increase in the relative intensity of the FX and the 3.31 eV
line was seen to occur with the increase of the amount of
Ceo in the ZnO surface, meaning that more electrons are
being transferred to the ZnO conduction band and surface
states, respectively. Fig. 4c shows a schematic
representation of the possible band alignment for these
materials, evidencing the two described charge transfer
mechanisms suggested by  the
measurements.

spectroscopic

In order to gain a better insight into the mechanisms
involved in the luminescence process, temperature
dependent PL studies were carried out, as can be seen in
the ESI (Fig. S71). Fig. 4d shows the dependence of the
integrated green/yellow PL intensity band on the
temperature. All the analyzed samples exhibited a similar
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behavior, with the overall intensity of the visible band
decreasing up to 130-150 K followed by an increase in the
intensity between these temperatures and 230-260 K and
with a subsequent decrease up to RT. These results
corroborate the hypothesis of having different optical
active centers contributing to the broad visible emission.
With increasing temperature, competitive nonradiative
mechanisms start to take place, leading to a decrease in the
intensity of all the emitting centers present. As the
temperature rises, one of the defect states involved in
green/yellow emission becomes thermally populated at
the expense of another, resulting in an increase of the
overall intensity. Finally, at higher temperatures, the
nonradiative transitions dominate and the band intensity
decreases again. A similar behavior was previously
observed for ZnO with Zn2SnOs+ and with Bi203 hybrid
networks synthesized by the same method.39¢

Hybrid nanostructures, especially ZnO based, exhibit a
very important role towards nanosensing, which also
motivated us to investigate their sensing capabilities.
Based upon the number of Ceo floodings, individual micro-
and nanoelectronic devices were fabricated and their
detailed electrical sensing characteristics with respect to
different volatile gases have been studied. Fig. 5 shows the
SEM images of devices fabricated using individual zinc
oxide tetrapod (ZnO-T) arms coated with Cso (ZnO-T-Ceo).
Three sets of devices were fabricated with relatively
different contents of Ceo on the surface of the ZnO-T arm:
10 floodings (Fig. 5a, its inset and Fig. S8at), 20 floodings
(Fig. 5b and inset) and 60 floodings (Fig. 5c and inset). The
current-voltage (I-V) characteristics of the devices are
presented in Fig. S8b,f showing the formation of
asymmetrical double Schottky contacts, due to a higher
work function of Pt contacts.#8 All individual structures
have similar diameters in the range of 1-3 um from one end
to another. The calculated gas response of devices to
different vapors of volatile organic compounds (VOCs) and
hydrogen (Hz) gas is shown in Fig. 5d. The concentration of
VOCs was 100 ppm and of H2 gas was 1000 ppm. Actually,
a previous study showed that pristine individual ZnO
micro- and nanostructures showed a higher gas response
to hydrogen gas (100 ppm),*° with the highest gas response
of ~34% (for pristine ZnO with a diameter of ~100 nm (ref.
49)). However, in the present case, a higher response to
ethanol compared to Hz gas is observed (see Fig. 5d).

Electrical contacts might lead to a varied sensing
response and therefore nanodevices with both types
(ohmic and Schottky) of contacts were fabricated and
investigated, showing electrical/sensing
characteristics. Hence, silver paste based Zn0O/Ceo devices
were chosen for the matter of simplicity. In line with the
generation of more free carriers with increasing Ceo
floodings, a notable increase in the conductivity is observed

identical

(ESI, Fig. S9at). Based on the linearity of the I-V curves, it
can be assumed that an ohmic contact was achieved for the
network templates and the corresponding dynamic UV
sensing response is presented in Fig. S9b.t The calculated
response (luv/ldark) is ~1.6, which is much lower compared
to pristine ZnO-T networks reported earlier (>500). This
can be explained based on complete covering of the ZnO
tetrapod surface with Ceo, hampering its accessibility for
UV light to photogenerate the electron-hole pairs. The
same situation was observed in the case of single ZnO-T-Ceo
structures (not shown here), which suggest that a lower
content of fullerene on the surface of ZnO tetrapod arms
would be rather preferable for gas sensing applications.

The here fabricated devices based on hybrid networks
and individual structures demonstrated interesting gas
sensing properties. By increasing the content of Ceo the gas
response to ethanol vapors is enhanced (taking into
account that the diameter of structures is practically
similar, Fig. 5). Thus, for Devices #1 (10 floodings), #2 (20
floodings) and #3 (60 floodings) the gas response to
ethanol vapors is 4.43%, 6% and 32%, respectively (see
Fig. 5d). The dynamic response to VOCs (100 ppm) and H:
(1000 ppm) is shown in Fig. 5e, f and g for Devices #1, #2
and #3, respectively. Due to the operation of devices at RT,
the response and recovery time are relatively high. The
calculated response and recovery time (defined as the time
to reach and recover the 90% of full response) of ethanol
vapors are, respectively, 45 s and >350 s for Device #1, 70
s and >350 s for Device #2, 80 s and >15 min for Device #3.
Thus, the evident increase in response/recovery times by
increasing the content of Ceo is confirmed, which could be
related to the lower accessibility of gaseous species to the
ZnO surface or to a higher influence of Ceo on the gas
response mechanism. It has been demonstrated that
carbon based materials have a slow recovery at RT to VOCs
or different gases >such as NHs and NO2.50 Thus, a higher
content of Ceo can improve the ethanol vapor response, but
results in slower recovery.

Ceo mainly exhibits n-type semiconductor conductivity
and the oxygen content can drastically change its electrical
resistance.14d51 Also, previous reports showed that Ceo thin
films have good response to VOCs.1#ade Thus, the increase
in gas response to ethanol vapors can be attributed to an
increase in Ceo content. The main mechanism can be thus
explained on the basis of the interaction of VOCs and Hz
molecules with oxygen from the Ceo layer, creating COz and
water, respectively,52 as well as charge transfer between
Ce0 and gas molecules.1#2 However, additional studies need
to be performed in order to determine the nature of
complex adsorption of VOC molecules (physiosorption or
chemisorption).14e The incomplete recoveries to the initial
baseline in the present devices indicate the adsorption of
VOC molecules via chemical adsorption, ie, a




comparatively strong interaction with Ceo.14¢ Additionally,
the Ceo crystals behave like a sponge (with nanoscale
porosity) in which the possibility of intercalation of VOCs
cannot be ignored.53 The interactions between few VOCs
and Ceo might lead to certain weak ionic bonds which then
result in localizing them within the Ceo crystal even at RT.53
Due to RT, these reactions are relatively slow, which lead
to lower response and especially recovery of devices (Fig.
5e-g).

Parameters such as sensitivity and limit of detection
were also investigated for Device #3. Fig. S101 shows the
dependence of ethanol sensitivity at RT versus
concentration of ethanol vapors. The sensitivity was
defined as the gas response (S) divided by the
concentration of ethanol, i.e. %/ppm.>* The theoretical
detection limit was estimated to be 5 ppm as was reported
in detail by Dua et al, i.e. using (signal/noise) ratio.55 In
general, such high response of microscale individual
structures (diameter ~1 pm-3 um), as in the case of Device
#3 (~32%), can be easily explained on the basis of the Ceso
coverage on ZnO, because the surface contribution to the
electron transport through the ZnO-T arm is quite lower.56
Since both the Ceo thin films and ZnO show n-type gas
sensing behaviors,14d5157 it is very hard to distinguish
which dominates the gas response in the case of the Ceo—
ZnO hybrid. However, the increased gas response to VOCs
and increased recovery time hint that the Ceo film from the
surface of the ZnO-T arm is most likely a dominating factor
for the here fabricated devices. In the case of ZnO-T-Ceo
networks, the degradation in response by increasing the
temperature was observed. Fig. S1lat shows the gas
response of networks versus operating temperature. The
optimal temperature seems to be at 300 °C and the highest
gas response was observed for the ethanol vapors. The data
were calculated by applying one pulse at each operating
temperature. However, by repeating measurements at the
same temperature, the evident degradation in response
was observed. Fig. S11bt shows the transient gas response
of ZnO-T-Ceo networks at 300 °C by exposing repeatedly to
the same concentration of ethanol vapors 5 times. A large
shift in the electrical baseline is observed, which also
induces the change in gas response. Such behavior was
observed at temperatures higher than 200 °C, which can be
attributed to the destruction (conversion to amorphous
structures and disintegration into icosahedral) of Ceo
molecules, as reported by Chen et al.>8

The adsorption behavior of Ceo fullerene on the surface
of ZnO was assessed by computing the binding energy of
the system (E(ZnO+Ce0) - EZnO - ECeo). We obtain a
binding energy of -5.1 eV, which indicates relatively
stronger binding of fullerene on the ZnO surface. For a
deeper understanding of the binding process, we have
presented the total and partial density of states (DOS) for

ZnO0 + Ceo in Fig. 6a. It is clear from this figure that following
the adsorption of fullerene, significant states are induced
which is evident from the partial DOS of C atoms from Ceo.
Moreover, states at the Fermi level with visible
contribution of Ceo are evident from this figure. This can
explain the effect of Ceo on the observed enhancement of
conductivity. We have performed a Bader charge analysis
of the binding process and calculated the amount of charge
transfer associated with fullerene adsorption on ZnO. We
have observed that there is a charge transfer from Ceo to the
ZnO surface with a net charge of +0.629 (e) on the fullerene
molecule.

It is known from the literature that the chemical nature
of Ceo resembles an n-type semiconductor and it is a highly
electronically rich specie. The stronger interaction of Ceo
with the ZnO surface and the resulting charge transfer are
supportive of the above fact. To address the promising
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Fig. 6 (a) Total and partial DOS for fullerene (C60) adsorbed on ZnO
surface, (b) charge density difference isosurfaces for binding of C60
on ZnO surface, and (c) binding of ethanol on ZnO + C60 system.
(The vertical red dashed line in (a) represents the Fermi energy. For
isosurface, the yellow color depicts charge depletion and the cyan
color charge accumulation. The isovalue used is 0.001 (a.u.). Atom
color code: Zn (blue); O (red); C (green).
ethanol sensing properties of Ceéo covered ZnO as observed
in our experiments, we further considered the adsorption
of an ethanol molecule on the ZnO + Ceo system. The
adsorption energy in this case is found to be -0.39 eV,
which indicates weak physisorption. The overall
adsorption of Ceo on the ZnO surface and subsequent
adsorption of ethanol are pictorially depicted as isosurface




plots in Fig. 6b and c. The favorable sensing of ethanol gas
on Ceo can be attributed to the charging effect of the
fullerene molecule on the ZnO surface.

Conclusions

In summary, we have demonstrated a simple strategy for
cost effective fabrication of Ceo decorated ZnO tetrapod-
based hybrid nanostructures and the corresponding 3D
interconnected networks, which offer easy accessibility of
features from individual as well as agglomerated Ceo
molecules in 3D space. The remarkable features from both
Ceo and ZnO tetrapods complement each other and
cumulatively result in new and interesting properties in the
hybrid composite form, suitable for advanced applications.
Detailed photoluminescence, photoluminescence
excitation and absorption studies revealed interesting
optical properties, including hints about the charge
transfer process between the adsorbed Cso molecules and
underneath ZnO. The charge transfer process was
additionally confirmed by density functional theory
calculations. The ZnO/ Ceo nanostructure based individual
nanodevices interesting sensing behaviors
towards volatile organic compounds where the operating
temperature plays a very crucial role. The interesting
optical and electrical properties open further avenues for
the application of these ZnO/Cso tetrapod based hybrid
materials towards advanced technologies.
understanding further properties would be highly
interesting for the fundamental materials
community.
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Figure S1: Camera images of the ZnO pellet before drop casting (a), and after 5 C60 floodings
(b). (c) Camera images of ZnO samples demonstrating their color change with increasing the

amount of C60 flooding times: 0-40 floodings (left to right).



40 drop-casting cycles agglomerations of C60 are observed at the interconnection points

between single tetrapods.



Figure S3: SEM images (higher magnification) of ZnO-T surface with C60 after 3 floodings
(a), 10 floodings (b), 40 floodings (c) and 60 floodings (d). For the low number of coatings
with C60 (3 and 10, a and b, respectively) isolated C60 clusters are observed. By higher

number of floodings the clusters tend to join forming a layer at the ZnO surface.



Figure S4: (a) TEM higher magnification image with an overview on fullerene clusters. From
the red marked region (b) a FFT pattern was simulated (c), which indicates the crystallinity
of the clusters. Also distinctive are the lines indicating the rows of the fullerene aligned into

crystals.
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Figure S5: 14 K near band edge recombination (NBE) of the ZnO-T-C60 composites. The

spectra were obtained with above ZnO bandgap excitation.
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Figure S6: 14 K near band edge recombination (NBE) of the ZnO-T-C60 composites: FX and
bound excitons spectral regions. The spectra were obtained with above ZnO bandgap

excitation.
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Figure S7: Temperature dependent PL spectra of the ZnO-T-C60 composites. The spectra were

obtained with above ZnO bandgap excitation in the interval range 10 K - RT.
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Figure S8: (a) The high magnification SEM image of Pt contacts on a nano-device 1 of a ZnO
microtetrapod covered with 10 floodings of C60 aqueous solution. (b) Current - voltage

characteristics of devices fabricated based on individual ZnO-T-C60 arms in the dark at room
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Figure S9: (a) Electrical characterization of a macroscopic template of a ZnO network and of
ZnO0-T-C60 networks with different number of floodings. Starting with a reference network
(pure ZnO), followed by networks with coatings of 15, 20 and 40 floodings of C60. (b)
Dynamic response of ZnO-T-C60 networks to illumination with UV light at room
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Device #3 versus concentration of ethanol vapors (ppm).
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4. Influence of Activated Carbon on the catalysis of Tetrapodal ZnO

An eco-friendly method of producing activated carbon from sugarcane bagasse is
introduced in this chapter. A significant improvement in catalyzing the reduction of the
Cr(VI), a contaminant found in the industrial waste water was realized by the micro-nano
composite made of T-ZnO and activated carbon.
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® | arge scale synthesis of ZnO tetrapods by flame transport
synthesis.

® Eco-friendly extraction of activated carbon from
sugarcane.

® 7nO tetrapods-activated carbon based advance composite
fabrication.

® ZnO tetrapods-activated carbon composites as efficient
Cr(VI) adsorbents.
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ABSTRACT

Owing to its acute toxicity and mobility, the hexavalent chromium [Cr(V1)] in water and wastewater is an immense risk
to the environment. Herein, ZnO-tetrapods/activated carbon (ZnO-T/AC) nanocomposite was synthesized as an
adsorbent for an efficient decontamination of Cr(\VI) from an aqueous medium. The tetrapodal ZnO was synthesized by
flame transport synthesis (FTS) approach. The utilized activated carbon (AC) was successfully prepared from sugarcane
bagasse with sodium hydroxide (NaOH) impregnation, followed by carbonization. Finally the ZnO-T/AC
nanocomposite was synthesized by the hydrothermal method. The structural and chemical properties of the obtained
nanocomposite (NC) were systematically characterized using X-ray diffraction (XRD) technique, scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy and
Brunauer-Emmett-Teller (BET) analysis. Batch experiments were performed with the AC, ZnO-T and ZnO-T/AC to
study their maximum adsorption efficiency for the Cr(V1). The effect of operational parameters such as contact time, pH
and adsorbent dosage on the removal of Cr(VI) were also investigated. Different kinetic models were employed to
comprehend the adsorption mechanism. The removal efficiency (97%) of Cr(VI) using ZnO-T/AC adsorbent was
achieved at pH 2. The synthesized nanocomposite showed significant potential for the decontamination of Cr(\V1) and
can be further explored at a large scale for the efficient removal of hazardous heavy metal ions from the industrial
contaminates.
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1. Introduction

The prevalence of the polluted water is becoming
a pandemic day by day [1-3]. Among different types
of aquatic pollutants, heavy metals are the most fatal
ones because of their high toxicity even at a very low
concentration [4-6]. Therefore, the development of
cost-effective and eco-friendly water purification
strategies are in urgent demand. Due to their unique
capabilities, the nanostructured based materials could
really help in this context [3,7-10]. Semiconducting
metal oxide nanostructures are widely being used for
water purification due to their large surface area,
biofriendly nature, lower agglomeration, effective
pollutant removal efficiency and low cost, etc. [11-
15]. A large variety of nanostructures from different
metals, metal oxides, etc., have been used for water
purification purpose however this field is still seeking
for reliable approaches as nanomaterials themselves
exhibit a lot of challenges when it comes to large
scale applications, few major issues include
appropriate size and shape, biocompatibility, large
scale production, reusability, cost-effectiveness, user
friendliness, etc. [11-13]. Nanoscopic materials with
a selective size and shape could play a major role
towards water purification and in this context ZnO-
tetrapods (ZnO-T) with prominent nano-arms exhibit
a significant research potentials because of their
multifunctionalities [9,16,17]. The interlocking
nature of the tetrapod structure is helpful in creating
a porous macroscopic three dimensional (3D) flexible
network which exhibits unique properties such as
high porosity, sufficiently high mechanical strength,
greater surface area and durability even under harsh
conditions. These properties make ZnO-T, a possible
material candidate for water purification and related
applications [16,17] and this motivated us about
exploring its capability towards removal of heavy
metal ions from waste water.

The hexavalent chromium [Cr(V1)] is among one
of the most dangerous pollutants which has been
considered as an environmental and a biological
hazard [18]. Cr(V1), is generally discharged into the
water bodies from the waste created by the paper

industry, leather tanning, chromium mining,
electroplating, petroleum refining, metallurgy,
battery, textile and dyeing industry, wood
preservation and glass industry, etc. [19-21]. The
wastewater effluent from these industries contains a
high concentration of Cr(VI) varying from 5.0 to
280,000 mg/L in water as soluble ions like chromate
(CrO4*), dichromate (Cr.0s>) and hydrogen
chromate (HCrO4") [22]. Exposure to high level of
Cr(VI) might lead to serious damage to kidneys, liver
and nerve tissues and its short-term exposure causes
skin and eye irritation or ulceration [23-25]. Due to
its high toxicity, World Health Organization (WHO)
has set the permissible limit of the Cr(V1) in potable
water at 0.05 mg/L (WHO/SDE/WSH/03.04/04)
[26,27]. So, it is very essential to reduce
concentration of the Cr(VI) to an acceptable level
before discharging it into water bodies.

Water and wastewater has been treated with the
following traditional methods such as adsorption [28],
reduction [29-31], filtration [32], reverse 0sSmosis
[33], ion-exchange [34], foam flotation [35] and
electrolysis [36]. Among all the mentioned methods,
the adsorption approach has been observed to be the
most suitable methodology for the expulsion of
different contaminations including metals, due to low
treatment cost, simple operation, high removal
efficiency and availability of a large number of
adsorbents [37].

Utilization of industrial and agricultural wastes
and biological materials such as activated carbon
(AC), carbon nanotubes [38,39], zeolites [40],
chitosan [41], activated alumina [42] and bentonite
[43] etc., as effective adsorbents have been
extensively researched. In particular, AC, is preferred
for its availability, a large surface area with abundant
functional groups [44], high chemical and thermal
stability and hydrophobicity. However, the
commercial AC is expensive due to high resource
costs, it synthesis and activation procedure. Several
studies have reported about the extraction of AC from
coconut shells [45], olives [46], sugarcane bagasse




[47], sawdust [48], rice husk [49], coffee [50], etc.
The large pore sizes of AC enable easy diffusion of
Cr (VI) and the high pore volumes facilitate space to
retain more ions [51]. However, it is difficult to
separate and recover the AC from the contaminated
water and the filtration method causes loss of carbon
or even damaging the filter.

The previously reported works demonstrated the
use of common adsorbents such as carbon nanotubes
(CNT), mesoporous silica, aluminum oxides (Al-Os)
and composites of iron [52-55] for water treatment.
Unfortunately, their high cost, complicated and time
consuming synthesis process and weak separation
property limit their practical applications. Here, we
present a simple strategy for removal of Cr(VI) ions
in waste water by using the unique composite
material based on ZnO tetrapods and activated
carbon. The proposed adsorbent provides high
efficiency, low cost and ecofriendly material with
facile synthesis methodology with high production
rate. The proposed composite with ZnO-T and AC
could integrate their individual properties of high
porosity, high mechanical strength, large surface area
with abundant functional groups, durability towards
harsh conditions and non-toxicity, make it a unique
adsorbent with great potential for heavy metal
removal with enhanced efficiency.

The activated carbon was synthesized using
sugarcane bagasse by chemical impregnation with
sodium hydroxide and carbonization, which leads to
the enhancement of its adsorption efficiency. Then,
ZnOtetrapods/activated carbon (ZnO-T/AC)
nanocomposite was synthesized by hydrothermal
method. The kinetics about the adsorption of Cr (V1)
on the synthesized nanomaterials has been examined
in detail. The effects of several performance
parameters, such as pH, contact time and adsorbate
dosage on the adsorption efficiency, etc. were
investigated in detail which suggest the potential
application scope of the composite towards
purification.

2. Materials and methods
2.1. Materials

Sugarcane bagasse used as a raw material to
synthesize AC in this work was obtained from a local
cane juice shop at Noida (India). Analytical grade
Sodium hydroxide (NaOH), Hydrochloric acid (HCI),
Potassium dichromate (K:Cr.0;) and Zn powder
(particle size ~10 um) were procured from Sigma-
Aldrich India. Polyvinyl Butyral (PVB) and Zn
powder (particle size ~1-5 um) was procured from
Kuraray Europe GmbH and GoodFellow GmbH
respectively. All the chemicals were utilized as
received without further treatment. Deionized (DI)
water was used for the preparation of all the
chemicals unless otherwise mentioned.

2.2. Synthesis of activated carbon

Firstly, the bagasse was washed manually with DI
water exhaustively and dried in an oven at 100 °C for
24 h. Then bagasse was grinded with a roller mill and
sieved through 100 um mesh. For carbonization, the
above material was kept in a furnace at 700 °C for 60
min. The carbonized material was soaked in 1M
NaOH solution in weight ratio of 1:1 for 48 h. The
produced char was washed with DI water to achieve
pH 7 and was dried out in an oven overnight at 100 °C.

2.3. Synthesis of ZnO-tetrapods (ZnO-T)

The FTS method [7,16,56] was employed for
the preparation of tetrapodal ZnO structures. In
this method, Zn particles and PVB powder (mixed
in a ratio of 1:2) was filled in a crucible and heated
in a furnace (preheated to 450 °C) for 30 min at
900 °C. Before placing crucible in the furnace, the
furnace was pre-heated to 450 °C. Due to the high
temperature of the furnace, the sacrificial polymer
PVB burns and the generated flame carries the Zn
microparticles upwards which are then converted
into ZnO nano- and microscale tetrapod structures.
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Fig. 1. Synthesis steps for activated carbon from sugarcane bagasse and ZnO-T/AC (ZAC) nanocomposite.

Depending on the synthesis parameters, the
subsequent ZnO structures change in their size,
shape, morphology and angle proportion
contingent [16].

2.4. Synthesis of ZnO-tetrapods/activated carbon
(ZAC) nanocomposite

ZnO-T/AC  nanocomposite  (ZAC) was
synthesized by conventional hydrothermal method.
5gACand 1gZnO-T was mixed in 50 mL DI and
stirred for 2 h. Then the suspension was placed in
a 50 mL Teflon-sealed autoclave and maintained at
120 °C for 2 h. Finally, the sample was centrifuged
and dried in an oven for 18 h at 80 °C. The ZnO-
T/AC nanocomposite was obtained by annealing at
650 °C for 2 h. Synthesis steps for activated carbon
from sugarcane bagasse and ZnO-T/AC (ZAC) are
shown in Fig. 1.

2.5. Point of zero charge (PZC)

The point of zero charge (PZC) is the pH at
which the net electrical charge density on the
surface of any material becomes zero. The PZC of
the ZnO-T/AC nanocomposite was determined by
salt addition method using 10 mM KClI solution. In
this method, a series of 50 mL test tubes containing
20 mL of 10 mM KClI solution was taken [57]. The

pH of solution was adjusted in the range of 2-10
using 0.1 N HCl and 0.1 N NaOH. 0.02 g of ZnO-
T/AC nanocomposite was added to each test tube
separately and solutions were kept on shaker at 170
rpm for 48 h. Then, solutions were centrifuged,
and final pH of filtrates was measured. A graph
between change in pH and initial pH was plotted
and value of initial pH at which change in pH is
zero is noted, which represented the PZC of
sample.

2.6. Adsorption studies

The adsorption of Cr(VI) from aqueous medium
onto samples was performed using batch
equilibrium experiment. For an adsorption
experiment, 20 mg of the adsorbent was introduced
into a flask containing 100 mL of Cr(VI) solution
(10 mg/L). For pH adjustment throughout the
experiment, HCI and/or NaOH were utilized as
necessary. This flask was agitated on an orbital
shaker (Tarsonspinix) and shaken at 240 rpm for
24 h in order to achieve adsorption equilibrium.
Upon reaching the equilibrium, the solid particles
were removed by centrifugation and the
equilibrium  concentration of  Cr(VI)) in
supernatant was examined by spectrophotometer




using 1,5-diphenylcarbazide method at measured
at a wavelength of 530 nm. The removal efficiency

(%) was calculated according to the equation:

Co — C,) X100
( 0 e) % (1)
Co

where Co and C. are the initial and equilibrium
concentrations of Cr(VI) solution respectively.
The adsorption coefficient (ge in mg.g™) was

obtained from:

(CO - Ce) xV % (2)

Removal efficiency (%) =

de = m
where, V (in 1) is the volume of the medium, and
m (in g) is the mass of adsorbent used.

2.7. Characterizations

The phase and crystallinity of adsorbents were
studied by X-ray diffraction [Bruker D2 Phaser
and CuK, (\= 1.5406 A) radiation]. The XRD
spectra were recorded from 10 to 80°. The specific
area and micropore size distribution of activated

A RO, 3]

carbon, ZnO-T and ZnO tetrapodsactivated carbon
were analysed by Brunauer-Emmett-Teller (BET)
method. The size and shape of AC, ZnO tetrapods
and ZnO tetrapodsactivated carbon hanocomposite,
elemental analysis were confirmed using scanning
electron microscope (ZeissSupra 55VP). The
chemical state of the surface was characterized by
X-ray photoelectron spectroscopy (XPS) on a PHI
5000 Veraprobe Il spectrometer with Al Ka X-ray
source. Cr (VI) concentration was evaluated by
UV-Visible spectroscopy (Shimadzu, UV 800).
The Fourier transform infrared (FTIR) spectra of
ZnO-T/AC nanocomposite were recorded using a
PerkinElmer 1430 infrared spectrophotometer
within the range of 400-4000 cm!.

3. Results and discussion

3.1. Morphological and structural studies

Surface morphologies of the activated carbon,
ZnO-T and ZnO-T/AC nanocomposite were

Fig. 2. (a, b) SEM images (increasing order of magnifications) of AC, (c, d) SEM images (increasing order of magnifications) ZnO-T,
and (e, f) SEM images (increasing order of magnifications) ZnO-T/AC nanocomposite.
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Fig. 3. XRD patterns of AC, ZnO-T and ZnO-T/AC (ZAC)
nanocomposite.

observed under SEM. SEM images of the
bagassederived activated carbon at increasing

order of magnification are shown in Fig. 2(a and b).

SEM images revealed that the outer surface of
activated carbon is rough and has micropores of
various size and shapes. The NaOH impregnated
external surface (made up from lignocellulose) of
activated carbon developed pores after
carbonization at 700°C. Fig.2(c and d)
demonstrates the interconnected 3D tetrapods of
ZnO at increasing order of magnifications. Fig. 2(e
and f) display SEM images of ZnO-T/AC
composite at an increasing order of magnification,
these images depict the dispersion of activated
carbon on the surface of ZnO-T. AC with abundant
functional groups are deposited on large surface
are of ZnO-T/AC providing higher Cr (VI)
adsorption efficiency [44,58]. The information on
the crystal structure of the prepared composite
adsorbent was obtained from X-ray diffraction
patterns. XRD pattern for bagasse synthesized AC
after carbonization at 700 °C for 1 h, ZnO-T and
ZnO-T/AC nanocomposite are depicted in Fig. 3.
XRD peak of AC showed amorphous nature. The
conclusion is based on the presence of a well-
known hunch back characteristic at 26 =23.70°
peculiar to amorphous material [47]. Diffraction
peaks for ZnO at 26 =31.69°, 34.54°, 36.21°,

Transmittance (a.u.)

47.57°, 56.74° 62.95°, 66.43°, 67.88°, 69.14° and
77.03° corresponding to (1 0 0), (00 2), (1 01), (10
2),(110),(103),(200),(112),(201)and (20
2) orientation planes respectively, confirmed
wurtzite structure of ZnO (JCPDS-36-1451) [59].
In the diffraction pattern of ZnO-T/AC, the peak
appearing at 21.70° is ascribed to the hexagonal
phased carbon (JCPDS file No. 50-0926). The
crystalline nature of AC may be attributed to
hydrothermal  process and annealing of
nanocomposite at 650 °C. In addition to the
diffraction peak of hexagonal carbon, the XRD
pattern of ZnO-T/AC nanocomposite also showed
characteristic diffraction peak of ZnO. This
indicated the dispersion of AC on the surface of
ZnO tetrapods.

3.2. FTIR investigations

FTIR spectrum of ZnO-T/AC nanocomposite
(before and after Cr adsorption) is shown in Fig. 4.
The characteristics peak at 3375 cm* corresponds
to presence of —OH groups associated with water.
The peak at 2651 cm™ was mainly assigned to the
stretching vibration of
—— ZAC before Cr adsorption

ZA'C after Cr adsorption

-ol---

Carboxylic
3375 % 1645 (-C-H)
-OH (water) Solcy-Cu)) Carboxylic
r ' . . ’aLid (-CTO))
3500 3000 2500 2000 1500

Wavenumber (cm™)
Fig. 4. FTIR spectra of ZnO-T/AC (ZAC) nanocomposite
before and after Cr adsorption.
—OH and —OH of carboxylic acid [60]. The peak
at 1645 cm*was related to the stretching vibration
of —C=0 of carboxylic acid [61]. The absorbance
band near 1480 cm™ was the bending vibration of




—C—H. The stretching vibration of -OH and -C=0
shifted marginally after Cr adsorption. These
changes indicated that —-OH and —COOH groups
could be the main functional groups for Cr (V1)
adsorption [61].

3.3. XPS analysis

To study the mechanism of interaction between
ZnO-T/AC and Cr (VI), X-ray Photoelectron
spectroscopy (XPS) was done before and after its
exposure to 10 mg/L Cr(VI) at pH 2. High-
resolution XPS spectra and their fits in Zn 2pz;,, Cr
2p, O 1s and C 1s regions before and after Cr (V1)
exposure are shown in Fig. 5. The Zn 2ps; peaks
for both the 2ZnO-T/AC adsorbent before
(untreated sample) and after Cr(VI) adsorption
(treated sample) consist of two subpeaks — one at
1020.8 eV and the other at 1022.4 eV (Fig. 5a).
These peaks can be assigned to ZnO and Zn (OH)_,

respectively, both components being expected in
ZnO [62]. The two broad peaks in the Cr 2p region
at 576.3 and 585.3 eV in untreated sample are not
actually XPS peaks of Cr, as it is absent in the
sample; they, instead, correspond to LsMasMas (1P)
and LsM3Mas (°P) Auger electrons

from Zn (Fig. 5b) [63]. In the presence of these
Auger peaks, any appearance of a Cr peak after
treatment would come with a narrower and less
intense contribution, and therefore will be masked
by the Auger peaks. The only way by which a
subtle Cr contribution can be identified is that if a
Cr peak is in the neighborhood of an Auger peak,
the peak would have a tendency to shift toward the
Cr position. Cr(lll) 2ps. peaks corresponding to
Cry03, Cr(OH)soccur at 577.0 and 577.8 eV, while
Cr(VI) 2ps peak occurs at 579.96 eV [64], all of
them occurring at a binding energy higher than the
first Auger peak at 576.3eV. The slight high-
energy (+0.6 eV) shift of the first Auger peak
(occurring now at 576.9 eV) after Cr(V1) treatment

may, thus, be considered as an evidence of the
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Fig. 5. High resolution XPS spectra of ZnO-T/AC nanocomposite and their fits in (a) Zn 2pss2, (b) Zn Auger/Cr 2p, (c) O 1s and
(d) C 1s regions before and after Cr(\V1) exposure. The peak position P1 corresponds to C=C or CrsCzor Cr(CO)s, P2 to ZnO or

Cr (OH)s, and P3 corresponds to CrOs or Cr(OH)z or Cr20s.




Table 1 BET analysis of AC and ZnO-T/AC nanocomposite.

Adsorbent BET Specific Total Pore Average Pore
Surface Area  Volume Diameter (nm)

(m2g-1) (cm3g-1)

Activated carbon 551.00 0.01 3.73
ZnO-Tetrapods 754.00 0.01 1.68
ZnO-Tetrapods/ activated carbon  642.70 0.01 3.62

NC

presence of Cr(l11) or Cr(V1) in the treated sample.
The peak at 586.1 eV for the Cr(V1) treated sample
is the corresponding 2pi» Cr peak, with 9.2 eV
spin—orbit splitting [63], its presence strengthening
the conjecture of the incorporation of Cr in the
treated sample. The O 1s region for the untreated
sample consists of four peaks at 529.4, 530.6,
531.4 and 532.5 eV, all of which are assignable to
different forms of O in ZnO (Fig. 5¢) [62]. The
treated sample also exhibits peaks at almost the
same positions. However, the intensity of the
532.5eV peak, which also may correspond to
Cr(OH); [65], increases by one and a half times.
This can be considered as a complementary
evidence of presence of Cr, in the form of Cr(l1I)
in the treated sample. In the high resolution C 1s
spectrum (Fig. 5d) of ZnO-T/ AC (Fig. 5d), peaks
at 283. 5, 284.2 and 285.3 eV can be assigned to
CI]C, CeC and CeO bond respectively, which are
due to oxygen-containing functional groups in
ZnO-T/AC [66]. The only two peaks (283.5 and
284.6 eV) for the Cr(VI) treated sample are
tentatively the first two peaks of the untreated one.
Incidentally, the first of these peaks occurs close to
the C 1s peak of Cr(CO)s (283.3 eV) or of Cr;C;
(283.4¢eV) [67], both being zero-valent Cr
compounds. A 1.7 — fold increase in the intensity
of this peak after Cr(VI) treatment further
substantiates the incorporation of Cr in the treated
sample. The high-resolution XPS spectra, thus,
confirm the presence of Cr (in 0, +3 or +6
oxidation states) in the sample after Cr(VI)
treatment. Apparently, at pH 2, the surface of the
protonated ZnO-T/AC got attracted towards
Cr(VI) anions through electrostatic attraction [68—
70].

3.4. Surface area adsorption analysis

The specific surface area (m?g™), average pore

diameter (nm) and total pore volume (cm®g™) of
by applying the Brunauer-Emmett—Teller (BET)

Table 2 Optimum conditions for Cr(V1) removal using ZnO-
T/AC nanocomposite.

S. No. Variables Optimum Value
1 pH 2

2 Adsorbent dosage 2g/L

3 Contact time 6h

4 pzC 5.4

5 Average pore diameter 3.62 nm

6 % Removal efficiency 96%

AC, ZnO-T and ZnO-T/AC nanocomposites were
evaluated nitrogen gas (N2) adsorption method, as
shown in Table 1. Surface area of the all
adsorbents was determined by BET equation
(relative pressure = 0.10-1.0). It can be noticed
from Table 1 that the specific surface area of ZnO-
T, ZnO-T/AC nanocomposite and AC follows a
descending order: ZnO-T > ZnO-T/AC > AC. But
the value of pore diameter is highest for AC and
lowest for the ZnO-T/AC nanocomposite. All of
three types of adsorbents contained micropores as
well as mesopores but the volume of mesopore
was greater than the micropore. The smaller
particle sizes of a porous carbon leads to the
adsorption at higher rate [71]. The adsorption—
desorption isotherms of adsorbents as shown in
Fig. 6, display isotherms of type IV with a H3
hysteresis loop because of the capillary
condensation steps at a relative pressure of 0.1 <
P/Po < 0.9. Fig. 6 (inset graph) displays, pore size
distribution (Barrett-Joyner-Halenda, BJH) for all
of three types of adsorbents. The optimum
conditions for the adsorption of chromium (V1)
were investigated and shown in Table 2.
According to the table the maximum percentage of
chromium removal was 97% with 2 g/L of
adsorbent at pH2 with a contact time of 3 h.

3.4.1. Effect of pH on Cr(VI) removal

The pH is an important parameter affecting the
adsorption process. It determines the formation
and stability of different Cr(VI) species in the
aqueous solution. The effect of pH on adsorption
of Cr(VI) ions is shown in Fig. 7(a). The Cr(VI)
exists in various ionic forms as hydrogen chromate
(HCrOys"), dichromate (Cr.O7), and chromate
(CrO47?) and stability of these ions is dependent on
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Fig. 6. The adsorption-desorption isotherms and
corresponding pore size distribution of AC, ZnO-T and ZnO-
T/AC nanocomposite (inset graph).
the total chromate concentration and pH of the
solution [28]. It is clear from Fig. 7(a) that the
removal efficiency of Cr(VI) for ZnO-T/AC
adsorbent was reasonably high in the acidic pH,
and it could reach upto 97% at pH 2. Subsequently,
it decreased gradually with increasing pH. The
PZC of ZnO-T/AC was obtained to be 5.4 (Fig. 8).
Thus, it is practical to elucidate that anionic
species of Cr (VI), such as HCrO4~, Cr.0O;7, and
CrO472 cab be easily adsorbed on the positively
charged surface of nanocomposite below PZC.
The reduction of Cr (V1) to Cr(lll) ions is shown
by following equations (Egs. (3)—(5)):
Under acidic conditions:

HCrOs+ 7H*+ 3e > Cr'é+ 4H O ®3)

Under neutral conditions:

CrOs>+ 8H*+ 3e™— Cr3*+ 4H O (4)
Under basic conditions:

CrO#2 + 4H Oz + 3e— Cr(OH)3 + 50H" (5)

At acidic pH, HCrO4 and Cr.O7 ions are the
predominant oxyanionic forms and at basic pH, the
CrO472is the only stable form of Cr (V1) [72]. The
CrO4 ion possesses two negative charges,
therefore, it needs two active sites for effective
adsorption, moreover HCrO. or Cr.O7 ions
requires one active site [73]. Hence, the adsorption
capacity in the HCrO4 or Cr,O7 is double to that
of CrOs2 Moreover, at low pH, electrostatic

attraction existed between protonated functional
group of adsorbent and the anionic Cr(VI) ions,
which favor the adsorption of Cr(VI) [37].
Whereas, at high pH, Cr(VI) adsorption is
negatively affected by the deprotonation of the
chromium. Decline in the removal efficiency may
be described by the competitive adsorption
between CrOs2and OHions [18].

3.4.2. Effect of contact time on Cr(VI) removal

For the designing of a cost-effective and
efficient wastewater treatment systems, it is
essential to calculate the equilibrium time for
maximum adsorption of Cr(VI) ions. The
effect of contact time on the Cr (VI) removal
by AC, ZnO-T and ZnO-T/AC adsorbents
(dose of 2.0 g/L at pH 2) at 10 mg/L initial
Cr(VI) concentration was determined. It is
apparent form Fig. 7(b) that the removal of
Cr(VI) is proportional to the contact time [ 74].
In AC and ZnO-T, the increase in percent
removal was observed till 30 min with contact
time, while in ZnO-T/AC, it was till 60 min.
The equilibrium was achieved after about 240
min, 360 min and 360 min for AC, ZnO-T and
ZnO-T/AC respectively. Among adsorbent
studied, ZnO-T/AC showed highest percent
removal as compared to AC and ZnO-T at
every interval. Protonated ZnO-T induces an
enhancement in density of active site for
uptake of Cr(VI), which further causes
increased electrostatic attraction between
ZnO-T/AC and Cr(VI) at pH 2 [51]. So the
synergistic effect of ZnO-T and AC improves
the Cr(VI) removal from aqueous solution.
3.4.3. Effect of adsorbent dosage on Cr(VI)
removal

To examine the effect of adsorbent dosage (Fig.
7¢), batch adsorption experiments were
performed with varying amount of adsorbent
ranging from0.5 to 5.0 g/L. While keeping
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concentration, contact time and pH as 10 mg/L,
6 h and 2 respectively. It is observed form the
Fig. 6(c) that by increasing adsorbent dosage
from 0.05 to 5 g/L, the Cr(VI) removal
increases from 65.95% to 96.68%. The results
suggest that the number of active adsorption
sites for Cr(VI) adsorption are directly
proportional to the dose applied, leading to
higher removal efficiency [74]. At higher
dosages (> 2.0 g/L), percentage removal
remains constant due to attainment of
adsorption equilibrium between the adsorbent
and Cr(V]) in the solution [72]. Therefore, the

optimum adsorbent dosage was taken as
2.0 g/L for further adsorption assays.
3.5. Adsorption kinetics

The adsorption kinetics for Cr(VI) removal
by AC, ZnO-T and ZnO-T/AC adsorbents
were analyzed using pseudo-first-order model
[75], pseudo-second-order model [76], intra-
particle diffusion model [77] and Elovich
model [78].

3.5.1. Pseudo-first-order and pseudo-second-
order models

The pseudo-first-order kinetics provide the
knowledge about the reaction dynamics and
the type of reactions that are independent of
initial concentration and conditions, while
pseudo-second-order kinetics provides the
best correlation of the experimental data and
the adsorption mechanism. The pseudo-first-
order (Eq.(6)) and pseudosecond-order
(Eq. (7)) equations are usually expressed as:

In(ge — q¢) = Inge — kyt (6)

1 1 1

= 4 7
q; koq? q, 7

where q: (mgg!) and q. (mgg!) are the
adsorption capacity at time t (h) and at
equilibrium respectively. ki (h™!) and k»
(gmg'h™') is the pseudo-first-order and
pseudo-second-order constant respectively. e




can be determined from the intercept, while
the rate constants of pseudo-first-order and
pseudo-second-order can be determined from
the slopes of the linear plots of In (qe —q) vs. t
and t/qt vs. t respectively. The kinetic fitting of
experimental data by pseudo-first-order and
pseudo-second-order models are shown in
Fig. 9(a and b). The fitting parameters
obtained from above kinetics are listed in
Tablel. Depending on correlation coefficient
(R?) values the best fitting model was selected.
As per Table 3, the R? value of pseudo-second-
order model was higher than that of pseudo-
first-order model. Moreover, the calculated
values of the adsorption capacities (qe, cal) by
pseudo-secondorder model were in good
agreement with the experimental adsorption
capacities (qQe, exp). Therefore, it can be
suggested that adsorption of Cr(VI) on AC,
ZnO-T and ZnO-T/AC is best fitted to the
pseudo-secondorder kinetic model. According
to the literature the rate limiting step might be
chemisorption process [79]. It can also be
observed that among the studied adsorbents,
value of the adsorption capacities (qe) of the
adsorbents follow a descending order: ZnO-
T/AC > ZnO-T > AC and the value of rate
constant of pseudo-second-order kinetic
model is lowest for ZnO-T/AC and highest for
the AC.

3.5.2. Intra-particle diffusion and Elovich model

For further evaluation of transport process
and chemisorption on  heterogeneous
adsorbents, intra-particle diffusion and
Elovich models were used. The intra-particle
diffusion process explains the movement of
species from the bulk of the solution to the
solid phase [77] and Elovich model describes
the  kinetics of  chemisorption  on
heterogeneous adsorbents [80]. Intra-particle
iffusion (Eq. (8)) and Elovich (Eq.(9))
equations are expressed as:

q, = kigt>> + C (8)

q: = (1/B) In (af) + 1/ In (V) 9)

where ki« (mg g' h™°) is intra-particle
diffusion rate constant. C (mg g') is the
intercept and they provide information about
the thickness between adsorbent and adsorbate
a (mg g!' h') is the initial adsorption
coefficient and B (g mg™') is desorption.
coefficient. The rate constant of intra-particle
diffusion model (kiq) can be determined from
the slopes of the linear plots of q; vs. t*>. The
kinetic fitting of experimental data by intra-
particle diffusion and Elovich kinetic models
are shown in Fig. 9(c and d). The fitting
parameters of the intra-particle diffusion and
Elovich models are also presented in Table 4.
The correlation coefficient (R?) for intra-
particle diffusion model was larger than 0.90,
indicating that intra-particle diffusion model
can also be fit for the adsorption process.
Similarly, the correlation coefficient (R?) for
Elovich model with the wvalue of 0.95,
describing that Elovich model can also fit the
adsorption process. From the Fig. 9(c), it is
observed that the plot is multi-linear and not
passing through the origin, revealing the
involvement of multiple processes. The
exhibition of three straight lines in plot qt
versus t” illustrates the participation of three
governing mechanisms. In the first stage,
HCrO4 metal ions migrated to the positively
charged surface of ZnO-AC adsorbent under
electrostatic attraction. In the second stage,
HCrO4 ions moved to the pores and adsorbed
on the inner sites of adsorbent, process called
as intra-particle diffusion. In the third stage
comprise of diffusion of ions through smaller
pores, process called as inter-particle

3.5.3. Proposed mechanism

The possible adsorption process was shown in
Fig. 10, which may be the diffusion through
porous and surface interactions of Cr(VI) ions
by ZnO-T/AC adsorbent. pH is the important
factor, which controls the adsorption
mechanism. Present adsorption studies
suggested that maximum adsorption occurs at
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Fig. 9. Plots for (a) pseudo-first-order kinetics, (b) pseudo-second-order Kinetics, (c) intra-particle diffusion model and (d) Elovich

model (Co=10 mg/L; dose = 2 g/ L; pH =2).

Table 3

Kinetic parameters for pseudo-first-order and pseudo-second—order models.

Adsorbent pseudo-first-order pseudo-second-order
ki (h+) qe(mg g™*) Rz ke (g mg- h+) 9e(mg g™ Rz
Activated carbon 0.690 1.621 0.977 0.465 2.433 0.993
ZnO-Tetrapods 0.688 2912 0.925 0.276 3.215 0.997
ZnO-Tetrapods/AC 0.819 6.646 0.871 0.145 5.682 0.995
NC
Table 4
Kinetic parameters for intra-particle diffusion and Elovich models.
Adsorbent Intra-particle diffusion Elovich model
model
kid (mg g h<) C(mgg™) Re o (mg gh-) B(gmg™) R2
Activated carbon 0.636 0.643 0.781 6.309 1.980 0.908
ZnO-Tetrapods 0.869 0.650 0.928 6.725 1.504 0.984
ZnO-Tetrapods/ AC NC 1.560 1.016 0.962 10.995 0.850 0.985

pH 2. At this pH, Cr,077 is converted to

Cr072+ H,O— 2HCrO 4

HCrO4™ species [72] according to Eq. (10):

diffusion [49,75,81]

(10)
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Fig. 10. (a) Synthesis step for ZnO-T/AC nanocomposite and (b) Proposed mechanism of Cr(\VI) removal by ZnO-T/AC nanocomposite.

At this condition, toxic Cr(VI) in aqueous

= 7 solution adsorbed onto the surface of the ZnO-
% 7 T/AC adsorbent by the electrostatic attraction
801 7 / 7 and then reduced to Cr(III) by a heterogeneous

= 7 7 Z Z redox process [75.,79] (as shown in Fig. 10).
> &0l % 7 H pH 2 caused the surface of ZnO-T/AC
2 2 /j 7 adsorbent to be protonated to a great extent,
i o / resulting in a strong electrostatic attraction
§ 1 / 2 between HCrO4~ and positively charged
g ¥ // : 7 adsorbent, which can be easily reduced to
20- / Cr(IlT) due to high redox potential (range:
104 1.33-1.38 V) [18,74] (as shown by Egs. (11)

4 / . . and (12)):
I Cycle Il Cycle Ill Cycle
Number of Cycle ZnO—-COOHz" + HCrOs~ <> ZnO—COOH2CrOs+ H*  (11)
Fig. 11. Stability and reusability of ZnO-T/AC nanocomposite HCrO4 + 7H*+ 3e > Cr*3+ 4H20 (12)

up-to 3 cycles.




Table 5

Comparison of Cr (VI) Concentration, nanomaterials dosage, pH, and % removal efficiency of ZnO-T/AC nanocomposite with

other available nanomaterials and various methods.

Nanomaterial Cr (VI) Concentration (mg/L) Nanomaterial dosage (9/L) pH  Removal Efficiency (%) Ref
Magnetic iron oxide NP-MWCNT composites 5 1 2 95 [28]
Longan seed activated carbon 100 2 3 63 [73]
Acid modified activated carbon 1 50 3 96 [22]
Combustion synthesized TiO> 10 0.5 7 70 [29]
Bentonite-supported nanoscale zerovalent Iron 100 25 5 90 [43]
Tamarind wood activated carbon activated with zinc chloride 10 2 65 88 [71]
Tea waste/FesOs NP composite 10 2 2 90 [75]
ZnO-T/AC 10 2 2 97 Present
Work

3.5.4. Stability and reusability

In addition, the investigation of stability and
reusability of ZnO-T/ AC nanocomposite was
performed by the removal of Cr(VI) for three
cycles at optimum condition (Fig. 11). Before
reuse, the sample was washed with 0.1 M
NaOH, kept at 120 rotations per minute (rpm)
for 8 h and dried in vacuum at 60 °C. No
significant decrease in percentage removal
efficiency was observed till three cycles.
Additionally, the removal efficiency was also
evaluated after six months of adsorbent
synthesis. This indicates that obtained
nanocomposite has good stability and
reusability. Performance of the ZnO-T/AC
adsorbent for adsorption of Cr(VI) was
compared with other reported adsorbents
(Table5). Higher adsorption efficiency (97%)
was achieved using ZnO-T/AC adsorbent.
This can be attributed to the larger surface area
with abundant functional groups available on
the ZnO-T/AC surface and high porosity.

4. Conclusions

In summary, activated carbon was
successfully synthesized from sugarcane
bagasse by chemical activation with sodium
hydroxide. The synthesized AC was
introduced into the 3-dimensional ZnO-T
network using hydrothermal method and was
used as an adsorbent for the removal of Cr(VI)
(at 10 mg/L). The reduction of Cr(VI) using
ZnO-T/AC adsorbent was affected by the pH,

contact time and dose of the adsorbent. The
maximum removal efficiency of Cr(VI) to
Cr(Ill) by AC, ZnO-T and ZnO-T/AC
adsorbents occurred at pH 2.0. At the optimum
pH2, AC, ZnO-T and ZnO-T/AC showed
43%, 55% and 97% Cr (VI) removal
respectively.  Pseudo-second-order model,
Intra-particle diffusion model and Elovich
models, determined by adsorption capacity,
kinetic rate constant, fitted well for all the
adsorbents. The mechanism of Cr(VI) removal
by ZnO-T/AC was further investigated.
Therefore, this study offers new opportunities
in investigating the feasible and economic
method for Cr(VI) and other contaminants
remediation from wastewater.
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5. Tetrapodal ZnO Decorated by Entangled MWCNTs

Current chapter focuses on investigating the electrical and thermal conductivity of the T-
Zn0 and MWCNTSs composite in comparison to free standing hollow tubes made of MWCNTs
without T-ZnO. High electrical conductivity of the CNTs and high thermal conductivity of the
ceramic T-ZnO at low temperatures were combined to obtain a versatile hybrid material with

prominent features from both the constituents.
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The following content is reproduced with formal permission from “J-H. Pohls, F. Schiitt,

C. O'Neill, S. Shree, M. B. Johnson, Y. K. Mishra, R. Adelung, M. A. White, Carbon, 2019, 144, 423", (©
2018 Elsevier Ltd. All rights reserved).



Accepted Manuscript

Thermal and electrical transport properties in multi-walled carbon nanotube-coated
ZnO tetrapods and self-entangled multi-walled carbon nanotube tubes

Jan-Hendrik Pohls, Fabian Schitt, Catherine O'Neill, Sindu Shree, Michel B.
Johnson, Yogendra Kumar Mishra, Rainer Adelung, Mary Anne White

PII: S0008-6223(18)31181-3
DOI: https://doi.org/10.1016/j.carbon.2018.12.047
Reference: CARBON 13750

To appearin:  Carbon

Received Date: 19 September 2018
Revised Date: 4 December 2018
Accepted Date: 14 December 2018

Please cite this article as: J.-H. Pohls, F. Schutt, C. O'Neill, S. Shree, M.B. Johnson, Y.K. Mishra, R.
Adelung, M.A. White, Thermal and electrical transport properties in multi-walled carbon nanotube-coated
ZnO tetrapods and self-entangled multi-walled carbon nanotube tubes, Carbon (2019), doi: https://
doi.org/10.1016/j.carbon.2018.12.047.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting,
typesetting, and review of the resulting proof before it is published in its final form. Please note that during
the production process errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.


https://doi.org/10.1016/j.carbon.2018.12.047
https://doi.org/10.1016/j.carbon.2018.12.047
https://doi.org/10.1016/j.carbon.2018.12.047
https://doi.org/10.1016/j.carbon.2018.12.047

Thermal and Electrical Transport Properties
in Multi-Walled Carbon Nanotube-coated
Zn0O Tetrapods and Self-Entangled Multi-
Walled Carbon Nanotube Tubes

Jan-Hendrik P6hls,2P Fabian Schiitt,® Catherine O’Neill,2 Sindu Shree,® Michel B. Johnson, Yogendra Kumar
Mishra,® Rainer Adelung,® Mary Anne Whited*

2 Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4R2

b Department of Physics and Atmospheric Science, Dalhousie University, Halifax, NS, Canada B3H 4R2
¢ Institute for Materials Science, Kiel University, Kaiserstr. 2, D-24143 Kiel, Germany

dClean Technologies Research Institute, Dalhousie University, Halifax, NS, Canada B3H 4R2
*Corresponding author. Email: Mary.Anne.White@Dal.ca (Mary Anne White)

Abstract

We present the electrical and thermal properties of highly porous (~ 94% porous) three-
dimensional (3D) ZnO network structures coated with a thin layer of self-entangled multi-walled
carbon nanotubes (MWCNTs), resulting in the formation of MWCNT microtubes (MWCNTTs)
around the ceramic backbone. Additionally, we compare the properties of the composite
(MWCNT/ZnO) structures to free-standing MWCNTTs, a hierarchical network consisting solely
of randomly interconnected MWCNTs. The random 3D architecture of the ZnO network results in
isotropic properties, in contrast to the typical one-dimensional (1D) properties of other CNT
assemblies. The electrical conductivity of the MWCNT/ZnO composite increases with MWCNT
content suggesting that MWCNTs are dominant over the entire temperature range. On the other
hand, the thermal conductivity is mainly determined by the ceramic ZnO backbone at low
temperature while the thermal conductivity of the MWCNTs is mainly dominant above 300 K. The
electrical conductivity of the MWCNT/ZnO composites could reach values of up to 49 +£2 S m’!
at room temperature whereas the room-temperature thermal conductivity of the MWCNTTs 1s 0.08
+0.02 W m™ K!. Direct comparison between both the composite and the pure MWCNTTs allows
for a better understanding concerning which material in the composite dominates the transport
properties.




1. Introduction

Since their discovery in 1991, carbon nanotubes (CNTs) are among the most studied
materials due to their unique properties, such as high electrical and thermal conductivities, and
extremely high tensile strengths.!!>*! These properties have been utilized in several applications,
e.g. field emission!*! and hydrogen storage,®! creating new markets for microscopic applications.!®!
Two different approaches have been applied to create high-performance, macroscopic functional
CNT materials: hybrid materials (CNTs dispersed in a matrix) and pure CNT bulk materials.
However, overall enhancement of desired properties by incorporation of individual of CNTs into
macroscopic materials is still a challenging task.

CNT-reinforced metals, polymers and ceramics are anticipated to exhibit enhanced
mechanical strength, and high electrical and thermal conductivity.3>!% For example,
VelascoSantos et al. reported that the mechanical toughness can increase significantly by addition
of as little as 1 mass% functionalized CNTs to a polymer matrix.['!! Functionalization of the CNTs
can be important to enhance interactions between the matrix and CNTs; without functionalization,
addition of CNTs can reduce the toughness relative to the pure polymer.!'!! Similar behavior was
reported in ceramic matrices in which no change in toughness was observed with addition of
unfunctionalized CNTs.['?! While improvement of the mechanical properties is limited by the
weak interactions between the matrix and the CNTs, enhanced electrical conductivities have been
reported for various ceramic!'>!'¥ and polymer matrices.['>!¢ For instance, Zhan et al. measured
an electrical conductivity of 33.5 Q! c¢cm? in an alumina/single wall CNT (SWCNT)
nanocomposite using 15 vol% SWCNT,!'3 an increase of more than 15 orders of magnitude
compared to pure alumina. Furthermore, Sandler et al. reported an ultra-low electrical
conductivity percolation threshold of 0.0025 mass% in a CNT-epoxy composite where the CNTs
were aligned in the epoxy matrix.['’! Due to these exceptionally low percolation thresholds,
CNTreinforced hybrid materials are attractive for large-scale applications. For example, small
amounts of CNTs incorporated in materials for energy storage and generation resulted in an
improvement of the cyclability and capacity of anode materials in Li-ion batteries!!”-!8] and in the
performance of thermoelectric materials.! 2%

In addition to improved mechanical and electronic properties, enhancement of the thermal
conductivity in polymers is desirable for various applications such as thermal management.*!]
However, whereas the electrical conductivity can be modified by many orders of magnitude, the
improvement of the thermal conductivity is much smaller, generally below one order of
magnitude.??! Although individual CNTs have a high aspect ratio and high thermal conductivity,
which would suggest a low thermal conductivity percolation threshold, it is challenging to
determine the CNT thermal threshold in hybrid materials due to the low values of the thermal
conductivity. Furthermore, the thermal conductivity of the CNTs in the matrix depends on several
factors, including interfacial/contact resistance (CNT-CNT and CNT-matrix), CNT dispersion and
CNT alignment.?*! In particular, the dispersion of CNTs in hybrid materials is challenging due to
the strong intrinsic van der Waals interactions between the CNTs, often leading to an




agglomeration of the CNTs in the hybrid material. Song et al. observed an increase in thermal
conductivity if CNTs were well dispersed in a polymer matrix.[>¥ However, the differences in
thermal conductivity between poorly and well-dispersed CNTs decreased with increasing CNT
content. Huang et al. reported, in this context, that the thermal conductivity of aligned CNTs in
silicone can be twice that of composites with the same proportion of dispersed CNTs.[>>) While
the thermal conductivities in polymer matrices are in general quite low, the thermal conductivity
in ceramics can vary, leading to different effects with the incorporation of CNTs. For example, the
thermal conductivity for silica/CNT nanocomposites increases with increasing CNT content,
whereas due to the dominance of phonon scattering from the CNTs[?) the opposite effect was
observed in high thermal conductivity alumina.l*”) For a better understanding of the influence of
CNTs on the physical properties in hybrid materials, a deeper knowledge of the physical properties
of pure CNT materials is essential.

The mechanical and transport properties of various macroscopic pure CNT materials have
been previously reported, such as for CNT fibres, 8! CNT yarns,?>2%3!1 CNT arrays,*?! and CNT
sheets.!?®33] Sears et al. reported the tensile strength of CNT yarns in relation to the twist.3!]
Whereas small twists led to high tensile strength (480-580 MPa), the tensile strength dropped to
180 MPa for large twists. Even lower tensile strength was found for CNT sheets (~7.5 MPa) due
to an increase in defect concentration.*} As for the mechanical properties, the electrical
conductivity of CNT bulk materials varies widely between samples, from 7 Q' cm™ for CNT
arraysi®? to about 800 Q' cm™ for CNT yarns.?% Jakubinek et al. observed a reduction in
electrical conductivity with increasing yarn diameter, most likely due to a decrease in migration
length and alignment.*! Gspann et al. showed that the density and quality of CNT bundle
alignment is the predominant factor in controlling electrical conductivity of CNT films.[*8) An
increase in electrical conductivity was observed for more aligned and defect-free CNT sheets. The
thermal conductivity of bulk CNT shows behavior similar to the electrical conductivity with the
lowest thermal conductivity reported for CNT arrays (0.5-1.2 W m™ K),3?! followed by CNT
sheets (2.5-110 W m™' K1)[2833) and CNT yarns (20-80 W m™! K1).1*3% Niven et al. showed that
the thermal conductivity can increase from 20 to 80 W m' K by decreasing the defect
concentration.!*! The highest room-temperature thermal conductivity to date for CNT bulk
materials was observed for CNT fibres (770 W m™! K128 which is only a factor of about 5 smaller
than the highest value for individual CNTs.[2l However, the large discrepancies between measured
physical properties of CNT bulk samples makes it challenging to delineate the influence of CNTs
on the properties of the hybrid materials. A potential approach to investigate the impact of CNTs
in a matrix is by removing the matrix and measuring solely the physical properties of free-standing
CNT structures.

In a recent study, a simple wet chemical infiltration strategy was introduced to fabricate
open porous, cm>-sized three-dimensional (3D) nanomaterial assemblies (e.g., MWCNT), based
on a super-hydrophilic and highly porous (~94 porous%) 3D ceramic template. ***> The ceramic
template consists of interconnected and micrometer-sized ZnO tetrapods (i.e., four arms radiate
from a ZnO core with angle of 109° to each other), resulting in micrometer-sized voids between




the individual arms. Infiltrating the template with an appropriate aqueous MWCNT dispersion
results in the formation of self-entangled MWCNT carpets around the individual arms of the
tetrapods during drying, similar to so-called CNT buckypapers. The amount of MWCNTs
covering the ceramic backbone can be adjusted by the concentration of the dispersion as well as
by the number of infiltration steps. At high CNT loadings, interconnected and micrometer-sized
tubes consisting of self-entangled CNTs are formed around the entire template structure. By
employing this method, advanced 3D MWCNT/ceramic (MWCNT/ZnO) composite structures,
MWCNT/polymer composites, and free-standing MWCNT assemblies (so-called MWCNT tubes
[MWCNTT]), can be fabricated by either infiltrating the composite structure with a polymer or
by etching out the ceramic backbone.[***¢! The formation of self-entangled CNT layers around the
ceramic backbone results in mechanically strong, conductive and open porous 3D composites and
MWCNTT foams, even though no additional crosslinking exists between the individual MWCNTs.
The highly porous ceramic is significantly reinforced by the deposited self-entangled MWCNTs.
Compressing the composite structure (MWCNT/ZnO) deploys the strong tensile properties of the
MWCNTs: the compressive stress applied on the porous 3D composite structure is redirected into
a tensile stress. Additionally, the deposition of MWCNTTs on the porous ceramic enhances
electrical conductivity due to the formation of percolation pathways. This situation leads to high
conductivities even at low CNT concentrations. Therefore, such structures can be used as an
effective filler material for the fabrication of mechanically reinforced, conductive polymers. In
addition, removal of the ZnO template results in a 3D double hierarchical MWCNTT structure
with enhanced mechanical and electrical properties compared to other 3D assemblies prepared by
wet chemistry.l* The 3D architecture and the fact that the pure MWCNTT structure should
possess similar alignment and defect concentration to the MWCNTTs attached to the ZnO
tetrapods, the system allows for a better understanding of the change in electrical and thermal
properties between hybrid (MWCNT/ZnO) and pure CNT materials, which is rather very difficult
to achieve by conventional fabrication strategies. Furthermore, in contrast to other bulk CNT
materials which have enhanced properties only in a single direction, the properties in MWCNT-
coated ZnO tetrapods and MWCNTTs are nearly isotropic and the MWCNT content can be simply
changed by increasing the number of infiltration steps or the concentration of the used
dispersion.* Additionally, the approach is versatile as CNTs can be replaced by other
nanomaterial dispersions, allowing investigations of other composite systems. In the present study,
the electrical and thermal properties of MWCNT/ZnO composites and MWCNTTs were
investigated as a function of temperature to compare the transport properties of hybrid
(MWCNT/ZnO) and free-standing MWCNTT materials.

2. Synthesis and Characterization

For the MWCNT-coated ZnO tetrapods (MWCNT/ZnO) and MWCNTTs, first ZnO
tetrapods'®”! were synthesized using a flame transport approach developed at Kiel University.]
In this method, a mixture of zinc powder (Sigma Aldrich, dust < 10 pm, purity: > 98%) and
polyvinyl butyral (PVB) (Kuraray) in a ratio of 1:2 (total mass between 10 to 20 g) was placed in




a ceramic crucible and heated to 900 °C for 30 min under ambient atmosphere. The resulting loose
powder of ZnO tetrapods was consolidated to a pellet (with a mass density of 0.3 g cm™, 6 mm in
diameter, and 2.2-3.5 mm in height) and sintered at 1150 °C for 5 hours, to form an interconnected
ZnO template. After sintering, a dispersion of ~1 mass% MWCNT (CARBOBYK-9810
purchased from Byk Additives & Instruments) was infiltrated in the ZnO tetrapod-based template
and afterwards dried on a hotplate (40 °C) for at least three hours in air. The infiltration step was
repeated one to six times to investigate the thermal and electrical properties in relation to the
MWCNT coverage. The amount of infiltrated MWCNT dispersion was adjusted in such a way
that the free volume (~94%) of the template is completely filled with dispersion. Samples were
investigated in the present study with 2, 5, and 7 infiltration steps, corresponding to MWCNT
concentrations in the overall final sample of ~17-65 kg m™, respectively. In addition to
MWCNT/ZnO, MWCNNTs were prepared by placing an as fabricated cylindrical MWCNT/ZnO
pellet having a CNT concentration of ~62 kg m™ in 1 M HCI aqueous solution for at least two
days, to dissolve the ZnO template. Afterwards, these samples were washed several times with
deionized water and pure ethanol. In the final step, the samples were dried using critical-point-
drying (EMS 3000), resulting in stable, cylindrical shaped MWCNTT samples. No shrinkage was
observed during the etching and drying process.

The MWCNTT-coated ZnO tetrapods and MWCNTTs were characterized using a Zeiss
Supra 55VP scanning electron microscope (SEM). Raman spectra were recorded from 50 to 3200
cm’! with a scanning micro-Raman spectrometer (WiTec Instruments Alpha300 RA) equipped
with a 532 nm laser. The spectral resolution and laser power were set to 1 cm™and 50 pW,
respectively. Thermograms were acquired using a TA Instruments SDT Q600 in the temperature
range from 25 °C to 950 °C with a heating rate of 5 K min™ and an air flow of 100 mL min™'. For
thermogravimetric studies, an SDT Q600 thermogravimetric analyzer (TGA) from TA
Instruments™ was used with a scanning rate of 10 K min™! in air.

The electrical and thermal transport properties were measured under steady-state
conditions using a Quantum Design physical properties measurement system (PPMS) in the
temperature range from 2 K to 390 K under high vacuum (<1077 bar). The pellets were sandwiched
between two gold-plated copper plates using silver-loaded epoxy (Tria-Bond 2902) adhesive and
affixed to the thermal transport option station. Blackbody radiation was corrected by setting the
emissivity to one. Further information about the transport properties measurements is given

elsewhere.’3°]

3. Results and Discussion

3.1. Materials Fabrication and Morphologies

Figure 1 (a) shows the schematic process for the fabrication of the hybrid MWCNT/ZnO and
MWCNTT structures. First, the highly porous 3D ZnO template was infiltrated (one or more
infiltrations steps) with an aqueous MWCNT dispersion, resulting in even coating of MWCNT on
the template. Using a simple wet chemical etching process (dilute HCI) the ZnO backbone was




removed, resulting in a hierarchical 3D MWCNT assembly consisting of microtubes of self-
entangled MWCNT networks. SEM images were acquired to provide information of the
microstructure of the hybrid MWCNT/ZnO networks from various numbers of CNT dispersion
infiltrations, as well as of the free-standing MWCNTTs. Figure 1 (a) shows the microstructure of
the ZnO template structure, consisting of interconnected tetrapods in which four arms radiate from
a ZnO core at angles of 109° to each other. The arms are cone-shaped and between 5 and 25 pm
long. The MWCNTs were deposited on the tetrapods and an increased number of infiltration steps
led to increased MWCNT content on the individual arms. While the ZnO tetrapods are only
slightly coated using two infiltration steps, the seven-step infiltration ZnO tetrapods are nearly
completely coated (Figure 1 (e),(g)). The increase in MWOCNT content enhances the
interconnection between individual MWCNTs. The MWCNTs are randomly oriented on the
tetrapods, forming self-entangled networks at higher CNT amounts, as a result of the self-
organized drying process. Therefore, the MWCNTs can overlap creating a continuous path for
electrical and thermal transport, even at very low coverage (twice-infiltrated samples). Note that
the MWCNT content can vary slightly between samples with the same number of infiltration steps.
The free-standing MWCNTTs investigated in detail here were synthesized from the
MWCNT/ZnO hybrid materials having a high CNT concentration (seven infiltrations [~14 %mass
MWCNT]), followed by removing the ZnO template using HCl. The SEM images reveal the
interconnected MWCNTT structure of hollow microrods consisting solely of MWCNTs (Figure
1 (h-j)). The high mechanical stability of these structures is directly attributed to the self-entangled
CNT layers formed by the infiltration process. The arrangement of the MWCNTs is the same for
the hybrid structure, with overlapping tubes forming pathways for electrical and thermal transport.
However, in contrast to the seven-times infiltrated MWCNT/ZnO samples, some MWCNTs are
perpendicular to the microtubes and therefore do not contribute to the transport (Figure 1 (j)).
Thus, a slight reduction of the electrical and thermal conductivity would be anticipated in
comparison to the seven-times infiltrated MWCNT/ZnO sample.

Because the MWCNT dispersion contains a surfactant to enhance the dispersion of the
MWCNTs, thermogravimetric analysis (TGA) was performed on a seven-times infiltrated and a
MWCNTT sample to determine the mass ratio of the surfactant and the MWCNTs (Figure S1 in
Supplementary Information). For the MWCNT/ZnO sample a mass loss of 18.2% was recorded
at around 300 °C most likely due to the removal of the surfactant (Figure S1 (a)). At higher
temperature (~550 °C), another mass loss of 14.1% was observed which can be assigned to the
decomposition of the MWCNTs. The temperatures of these two peaks are consistent with the
MWCNTT sample which has a lower surfactant (21.6%) to MWCNT (71.6%) ratio (Figure S1
(b)). To determine the density of MWCNTs in the sample, the mass ratio was considered as
constant and the resulting densities can be found in Table 1.
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Figure 1: (a) Scheme for the fabrication of MWCNT/ZnO composites and free-standing
MWCNTT. The ZnO tetrapod template is coated by MWCNTs using an infiltration procedure and
the template is removed by aqueous HCl. SEM images of ZnO tetrapods coated with MWCNTs
with (b,e) two infiltrations, (c,f) five infiltrations, and (d,g) seven infiltration steps. (h-j) SEM
images of the hollow MWCNTTs, indicating a continuous transport pathway through the sample.

To gain information concerning the interaction between MWCNTs and ZnO, the Raman
spectra of MWCNT/ZnO composites were recorded and compared to the Raman spectra of pure
ZnO tetrapods and MWCNTTs (Figure 2). The ZnO tetrapods have a Raman spectrum similar to
single-crystalline ZnO.!*"! The optical modes can represented by T'opt= 2B1+ A1 + E; + 2E, where
B is Raman and IR silent, 41 and E are Raman- and infrared-active modes, and E> is only Raman




active.’”l To detect the Raman-active E1 mode, a polarized Raman study would be required, so
only 41 and E> modes were observed here (Figure 2). In addition to the first-order Raman modes,
three second-order peaks (2E,"", E2"¢"-E>*" and 24:(LO)) were recorded for ZnO tetrapods. The
most common Raman peaks of MWCNT are the defect-induced D peak at ~1300 cm™ and the G
peak at 1596 cm™! where G refers to graphite (also known as the E>; mode).*! The frequency of
the D peak is variable and depends on the laser energy, Ei.s, which was set to 2.33 eV here. A
frequency band at 1350 cm™ was reported for Ejqs of 2.41 €V and the frequency changes with Ejas
by 53 cm! eV1.1*% Our experimental frequencies of the D peak (1336 cm™!) and G peak (1584 cm™
1) in the MWCNTTs are slightly lower than the expected values for MWCNTs of 1345 cm™ and
1596 cm’!, respectively.
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Figure 2: Raman spectra of ZnO tetrapods, MWCNTT, MWCNT/ZnO (seven infiltration steps).
The intensity of the £>"#" peak decreased with MWCNT content.

All Raman peaks for both ZnO tetrapods and MWCNTTs can be observed in the spectrum
of MWCNT/ZnO where the intensities of the ZnO tetrapods peaks are lower than that of the
MWCNTs. Furthermore, a reduction in the first-order Raman peaks of ZnO in relation to the
second-order Raman peaks was observed with increasing MWCNT content, most likely due to an
increase in electron-phonon coupling in the MWCNT/ZnO samples.**!




3.2. Electrical Properties

Transport properties as a function of temperature were measured for different
MWCNT/ZnO samples with various MWCNT infiltrations and thicknesses. (Room-temperature
transport properties (after first heating cycle) are given in Table 1.) All physical properties were
measured on heating from 300 K to 390 K, followed by measurements on cooling from 390 K to
2 K and re-heating from 2 K to 300 K.

The electrical conductivities, e, of the MWCNT/ZnO samples and MWCNTTs are shown
as a function of temperature in Figure 3. A similar temperature trend was observed for all samples,
i.e., Oq Increases with temperature, indicating semiconducting behavior. The electrical
conductivities are all similar in magnitude, suggesting that the MWCNTs dominate the electron
transport over the entire temperature range. This finding is consistent with the zero-band gap of
MWCNTsP and the wide band gap of undoped ZnO (E, = 3.37 eV).1*¥ Although thermal energy
is required for electrons to transfer between individual MWCNTs, Ebbesen ef al. reported a
positive temperature coefficient for the electrical conductivity of individual metallic CNTs. !4’
They linked the positive temperature trend to an interplay of changes in the mobility and carrier
concentration with temperature. Furthermore, the Raman spectra indicate an increase in electron
phonon coupling from ZnO tetrapods to ZnO/MWCNT samples. Stronger electron-phonon
couplings are generally linked to lower electrical conductivities. However, due to the low
electrical conductivity of the ZnO tetrapods compared to MWCNTs, it is not feasible to observe
any change in electrical conductivity at the ZnO-ZnO interfaces with the inclusion of MWCNTs.

In addition to the temperature behavior, we found that the electrical conductivity increases
with MWCNT content, likely due to an increased probability of electrical connections, again
consistent with MWCNTs as the dominant transport of electrons. However, no electrical
conductivity percolation threshold (i.e., a large change in electrical conductivity with increasing
CNT content) was observed, indicating that this low MWCNT concentration (<20 kg m?) is
sufficient for efficient charge transport in the network structure. The increase in electrical
conductivity with MWCNT concentration is non-linear with the infiltration steps (i.e., density).
Higher MWCNT concentration are more likely to generate a larger number of electrical paths
through the sample. Figure 2 (e) indicates that several MWCNTs in the composite with two
infiltration steps are not connected to each other reducing the number of electron paths and also
the electrical conductivity. The electrical conductivity of MWCNTTs was slightly less than the
seven-infiltrated MWCNT/ZnO sample, most likely due to the dangling MWCNTs in the former
(Figure 1 (j)) or due to some damage induced by the critical point drying process or sample
mounting. (The densities of the MWCNTs in MWCNTTs and MWCNT/ZnO sample are similar;
see Table 1.) For a more qualitative analysis of the interfaces between MWCNT-MWCNT and
MWCNT-ZnO, higher MWCNT concentrations are required to reduce the number of dangling
MWCNT compared to the conductive MWCNTs and dramatically enhance the mechanical
stability of the samples.




The temperature-dependence of the electrical conductivity can be separated into two
regions. In the temperature range from 50 K to 390 K the electrical conductivity of all samples
increased with 7 %2 behavior. Below 50 K a dramatic decrease in electrical conductivity was
observed, with electrical conductivity of all samples nearly converging at low temperature, likely
because the probability of electron transfer between individual MWCNTs decreased with
temperature. Similar temperature trends were also observed for MWCNT sheets!**) and MWCNT
yarns.[*”) However, whereas the electrical conductivity in the present samples increased as 7%, a
linear increase in electrical conductivity with temperature was reported for MWCNT sheets
(above 75 K) and MWCNT yarns (above 30 K).

In a recent study it was reported that the electrical conductivity in MWCNT yarns can be
changed by heating the sample above 373 K due to outgassing of absorbed oxygen and water.!*]
While no hysteresis was observed here in the range from 2 K to 300 K, the electrical conductivity
of the MWCNT-coated ZnO tetrapods and MWCNTTs did increase after heating the sample to
390 K (Figure 4 (a)). The change in electrical conductivity might be due to desorption of water or
due to oxygen in the porous structure of the ZnO tetrapod samples. Lekawa et al. discussed the
influence of water vapor on the electrical conductivity in CNTs.!*¢! They reported an increase in
electrical conductivity with absorbing water which is in contrast to the present study where an

increase in electrical conductivity was measured with outgassing (Figure 4 (a)).

MWCNTs generally exhibit p-type behavior as also confirmed here by the positive
Seebeck coefficient measured at room temperature (Figure 4 (b)). The Seebeck coefficient is
relatively low (<20 pV K!) as observed for MWCNT arrays.!*?] A lower Seebeck coefficient was
observed for the MWCNT/ZnO composites compared to MWCNTTs. The reduction of the
Seebeck coefficient in the composites is most likely due to the interaction between MWCNTs and
ZnO tetrapods. While electrons are dominant in ZnO leading to a negative Seebeck coefficient,
MWCNTs have a positive Seebeck coefficient. Although the total Seebeck coefficient of two
compounds in a composite is weighted by the electrical conductivity and hence, the contribution
of ZnO to the total Seebeck coefficient should be negligible, the reduction in the Seebeck
coefficient of the composites indicates that the ZnO tetrapods play a role in the electrical transport
properties.
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Figure 3: Electrical conductivity of MWCNT/ZnO samples with various infiltrations steps (IF)
and MWCNTTs, where the density for each sample is indicated in the legend. (a) Electrical
conductivity increases with increasing temperature and MWCNT content. (b) Specific electrical
conductivity (i.e., electrical conductivity per unit density determined from the dimensions and
mass of the MWCNT/ZnO and MWCNTTs pellets [Table 1]) exhibits a similar trend except for
MWCNTTs which have a higher specific electrical conductivity due to lower density.

Similar to the electrical conductivity, the Seebeck coefticient exhibited hysteresis when
the sample was cycled between room temperature and 390 K. The Seebeck coefficient increased
with temperature to 350 K to 375 K, following by a decrease in Seebeck coefficient to 390 K. On
cooling, the Seebeck coefficient decreased almost linearly with temperature resulting in a lower
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Seebeck coefficient than the initial value. The Seebeck coefficient is proportional to the eftective
mass and inversely proportional to the carrier concentration while the electrical conductivity
increases with carrier concentration and decreasing effective mass. Zahab et al. reported that the
p-type electrical conductance decreases with water vapor on a single-walled CNT mat to the
compensation point, followed by an increase in n-type conductance.[*’! This behavior is consistent
with the present electrical measurement in which an increase in hole carrier concentration would
enhance the electrical conductivity and simultaneously reduce the Seebeck coefficient. For stable
electrical measurements, MWCNT samples have to be heated to 390 K in vacuum prior the
measurements to remove adsorbed species, as was done here. The roomtemperature electrical and
thermal conductivities reported in Table 1 (also in Figure 3 and Figure 5) were determined after
annealing at 390 K. It is important to note that a higher electrical conductivity was reported for
MWCNTTSs in a previous study.**! However, a different type of MWCNT (Baytubes) was used
and the electrical conductivity was measured under ambient conditions and hence may have a
contribution from absorbed species, as observed for CNT films.[28]

In addition to dependence on the number of infiltration steps, the electrical conductivity of
the MWCNT/ZnO samples was found to depend on the overall density of the sample and the
thickness of the measured pellet. The electrical conductivity is in general higher for denser samples,
which is understandable. Rather surprisingly, the pellets exhibited higher electrical conductivity
with reduced thickness (< 3 mm). For the 2-probe configuration required for the electrical
conductivity measurements (4-probe not possible due to a reduced mechanical stability for larger
samples), the contact resistance between sample and probes should contribute less to thicker
samples, leading to higher electrical conductivity for thicker samples, whereas the opposite was
observed here. However, the MWCNT solution was infiltrated from the top of the pellet, most
likely leading to a concentration gradient of MWCNTs across the sample. Despite sonication to
reduce agglomeration that could hinder the penetration of MWCNTs deep in the network, some
agglomeration could still take place, resulting in a concentration gradient. Thus, thinner samples
have most likely a more uniform MWCNT-concentration gradient through the entire pellet
resulting in an increase in electrical conductivity. For a better comparison, the specific electrical
conductivity (i.e., the electrical conductivity per unit density) of the samples was calculated and
compared to literature values of MWCNT bulk materials. Because it is assumed that electrons flow
only through the MWCNTs, the contribution of the ZnO can be neglected due to its low electrical
conductivity (0.3 Q! m™ for fully dense ZnO sample at 300 K).!¥] The electrical conductivity in
Zn0O, however, can change with the impurity concentration, i.e., doping level, leading to a wide
range of electrical conductivities. A 40% lower specific electrical conductivity was measured for
the MWCNT/ZnO composites than for MWCNTTs because the ZnO tetrapods contribute solely
to the density. (Note that the surfactant contribution to the electrical and thermal properties is not
known). The specific electrical conductivity of MWCNTTs is about two orders of magnitude lower
than reported for bulk MWCNT samples (Table 2).2*?1 While the MWCNTs are aligned and
oriented in one direction in MWCNT arrays, yarns and sheets, the MWCNTs are randomly oriented
in MWCNT-coated tetrapods and MWCNTTs (Figure 1). Gspann ef al. reported an increase in

~ 101 ~




electrical conductivity with the degree of alignment in CNTs films.[?®! Furthermore, Niven et al.
showed that the electrical conductivity of MWCNT yarns is highly dependent on the defect
concentration and increase with heating. [**) Similar heating procedures enhanced the electrical
conductivity of SWCNT/double-walled CNT (DWCNT) aerogels leading to relative high specific
electrical conductivities (Table 2).1*”! Therefore, reducing the defect concentration in MWCNTs
and improving the fabrication procedure can lead to more enhanced transport properties in the
present samples.
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Figure 4: (a) Hysteresis of the electrical conductivity of a MWCNT/ ZnO pellet prepared using
five infiltration steps. Conductivity increased due to degassing above 390 K. (b) Seebeck
coefficient, S, for various MWCNT/ZnO samples and MWCNTTs. The Seebeck coefficient
decreased at elevated temperature most likely due to an increase in carrier concentration.
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Table I: Thickness, L, density, p, MWCNT concentration, room-temperature electrical conductivity,
oel, after annealing at 390 K and room-temperature thermal conductivity, «k, of ZnO tetrapods with
various MWCNT infiltration steps (IF) and MWCNTTSs.

Sample L/ mm p/kgm® | MWCNTconc. |[ocel/Q1m1 |k/WmtK?
/ kg m3
2 1F 2 mm 240+0.04 |345+83 205 9.93+0.50 0.24 +0.02
2 1F3 mm 3.34+0.04 | 34083 17+4 7.20+0.36 0.28 +0.03
21F3mm (2) 3.38+0.04 | 345+83 20+5 423+0.21 0.28 +0.03
51F2mm 220+0.04 | 396+ 84 42+ 9 2090+1.05 |0.34+0.02
SIF3mm 344 +£0.04 |409+82 48 +10 18.78 £ 0.94 | 0.31+0.03
51F3mm (2) 3.34+0.04 |405+83 46 + 9 21.47+1.07 | 0.36 +0.03
71F 2 mm 220+£0.04 |432+84 58 +11 49.00+245 |0.43+0.02
7 1IF 3 mm 3.50+0.04 |448+82 65+ 12 42.34+212 | 0.45+0.04
71F3mm (2) 3.50+0.04 |439+82 61 +11 35.44+163 |0.46+0.04
MWCNTTSs 3.42+0.04 |86+93 62+ 76 2439+1.22 |0.08+0.02

Information concerning the quality of the MWCNTSs can be provided by Raman spectroscopy
using the ratio of the intensities of the G, I, and D, Ip, peaks (Figure 2). All studied samples have
a low I¢/Ip ratio (0.7, 0.8, and 1.0 for MWCNTTs and MWCNT-coated ZnO tetrapods with two
and seven infiltrations, respectively) compared to MWCNT sheets (/g/Ip ~ 1.3 -2.5 depending on
Eies)?! and MWCNT yarns (Ig/Ip ~ 1.8 -7.5 depending on annealing temperature).l*” It is
important to note that the /g/Ip ratio is strongly related to Ejs and for a more quantitative analysis,

the crystallite size, L., can be calculated using!®”

L, = 560 nm eV~?! (I_G) 1)

4
Eygs Ip

For the MWCNT-coated ZnO tetrapods a crystallite size of 15-20 nm was calculated which is
lower than for MWCNT sheets (L. ~25-50 nm)3! and MWCNT yarns (L. ~30-115 nm).!*’! The
MWCNTTs have even a lower crystallite size (L.~12 nm) indicating a high defect concentration
that could significantly reduce the electrical and thermal transport properties. The high defect
concentration of the MWCNTs in the present MWCNT/ZnO samples and MWCNTTs can occur
due to low-quality MWCNT solution (as commercially available) and sample preparation. An
improved MWCNT solution would most likely reduce the defect concentration in the MWCNTTs
and hence, improve the electrical conductivity.
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Despite the electrical conductivity being lower than reported for MWCNT fibres, yarns,
and sheets, the MWCNT/ZnO and MWCNTT samples are interesting for macroscopic
applications due to their isotropic mechanical and transport properties. MWCNT fibres, yarns, and
sheets exhibit high electrical conductivity only in the direction of alignment and extremely low
electrical conductivities in the other two directions. However, in many macroscopic applications
enhanced properties are required in all directions, which could be a niche for MWCNTT
compounds. Furthermore, MWCNTT pellets can be easily infiltrated with various polymers
creating tough MWOCNTT/polymer composites as previously reported.*#3%)  Although
SWCNT/DWCNT aerogels also exhibit isotropic properties, the MWCNT content in the
MWCNTT/polymer composites can be easily tuned by the number of infiltration steps or by
adjusting the MWCNT concentration, and the dispersion can be fixed with the size of ZnO
tetrapods and the density of ZnO template. In addition to the isotropic and tuneable properties,
these ZnO/MWCNT samples were prepared using a wet chemistry approach which is cheaper,
faster, more energy-efficient and simpler than the common CVD method.

Table 2: Specific electrical conductivity, cel/p, and specific thermal conductivity, «/p, of ZnO
tetrapods with various MWCNT content, MWCNTTS, ZnO, and diverse CNT bulk materials, all at
room temperature.

Sample calp/ (M?* Q' kgt) | «/p/ (W cm? kgt K1)| Reference
ZnO 1.78:10° 2.8-95.1 [48,51,52]
CNT arrays 23 200 [32]

CNT sheets 51 [33]

CNT fibers N/A 12,200 [28]

SWCNT/DWCNT aerogel 1.8-22 N/A [49]
ZnO tetrapods + MWCNTSs (2 FL) | 0.01-0.03 6.6-8.2 Present
ZnO tetrapods + MWCNTSs (5 FL) | 0.05-0.06 7.6-9.4 Present
ZnO tetrapods + MWCNTSs (7 FL) | 0.07-0.09 9.9-10.2 Present
MWCNTTs 8.8+2.6 Present
0.28+0.03
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3.3. Thermal Conductivity

In addition to the electrical conductivity, the temperature-dependent thermal conductivity
was investigated for MWCNT/ZnO samples and MWCNTTs (Figure 5). In contrast to the
electrical conductivity, above 300 K the thermal conductivity is only proportional to the MWCNT
content and no hysteresis was observed at high temperature. At very low temperature, the thermal
conductivity was nearly independent of the number of infiltrations, indicating that ZnO is the
dominant thermal conductor. Furthermore, the temperature trend of the thermal conductivity at
low temperature can provide information concerning the crystallinity. According to Fourier’s law,
the thermal conductivity is proportional to the heat capacity per unit volume, the phonon group
velocity, and the phonon mean free path. While the heat capacity slightly increases with
temperature and the phonon group speed is nearly temperature-independent, the phonon mean free
path increases at low temperature as the Normal process is dominant. However, with increasing
temperature, phonons that are longer than the first Brillouin zone can be created, leading to
phonons with wave vector directions opposite to the initial phonons and hence, dramatically
reduced phonon mean free path due to Umklapp scattering. If the sample is highly crystalline, a
distinct peak in the thermal conductivity could be observed between the Normal process-dominant
(low-temperature) region and the Umklapp process-dominant (hightemperature) region. A more
crystalline sample exhibits a more distinct peak, with its maximum at lower temperature. The
highest crystallinity was found among the present materials for the 2 IF sample witha MWCNTTs
density of 20+5 kg m™, with a thermal conductivity peak at ~80 K. The peak temperature is higher
than for single-crystalline ZnO (~10 K)!*¥! indicating that the phonon mean free path is limited by
the small dimensions of the ZnO tetrapods. Larger tetrapods or enhanced interconnections of the
ZnO tetrapods might increase the crystallinity and thus increase the low-temperature thermal
conductivity.

The temperature-dependent thermal conductivity of MWCNTTs increases approximately
linearly with temperature to about 300 K. Above 300 K, the increase in thermal conductivity is
more rapid, which is most likely an artefact resulting from underestimation of blackbody radiation.
Although the thermal conductivity of MWCNTTs is lower than for MWCNT/ZnO samples, the
specific thermal conductivity (i.e., thermal conductivity per unit density: Figure 5(b)) indicates
that MWCNTTs contribute significantly at high temperature. This is consistent with the
temperature trends of the ZnO tetrapods. While the thermal conductivity of the tetrapods with two
infiltration steps decreased above 100 K, the samples with five and seven infiltration exhibited
nearly temperature-independent thermal conductivity from 100 K to 390 K. Note that the thermal
conductivity is not a simple sum of the thermal conductivities of ZnO tetrapods and MWCNTs.
At 390 K, the difference between the thermal conductivities of the samples with two and seven
infiltration steps was twice as large as the thermal conductivity of MWCNTTs. This can have two
reasons: The thermal conductivity of MWCNTTs is lower due to dangling MWCNTs or defects
from sample mounting and the fabrication process, or the thermal conductivity of the seven-
infiltrated sample is higher due to enhanced ZnO-ZnO interface heat transport through the
connections of the MWCNTs. The former is consistent with the decrease in compressive strength

~ 105 ~




from ZnO/MWCNT samples to MWCNTTs and therefore, a lower mechanical stability, while the
latter agrees with the increase in compressive strength from individual ZnO tetrapods to
ZnO/MWCNT composites enhancing the thermal connections between the individual ZnO
tetrapods.!** Furthermore, the interactions of the ZnO-MWCNT interface can also increase the
heat transport through the composite sample. An unknown factor is the contribution of the thermal
conductivity of the surfactant which can play a role in the total thermal conductivity.

To understand the influence of the surfactant to the transport properties, one ZnO/MWCNT
sample with seven infiltration steps was heated to 450 °C (i.e., above the decomposition temperature
of the surfactant as shown in Figure S1). The electrical and thermal conductivities of the heat-treated
sample were measured between 150 K and 390 K and compared to the untreated samples (see Figure
S2). While the electrical conductivity of the sample without the surfactant only slightly decreased
comparable to MWCNTTSs (Figure S2 (a)), the thermal conductivity decreased by about a factor of
two relative to the untreated samples (Figure S2 (b)). The electrical conductivity result indicates that
the surfactant does not contribute significantly to the electronic transport. However, removing the
surfactant likely reduced the entanglement of the MWCNTSs and thus impaired the electron pathway.
The reduction of the MWCNT entanglements can also worsen the heat transport through the material.
The larger reduction in thermal conductivity of the heat-treated sample indicates that the surfactant
also contributes to the heat transfer (Figure S2 (b)). In several applications, such as thermoelectric
materials, the goal is to enhance the ratio of electron to heat transfer. Figure S2 (c) shows that of the
materials studied, MWCNTTSs have the highest such ratio, which decreased with temperature. The
ZnO/MWCNT samples (7 IF) have much lower ratios with similar temperature trends. However, the
ratio for the heat-treated sample increased with temperature above 250 K, approaching the ratio for
MWCNTTSs. This trend is encouraging for further studies of the transport properties of ZNO/MWCNT
and MWCNTTs without surfactants.
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Figure 5: Thermal conductivity of MWCNT/ZnO tetrapods with various infiltrations steps (IF)
and MWCNTTs, where the densities are presented in the legend. (a) The low-temperature
thermal conductivity is nearly independent of the infiltration steps whereas the hightemperature
thermal conductivity increases with MWCNT content. (b) The specific thermal conductivity
(i.e., thermal conductivity per unit density) indicates that the thermal conductivity of ZnO is
dominant at low temperature.

Similar to the electrical conductivity, the specific thermal conductivity (Figure 5(b)) can
provide a better insight concerning the influence of the infiltration steps to the thermal
conductivity. Although the thermal conductivity is dominated by MWCNTs at high temperature,
the specific thermal conductivity difference between the samples with the lowest and highest
infiltration steps decreased in comparison to the thermal conductivity (Figure 5 (a)). At lower
temperature, the ZnO tetrapods contribute more significantly to the specific thermal conductivity
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than MWCNTTs. MWCNT/ZnO samples and MWCNTTs have several orders of magnitude lower
specific thermal conductivity than CNT bulk materials, such as CNT arrays (200 W cm? kg
K™1),B321 CNT sheets (650 W cm?kg ' K™ and CNT fibres (12,200 W cm? kg ' K™ 1)128] (Table
2). The small discrepancy between the specific thermal conductivities of samples with different
infiltration steps suggests that MWCNTs do not contribute significantly to the total thermal
conductivity and most heat is transported through the ensembles of ZnO tetrapods. This is
consistent with the specific thermal conductivity of bulk ZnO which ranges between 2.8 to 95.1 W
cm? kg~ ! K1, [Error! Bookmarknot defined.] oy compassing the present results. The difference between the M
WCOCNT bulk materials and MWCNTTs is most likely a result of the high defect concentration in
the MWCNTs and the randomly oriented MWCNTs in the MWCNTTs materials. Thus, the
electrical and thermal properties can most likely be further improved using higher-quality
MWCNT solutions and removal of the surfactant.

4. Conclusions

The electrical and thermal conductivities of MWCNT-coated ZnO tetrapods with a range
of MWCNT content, and also MWCNTTs were compared, indicating that MWCNTs are the
dominant contributor for the electronic transport over the entire temperature range and thermal
transport at elevated temperatures (> 300 K). At low temperature, the ZnO tetrapods dominate the
thermal transport because of their highly crystalline nature. The electrical conductivity showed
hysteresis at high temperature, likely reflecting desorption of adsorbed species. The hysteresis in
electrical conductivity was consistent with the measured Seebeck coefficient suggesting an
increase in hole carrier concentration. In contrast with CNT bulk materials, the specific thermal
and electrical conductivities in MWCNT/ZnO samples and MWCNTTs are lower than many bulk
CNT materials, due to their high defect concentration as observed from Raman spectroscopy and
poor alignment of the MWCNTs. However, the MWCNTs in the present samples were highly
dispersed, creating continuous electrical and thermal path. Furthermore, the amounts of MWCNTs
in the samples could be finely tuned by the number of infiltration steps and the concentration of
the MWCNT solution. In particular, due to the three-dimensional structure of the tetrapods, these
materials can be incorporated in various macroscopic applications where isotropic properties are
required, giving a significant advantage over the one-dimensional properties in MWCNT fibres,
yarns, and sheets. Furthermore, the MWCNTTs could be infiltrated by appropriate polymers to
fabricate new CNT/polymer composites. Because the thermal and electrical properties of
MWCNTTs can be determined with and without a matrix material, the present system provides
information concerning the interface between diverse matrices and MWCNTs. Furthermore, the
simple fabrication process allows also for the study of other systems such as graphene or MoS;
by simply changing the used nanoparticle dispersion used for infiltration.
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Figure S1: Thermogram of (a) MWCNT/ZnO with seven infiltrations and (b) MWCNTTs. Both
thermograms display two weight losses peaks. While the first peak is most likely the removal of
the surfactant, the latter can be assigned to the decomposition of the MWCNTs.
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Figure §2: Comparison of the (a) electrical conductivity and (b) thermal conductivity of
ZnO/MWCNT samples before and after heating to 400 °C (for comparison the transport
properties of MWCNTTs were included). Electrical and thermal conductivity of the
ZnO/MWCNT decreased after the heat treatment. (¢) Ratio of electrical to thermal conductivity
indicates that the heat treatment reduced the heat transport more than the electron transport
above 300 K and hence, increasing the ratio.
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Table S1: Electrical conductivity, cel, of MWCNT/ZnO with two infiltration (IF) steps; in order
of data collection. Note that the electrical conductivity from 300 K to 390 K on the first heating
cycle is not reliable due to absorbed water or oxygen. Dimensions and densities of samples are
given in Table 1.

T/IK cel / Q1 mt T/IK cel/ Q1 mt T/IK cel/ Q1 mt
(2 IF 2 mm) (2 IF 3 mm) (2 1IF3mm (2))

301.603 9.44+0.47 301.987 7.40+0.37 301.708 3.69+0.18
302.153 9.45+0.47 326.877 7.53+0.38 326.641 3.73£0.19
327.261 9.59+0.48 351.749 7.58+0.38 351.554 3.78+0.19
352.449 9.67+0.48 376.572 7.64+0.38 376.463 3.96+0.20
377.275 9.88+0.49 391.579 7.70£0.39 391.421 4.31+0.22
392.255 10.2+0.5 351.797 7.48+0.37 351.602 4.36%0.22
352.51 10.2+0.5 302.001 7.20+£0.36 301.712 4.23+0.21
302.192 9.93+0.50 276.673 7.06+0.35 276.414 4.1610.21
276.345 9.77+0.49 251.719 6.92+0.35 251.426 4.0940.20
251.364 9.59+0.48 226.326 6.78+0.34 226.077 4.0240.20
226.022 9.42+0.47 201.384 6.63+0.33 201.09 3.9340.20
201.066 9.22+0.46 175.981 6.46+0.32 175.765 3.830.19
175.732 8.98+0.45 150.677 6.26+0.31 150.233 3.71+0.19
150.204 8.69+0.43 125.72 6.02+0.30 125.264 3.56+0.18
125.247 8.35%0.42 100.597 5.731£0.29 100.276 3.37+0.17
100.206 7.91+0.40 75.439 5.34+0.27 75.265 3.12+0.16
75.184 7.33+0.37 50.504 4.77+0.24 50.105 2.75%0.14
50.103 6.48+0.32 25.58 3.72+0.19 25.06 2.09+£0.10
25.077 4.92+0.25 10.782 2.35%0.12 10.058 1.25+0.06
10.072 2.94+0.15 6.058 1.67+0.08 5.112 0.921+0.046
5.127 2.06+0.10 3.324 1.40+0.07 2.309 0.768+0.038
2.307 1.55+0.08 15.426 2.9240.15 15.028 1.60+0.08
15.036 3.76+0.19 30.463 4.01+0.20 30.041 2.26%0.11
30.056 5.34+0.27 60.446 5.03+0.25 60.028 2.92+0.15
60.079 6.87+0.34 110.549 5.84+0.29 110.206 3.44+0.17
110.391 8.09+0.40 160.571 6.32+0.32 160.242 3.75+0.19
160.381 8.80+0.44 210.897 6.66+0.33 210.63 3.95+£0.20
210.639 9.28+0.46 261.603 6.93+£0.35 261.307 4.10£0.20
261.232 9.63+0.48 301.921 7.16+0.36 301.655 4.20+0.21
301.548 9.89+0.49
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Table S2: Electrical conductivity, cei of MWCNT/ZnO with five infiltration (IF) steps; in order of
data collection. Note that the electrical conductivity from 300 K to 390 K on the first heating cycle

is not reliable due to absorbed water or oxygen. Dimensions and densities of samples are given in
Table 1.

T/IK cel/ Q1 m?t T/K cel/ Q1 mt T/K cel/ Q1 mt
(5 IF 2 mm) (5 IF 3 mm) (51F3mm (2))

302.769 18.3+0.9 | 301.649 18.7£0.9 301.982 21.0+1.1
327.653 18.6+0.9 | 326.573 19.0£1.0 327.095 21.3+1.1
352.491 19.2+1.0 | 351.486 19.2+1.0 352.271 216411
377.34 20.6+1.0 376.41 19.6£1.0 377.156 22.0+1.1
392.247 21.8+1.1 | 391.377 19.8+1.0 392.111 22.4+1.1
352.591 21.6+1.1 | 351.549 19.4+1.0 352.334 222411
302.843 20.9+1.1 | 301.684 18.8+0.9 302.008 215411
277.41 20.5+1.0 | 276.392 18.4+0.9 276.231 21.1+1.1
252.46 20.241.0 | 251.404 18.1+0.9 251.235 20.7£1.0
226.942 19.8+1.0 | 226.068 17.7+£0.9 225,918 20.3+1.0
202.036 19.4+1.0 | 201.112 17.3+0.9 200.959 19.9+1.0
176.508 18.9+0.9 | 175.787 16.8+0.8 175.65 19.4+1.0
151.07 18.3+0.9 | 150.542 16.3+0.8 150.171 18.8+0.9
126.126 17.6+0.9 | 125.585 15.7+0.8 125.212 18.1+0.9
100.919 16.7+0.8 | 100.493 14.8+0.7 100.186 17.2+0.9
75.702 15.6+0.8 75.383 13.8+0.7 75.176 16.0+0.8
50.788 13.8+0.7 50.432 12.2+0.6 50.095 14.2+0.7
25.902 10.6+0.5 25.484 9.41+0.47 25.065 10.9+0.6
11.063 6.17+0.31 | 10.632 5.59+0.28 10.065 6.45+0.32
6.286 3.60+0.18 5.874 3.48+0.17 5.117 4.04+0.20

3.503 2.10£0.10 3.15 2.68+0.13 2.291 2.95+0.15

15.635 8.09+0.40 | 15.345 7.23+0.36 15.032 8.40+0.42
30.733 11.5+0.6 30.392 10.2+0.5 30.052 11.8+0.6
60.7 14.6+0.7 60.384 12.9+0.7 60.073 15.0+0.8
110.749 17.1+0.9 110.44 15.1+0.8 110.364 17.5+0.9
160.774 18.5+0.9 | 160.423 16.4+0.8 160.341 19.0+£1.0
211.391 19.5+1.0 |210.698 17.3+0.9 210.569 20.1+1.0
262.344 20.2+1.0 | 261.282 18.0+0.9 261.137 20.8+1.0
302.739 20.7£1.0 | 301.589 18.6+0.9 301.41 21.4+1.1
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Table S3: Electrical conductivity, c.;, of MWCNT/ZnO with seven infiltration (IF) steps; in order
of data collection. Note that the electrical conductivity from 300 K to 390 K on the first heating
cycle is not reliable due to absorbed water or oxygen. Dimensions and densities of samples are
given in Table 1.

T/K cel/ QT m? T/IK Gel/ Q1 mt T/IK cel/ Q1 mt
(7 IF 2 mm) (7 IF 3 mm) (7 IF 3 mm (2))
302.497 49.0+2.5 | 302.787 40.9+2.1 302.66 32.5%1.6
327.365 49.7+25 | 327.617 41.6+2.1 327.549 32.9+1.7
352.229 50.1+2.5 | 352.47 42.4+2.1 352.436 33.4+1.7
377.074 50.3+2.5 | 377.248 43.2+2.2 377.256 34.3+1.7
392.017 51.2+2.6 | 392.219 442422 392.212 36.0+1.8
352.331 50.7£2.5 | 352.538 43.8+2.2 352.47 36.4+1.8
302.594 49.0+2.5 | 302.781 42.3+2.1 302.649 35.4+1.8
277.195 48.0+2.4 | 277.358 415+2.1 277.209 34.9+1.7
252.269 47.1+2.4 | 252.415 40.8+2.0 252.25 34.3+1.7
226.807 46.2+2.3 | 226.904 40.0+2.0 226.753 33.7+1.7
201.921 452423 | 202.013 39.2+2.0 201.841 33.0+1.7
176.447 44.1+2.2 | 176.508 38.2+1.9 176.329 32.1+1.6
151.036 42.8+2.1 | 151.079 37.1+1.9 125.906 29.9+15
126.131 41.3+2.1 | 126.145 35.7+1.8 100.74 28.4+1.4
100.954 39.3+2.0 | 100.945 33.9+1.7 75.553 26.3+1.3
75.738 36.7+£1.8 | 75.705 31.6+1.6 50.622 23.241.2
50.905 32.9+1.6 50.8 28.2+1.4 25.7 17.6+0.9
26.08 25.8+1.3 | 25.918 21.9+1.1 10.87 10.1+0.50
11.202 15.8+0.8 | 11.079 13.1+0.7 6.12 6.03+0.30
6.376 9.32+0.47 | 6.309 8.12+0.41 3.385 3.85+0.19
3.546 5.53+0.28 | 3.535 5.45+0.27 | 15.497 13.3+0.7
15.744 20.2+1.0 | 15.647 16.9+0.9 30.567 19.2+1.0
30.879 27.7+1.4 | 30.744 23.6+1.2 60.566 24.6+1.2
60.799 34.6+1.7 | 60.694 29.8+15 110.695 29.0+1.5
110.893 40.0+2.0 | 110.799 34.6+1.7 160.79 31.5+1.6
160.946 43.2+2.2 | 160.89 37.5+1.9 211.232 33.241.7
211.338 455423 | 211.366 39.5+2.0 262.146 34.4+1.7
262.178 47.1+2.4 | 262.283 40.9+2.0 302.5
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Table S4: Electrical conductivity, ce;, of MWCNTTSs; in order of data collection. Dimensions and
densities of samples are given in Table 1.
T/K 6./ Q1 m-

(MWCNTTS)

304.131 24.4+1.2

276.312 24.1+1.2
251.576 23.8+1.2
226.367 23.4+1.2
201.739 23.0+1.2
176.381 22.4+1.1
151.355 21.7+1.1
126.79 20.9+1.0
101.628 19.8+1.0
76.255 18.3+£0.9
51.897 16.1+0.8
25.892 12.3+0.6
11.176 8.45+0.42
5.566 6.07+0.30
15.803 9.74+0.49
30.73 13.4+0.7
62.231 17.1+£0.9
111.181 20.1+1.0
160.897 21.8+1.1
211.097 22.9+1.2
261.024 23.7£1.2
301.381 24.3+1.2
326.192 24.7+1.2
351.216 25.4+1.3
376.025 26.5+1.3
391.058 28.3+1.4
351.264 27.8+1.4
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Table S§5: Seebeck coefficient, S, of MWCNT/ZnO with various infiltration (IF) steps and
MWCNTTs; in order of data collection. Dimensions and densities of samples are given in Table 1.

T/K S/uv T/K |S/uVv

(2IF2 (5 IF 2 mm)
mm)

302.153| 7.42+0.37 | 302.769| 3.64+0.18

327.261| 7.17+£0.36 | 327.653| 4.14+0.21
352.449| 8.70+0.43 | 352.491| 3.77+0.19
377.275(9.41£0.47 | 377.34 | 2.81+0.14
392.255| 7.05+0.35 | 392.247| 2.23+0.11
352.51 | 6.15+0.31 | 352.591]| 1.22+0.06
302.192| 4.75+0.24 | 302.843| 1.09+0.05

T/K S/ uv T/K |S/pv
(71IF 2 (MWCNTTs)
mm)

302.153| 7.42+0.37 | 302.769| 3.64+0.18

327.261| 7.17£0.36 | 327.653| 4.14+0.21
352.449| 8.70+0.43 | 352.491| 3.77+0.19
377.275|9.41+0.47 | 377.34 | 2.81+£0.14
392.255| 7.05+0.35 | 392.247| 2.23+0.11
352.51 | 6.15+0.31 | 352.591| 1.22+0.06
302.192| 4.75+0.24 | 302.843| 1.09+0.05
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Table S6: Thermal conductivity, k, of MWCNT/ZnO with two infiltration (IF) steps; in order of
data collection. Dimensions and densities of samples are given in Table 1.
T/K | «/ mWmtKlY T/K x/mW m? T/K K/ mW m?

K1 K1
(2 IF 2 mm) (2 IF 3 mm) (2IF3mm
(2)

301.603 238+20 301.987 226+30 301.708 28332
302.153 237+20 326.877 221+30 326.641 272+37
327.261 233+24 351.749 217+34 351.554 265+43
352.449 230+28 376.572 21739 376.463 262+48
377.275 229+32 391.579 219+44 391.421 264+52
392.255 232+34 351.797 21747 351.602 273+43
35251 228+28 302.001 224+39 301.712 288+32
302.192 234420 276.673 232+29 276.414 29627
276.345 239+17 251.719 23925 251.426 31122
251.364 245+14 226.326 24720 226.077 329+17
226.022 251+13 201.384 256+16 201.09 34717
201.066 258+13 175.981 26613 175.765 37319
175.732 267+13 150.677 272+14 150.233 398+20

150.204 271+14 125.72 275+14 125.264 421421
125.247 274+14 100.597 269+13 100.276 43622
100.206 266+13 75.439 245+12 75.265 43122
75.184 242+12 50.504 190+9 50.105 356+18
50.103 186+9 25.58 86.4+4.3 25.06 16748
25.077 84.8+4.2 10.782 20.3+1.0 10.058 30.3+1.5
10.072 17.4+0.9 6.058 7.37£0.37 5.112 6.54+0.33
5.127 4.28+0.21 3.324 3.09+0.15 2.309 1.31+0.07
2.307 0.932+0.047 | 15.426 37.5£1.9 15.028 68.4+3.4
15.036 37.2+¢1.9 30.463 109+5 30.041 209+10
30.056 10845 60.446 21611 60.028 384+19
60.079 218+18 110.549 268+13 110.206 426421
110.391 273+14 160.571 262+13 160.242 382+19
160.381 273+14 210.897 247+12 210.63 33717

210.639 256+13 261.603 234+13 261.307 300+24
261.232 241+15 301.921 220+22 301.655 281+32
301.548 231+20
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Table S7: Thermal conductivity, k, of MWCNT/ZnO with five infiltration (IF) steps; in order of
data collection. Dimensions and densities of samples are given in Table 1.

T/K K/ mW m?tK? T/K K/ mW m?tK? T/K K/ mW m?t K1
(5 IF 2 mm) (5 IF 3 mm) (5 IF3mm (2)

302.769 339+22 301.649 311+34 301.982 364+35
327.653 334126 326.573 303+40 327.095 354+42
352.491 336+30 351.486 298+46 352.271 352+48
377.34 335+35 376.41 296452 377.156 344455
392.247 337+38 391.377 298+56 392.111 34659
352.591 329+30 351.549 303+46 352.334 350+48
302.843 324421 301.684 312434 302.008 363£35
277.41 32518 276.392 318+28 276.231 375+29
252.46 324+16 251.404 324422 251.235 385423
226.942 326+16 226.068 331+18 225.918 399+20
202.036 32616 201.112 338+17 200.959 410+20
176.508 326+16 175.787 346£17 175.65 424421
151.07 321+16 150.542 348+17 150.171 433+22
126.126 31015 125.585 34517 125.212 435+22
100.919 285114 100.493 329+16 100.186 422421
75.702 241+12 75.383 293£15 75.176 380£19
50.788 17249 50.432 223+11 50.095 289+14
25.902 75.9+3.8 25.484 10345 25.065 12846
11.063 20.4+1.0 10.632 25.3£1.3 10.065 26.7£1.3
6.286 8.41+0.42 5.874 9.05+£0.45 5.117 6.61+0.33
3.503 3.85+0.19 3.15 3.66+0.18 2.291 1.40+0.07
15.635 34.3+1.7 15.345 46.6+2.3 15.032 56.5+2.8
30.733 95.1+4.8 30.392 130+6 30.052 164+8

60.7 202+10 60.384 256+13 60.073 33417
110.749 294+15 110.44 33617 110.364 432+22
160.774 319+16 160.423 34517 160.341 431+22
211.391 321+16 210.698 33317 210.569 405+20
262.344 322+16 261.282 317+25 261.137 378+25
302.739 320+21 301.589 307+34 301.41 360+35
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Table $8: Thermal conductivity, kK, of MWCNT/ZnO with seven infiltration (IF) steps; in order of
data collection. Dimensions and densities of samples are given in Table 1.

T/K K/ mW m?tK? T/K K/ mW m?K? T/K K/ mW mtK?
(7 IF 2 mm) (7 IF 3 mm) (7 IF 3 mm (2))

302.497 432+25 302.787 454+42 302.66 459+41
327.365 430+29 327.617 451450 327.549 45048
352.229 424+34 352.47 452+58 352.436 441456
377.074 415+38 377.248 454166 377.256 436+64
392.017 413+41 392.219 460£72 392.212 440+68
352.331 397+32 352.538 45057 352.47 43955
302.594 385+23 302.781 455+42 302.649 452+40
277.195 381+19 277.358 462+34 277.209 464+33
252.269 37519 252.415 46727 252.25 47427
226.807 370£19 226.904 474124 226.753 487124
201.921 364+18 202.013 477+24 201.841 498+25
176.447 354+18 176.508 479124 176.329 510+25
151.036 338+17 151.079 474424 125.906 515426
126.131 31516 126.145 461+23 100.74 494425
100.954 277+14 100.945 427+21 75.553 437+22
75.738 222+11 75.705 364+18 50.622 328+16
50.905 150+8 50.8 262+13 25.7 150+7
26.08 64.5£3.2 25.918 11646 10.87 38.5£1.9
11.202 18.4+0.9 11.079 31.4+1.6 6.12 14.9+0.8
6.376 8.02+0.40 6.309 13.1+0.7 3.385 6.52+0.33
3.546 3.79+0.19 3.535 6.02+0.30 15.497 67.5£3.4
15.744 29.8+£1.5 15.647 52.7+£2.6 30.567 188+9
30.879 80.5+4.0 30.744 145+7 60.566 381+19
60.799 181+9 60.694 308+15 110.695 506+25
110.893 290+14 110.799 442422 160.79 51526
160.946 337+17 160.89 471424 211.232 491+25
211.338 358+18 211.366 473124 262.146 466+29
262.178 372+19 262.283 468+30 302.577 45040
302.529 379123 302.682 458+42
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Table §9: Thermal conductivity, k, of MWCNTTs; in order of data collection. Dimensions and
densities of samples are given in Table 1.

T/K | k/ mWm'K!
(MWCNTTs)

304.131 76.1+£21.2

276.312 66.9+17.1
251.576 59.1+14.2
226.367 52.7+11.5
201.739 46.8+£9.2

176.381 41.2+£7.0
151.355 35.7£5.1
126.79 30.1£3.5
101.628 24.2+2.1
76.255 18.0£1.1
51.897 11.6+0.6
25.892 5.18+0.26
11.176 2.01+0.10
5.566 0.831+0.042
15.803 2.89+0.14
30.73 6.23+0.20
111.181 25.0£2.6
160.897 34.6+5.6
211.097 46.4+9.8

261.024 59.3+£14.9
301.381 71.5+£19.8
326.192 80.8+23.3
351.216 92.9+27.5
376.025 109+£33

391.058 1194£36

351.264 98.1+28.5
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6. Antibacterial Scaffolds made of Fibrous Polymer Composite

In addition to high mechanical strength, the interconnected T-ZnO network offers
significant resistance to bacterial activity. Reported in this chapter are the effects of shape
and concentration of ZnO on the tensile strength of the polymer composite and its abitlity to
be a scaffold for eukaryote cell growth.

Personal contributions in the following article:
» Fabrication of the T-ZnO utilized in this study
» Raman spectroscopic investigations of the membranes
» Morpholigical analysis under SEM

» Partial manuscript preparation

The following content is adapted with permission from “A. Nasajpour, S. Mandla, S. Shree, E.
Mostafavi, R. Sharifi, A. Khalilpour, S. Saghazadeh, S. Hassan, M. ]J. Mitchell, . Leijten, X. Hou, A.
Moshaverinia, N. Annabi, R. Adelung, Y. K. Mishra, S. R. Shin, A. Tamayol, and A. Khademhosseini Nano
Letters 2017 17 (10), 6235-6240". Copyright (2017) American Chemical Society.
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ABSTRACT: Nanoparticles have been used for
engineering composite materials to improve the intrinsic
properties and/or add functionalities to pristine polymers.
The majority of the studies have focused on the
incorporation of spherical nanoparticles within the
composite fibers. Herein, we incorporate anisotropic
branched-shaped zinc oxide (ZnO) nanoparticles into
fibrous scaffolds fabricated by electrospinning. The
addition of the branched particles resulted in their
protrusion from fibers, mimicking the architecture of a rose
stem. We demonstrated that the encapsulation of different-
shape particles significantly influences the physicochemical
and biological activities of the resultant composite scaffolds. In particular, the branched nanoparticles induced
heterogeneous crystallization of the polymeric matrix and enhance the ultimate mechanical strain and strength.
Moreover, the three-dimensional (3D) nature of the branched ZnO nanoparticles enhanced adhesion properties of
the composite scaffolds to the tissues. In addition, the rose stem-like constructs offered excellent antibacterial

activity, while supporting the growth of eukaryote cells.
KEYWORDS: Branched tetrapod nanoparticles, zinc oxide, electrospinning, nanocomposites, antimicrobial, scaffolds
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olymeric nanocomposites are widely

processed into fibrous materials for various

disciplines such as tissue engineering,'?
energy harvesting,’ flexible electronics,” drug
delivery,” and methods of filtration.® Generally,
some nanoscale structures from inorganic
materials, e.g., from metals, metal oxides, are
dispersed into polymer structures to provide
additional chemical and/or physical
functionalities.”® Previous works of spherical
zinc oxide (ZnO) nanoparticles dispersed within
semicrystalline polycaprolactone (PCL) fibrous
structures have demonstrated enhancements in
antimicrobial activities,” angiogenesis in vivo,'’
and dermal regeneration.'' However, the recent
advances in nanomaterial synthesis allow the
production of a new class of branched ZnO
nanoparticles via the flame transport synthesis
technique.'? The unique branched geometry of
this nanomaterial allows the creation of physical
interlocking segments, which provides diverse
functionalities in the field of self-reporting

materials,”® antifouling surfaces,'* electronic
sensing devices,'” gene transfection agents,'®
and antiviral materials,'” as well as bonding to
nonadherent surfaces.'® In this work, flame-
made branched ZnO nanostructures (spikes
length in the 1-5 um range and diameters in the
50-200 nm range, as confirmed by scanning
electron microscopy images shown in Figures
S1 and S2) were incorporated into the PCL
scaffold via electrospinning. We studied the
physical and chemical properties of engineered
composites as compared to pristine PCL and
electrospun PCL scaffold embedded with
spherical particles. Due to the irregular shape of
the  branched ZnO  particles, these
nanostructures could not be fully confined into
the fibers, resulting in protrusions from fibers’
surfaces. Such protrusions mimic the natural
structure of rose spikes. As reported by Zander
et al., nanosized spikes increase the roughness
and surface area of the material and affect the

(@)

Branched

Electrospinning

Branched
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Figure 1. Fabrication of the rose stem-like composite constructs containing spherical and branched nanoparticles. (a) Schematic illustration
of fibrous composite fabrication: ZnO particles are dispersed within a PCL solution and extruded under high voltage. SEM images show the
inability to confine the branched particle with consequent protrusion formation (rose stem-like structure). (b) EDAX map of dibranched and
spherical ZnO particles at different concentrations (1, 3, and 5% w/v) and their distribution into the fibers. Elemental map demonstrates the

distribution of Zn (blue), O (green), and C (red) in the composites.
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overall chemical and physical properties of the
resultant hybrid structures.'” In
this study, we investigated the effects of
particle geometry on the physical, chemical,
and biological properties of the composite
fibers by manipulating particle-fiber
interphase.

Spherical and branched ZnO particles were
dispersed in a 10% (w/v) solution of PCL in
hexafluoroisopropanol (HFIP) and
electrospun to obtain fibrous composite
scaffolds. Pristine PCL fibrous scaffolds were
also prepared. The strong particle- polymer
interactions between ZnO and PCL inhibited

phase separation during the solvent
evaporation.’’  The scanning electron
microscopy (SEM) images of the branched
composite scaffold illustrated that the
nanostructures were not totally confined
within the fibers, showing branching
protrusions through the fibers’ surfaces,
mimicking the rose spikes
architecture(Figure la and Figure S1). The
surface of the spherical-particle encapsulated
nanofibers on the other hand appeared to be
just slightly rough at the fiber
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7,

Figure 2. Chemical and physical characterization of fibrous composite scaffolds. (a) Fourier transformer infrared spectroscopy (FTIR)
spectra of the tested fibers. The inset within the graph highlights the carbonyl stretching peaks. (b) Wide-angle X-ray diffraction (WAXD)
showing the effect of the ZnO nanoparticles on the carrier polymer (PCL) (110) and (200) crystal planes. The inset demonstrates that the
incorporation of ZnO induces narrowing of the crystal planes, correlating with an enhanced crystallization, compared to the control (purple).
(c) Two-dimensional WAXD images show the effect of ZnO nanoparticles on the reflection banding arc’s annotated within with arrows.

characteristic control spherical branched
C-0 and C-C stretching in the amorphous phase Vam -1156 cm! -1159 cm-? -1152 cm!
symmetric COC stretching Vs (COC) -1185cm! -1185cm!
asymmetric COC stretching Vs (COC) -1238 cm! -1238 cm? -1235cmt
carbonyl stretching v(C@O) -1716 cm! -1716 cm! -1714 cmt
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Figure 3. Mechanical and surface characterization of the nanocomposite structures. (a) Comparison of ultimate strength among
the control sample (PCL), branched, and spherical composite scaffolds. The reports of statistical analysis placed directly on top
of the bars refer to the comparison of the sample with the control (pristine PCL). The comparison between different samples is
shown by lines. (b) Comparison of constructs’ Young’s modulus. (c) Representative lap shear curves of scaffolds sandwiched
between porcine skins. (d) Comparison of the adhesion strength of different composite structures (data is derived from lap shear
tests with porcine skin). (e) Representative SEM images from top and cross-sectional view of a branched composite material
after failure during lap shear test. (f) Measurements of contact angle between a deionized water drop and the material surfaces.
(9) Schematic illustration of fibrous structures wetting behavior (top). coupled with optical imaging analysis (bottom) (n = 4 for
ultimate strength and Young’s modulus data, n = 3 for adhesion strength data, and n = 6 for contact angle data, *: P < 0.33, **:

P <0.002, ***: P <0.001).

interphase while the pristine PCL fibrous
surface was smooth (Supporting Information
S1A). Higher branched particle fractions (3
and 5% w/v) led to an overlapping of the
protrusions, forming macropores within the
fibrous substrates (Figure S4). Energy
dispersive X-ray microanalysis (EDX) was
deployed and merged with the SEM analysis
to map the elemental atoms and to identify
the particle distribution within the fibrous
networks. The highest distribution of zinc
atoms on the fiber surface was visible on

constructs with spherical particles, which was
proportional to the nanomaterial
concentration. This evidence was related to
the greater surface-area-to-volume ratio of
the spherical nanoparticles as compared to
the branched particles (considering equal
weight per volume ratio) (Figure 1b).
Fourier transform infrared spectroscopy
(FTIR) analysis was performed to identify the
variations in the particle-polymer interphase
interactions induced by the geometrical
nature of the nanomaterials’! (Figure 2a, c).
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Figure 4. Characterization of the antimicrobial and biological properties of the composite scaffolds. (a) Representative SEM
images of control (PCL), branched, and spherical samples after 24 h incubation with E. coli (top) and P. aeruginosa. (bottom)
(b) Number of colony forming units (CFU) over the samples after 24 h incubation with E. coli (top) and P. aeruginosa (bottom).
The arrows are showing the presence of bacteria on the surface of the nanofibers. (c) Representative SEM images of
keratinocytes attachment to control, branched, and spherical composite scaffolds. (d) Metabolic activity of HACATS assessed
by PrestoBlue assay after 1 and 3 days of culture over pristine PCL compared with ZnO nanocomposites with different
concentrations (1, 3, 5%) of branched and spherical ZnO nanoparticles. (n = 7 for antimicrobial tests, n =5 for metabolic activity
tests, *: P <0.33, **: P <0.002, ***: P <0.001).

As shown in Figure 2a, the carbonyl peaks planes, wide-angle X-ray diffraction

[v(CRIO)] of pristine PCL and spherical-
particle incorporated fibrous materials
appeared at 1716 cm™" while for the branched
system the peak shifted to a lower
wavenumber (1714 cm™). Moreover, the
asymmetrical ester peak of branched
composit scaffold was also shifted to 1235
cm™! compared to the other tested structures.
We speculate that the branched morphology
and the nanostaired surface of the spikes
affected the two chemical functional groups
of the semicrystalline polymer carrier (Figure
2a,c and Table 1). To further characterize the
physical effect of the particle- polymer
interphase interactions on PCL’s crystalline

(WAXD) was carried out. As shown in the
Figure 2b,c, addition of ZnO nanoparticles
within the fibrous polymer matrix led to
sharpening of the PCL reflection planes,
suggesting the wvariation in crystalline
polymer domain sizes compared to pristine
PCL nanofibers (4.2 A).*? This reflection
displacement was more intense in substrates
containing branched particles [displacement
to the plane (110) (3.75 A)], confirming the
hypothesis that protrusions of the branched
particles altered the PCL’s overall
crystallinity. These results are in good
agreement with the previous observations,
pointing out that the branched ZnO

~ 128 ~




Nano Letters

nanoparticles induced crystallization in
nylon-based composites.”’

The mechanical properties of the composite
fibers were assessed through the uniaxial
tensile test to investigate the effect of the
particles on the ultimate strength and the
Young’s modulus of the fibers. Figure 3a
demonstrates that the incorporation of 1%
(w/v) branched particles into polymer
network led to a significant enhancement of
the ultimate strength of the pristine PCL from
1.2 MPa to 1.9 MPa in the branched
composite. A similar observation was
reported in computational and experimental
studies that demonstrated an improvement of
bulk polymer properties due to the
introduction of branched nanomaterials.”*
The trend is further evident considering the
Young’s modulus of the structures which
drastically increased from 7 MPa for pristine
PCL to ~13 MPa for the composite
containing 1% branched ZnO (p < 0.33,
Figure 3b). However, the addition of 3 and
5% (w/v) ZnO particles did not further
reinforce the PCL structure but introduced
weak point in the polymer network.”

The geometry of the branched particles and
the rose-like constructs formed after their
incorporation ~ within  the  polymeric
membranes could facilitate the physical
interlocking and penetration to soft substrate
(such as tissues) to improve the adhesive
properties. Surface topography can indeed
play an important role in the adhesion
strength between substrates and skin. In
addition to the penetration of the spike of the
rose-like substrates into skin, their high
surface area may also positively contribute to
the adhesion strength.

To prove our hypothesis, the electrospun
fibers were sandwiched between two pieces
of porcine skin and a uniform force with a 150
g weight was applied for 1 min. The use of
the 5% (w/v) composite substrates in the
adhesion tests was to note the effect of
particle shape, on adhesion strength. We

expected that the highest particle
concentration would exhibit the most distinct
difference. Samples were then subjected to
lap shear test. Results showed that the rose
stem-like  composites  containing 5%
branched particles had significant higher
adhesive properties (10.4 MPa) as compared
to those containing 5% spherical particles
(3.3 MPa) and pristine PCL (1.6 MPa) (p <
0.001 Figure 3c,d). SEM images from the
interface of the porcine skin and the fiber mat
with branched nanoparticles indicated the
penetration of the spikes of branched particles
into the porcine skin. Therefore, the increased
adhesive strength might be due to the
physical between topographically
heterogenous electrospun fibers and the
porcine skin (Figure 3e).

The variations in surface composition and
architecture affect interfacial properties
including the contact angle. The contact angle
(CA) measurements on the scaffolds surface
were performed to evaluate their wettability
and  hydrophilic/hydrophobic  properties
(Figure 3f). Pristine PCL was hydrophobic
and showed a nonwetting regime (CA ~ 130°).
The incorporation of spherical particles
slightly reduced the CA, improving the
wetting regime of the PCL structure. In
contrast, the branched composites showed
higher ~CA, increasing the overall
hydrophobicity of the fibrous constructs. The
similarity between the contact angle of
pristine PCL and rose-like structures might be
due to coating of PCL on the surface of the
spikes. SEM images suggested the presence
of a thin layer of PCL on the surface of the
spikes (Figure S2).

The antibacterial properties of ZnO
nanoparticles have been previously shown
and used for various medical applications.*
To assess the antibacterial potency of the
fabricated hybrid scaffolds, we used the
lowest ZnO concentration (1% w/v).
Substrates containing 1% (w/v) branched
particles were seeded with prokaryotic
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microorganisms (E. coli and P. aeruginosa).
Data reported in Figure 4a,b showed poor
adhesion and proliferation of both tested
microorganisms on ZnO composite fibrous
scaffolds. Moreover, the reduction of the
biofilm formation as compared to pristine
PCL, confirmed that antibacterial properties
were preserved following incorporation of
the ZnO branched nanoparticles into the PCL
electrospun fiber. The observed behavior
might be due to the difference between the
surface topography of substrates containing
spherical and branched particles. In addition,
the exposure of the ZnO nanospikes might
have also contributed to the enhanced
antibacterial activity.

Cells attachment on pristine PCL and ZnO
containing fibrous substrates containing 5%
(w/v) of particles was assessed by seeding
human keratinocytes on the substrate. After
48 h, cells were fixed and imaged by SEM
(Figure 4c). The images demonstrated a high
cell attachment to fibrous scaffolds. The in
vitro biocompatibility of fabricated scaffolds
was further assessed by measuring the
metabolic activity of the cells cultured on
scaffolds using a PrestoBlue assay after 1 and
3 days (Figure 4d). Results showed that the
branched ZnO particles do not induce any
cytotoxic effects after incorporation within
PCL mats. On the other hand, the scaffolds
containing 5% (w/v) of spherical particles
showed slight inhibitory effects on cellular
growth. Considering the reduced bacteria
growth and improved cellular growth, the
engineered rose-like constructs may be an
interesting candidate for regenerative
applications susceptible to infection.

In conclusion, we have developed a PCL-
based fibrous nanocomposite  system
embedded with spherical or branched ZnO
nanoparticles. The focus of the work is to
shed light on the difference in characteristics
of composite substrates where the particles
are exposed and not embedded within the

polymeric fibers. However, the difference in
particle size could also contribute to some of
the observed differences in the properties of
the fabricated composite  substrates.
Incorporation of the branched particles
resulted in the formation of rose stem-like
thorns. These geometric features resulted in
enhanced mechanical properties and adhesion
strength to soft tissue. The lower surface area
of the branched ZnO nanoparticles in the
electrospun fibers also led to higher
biocompatibility as well as reduced
antimicrobial activity. Therefore, at low
concentrations of branched ZnO particles, the
rose stem-like engineered constructs can be
appropriate  candidates for regenerative
applications susceptible to infection as they
support cellular growth and reduce bacterial
adhesions.
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Materials

Poly e-caprolactone (PCL) with an average molecular weight of 80,000, and
1,1,1,3,3,3hexafluoroisopropanol (HFIP) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cell culture supplies including Dulbecco’s modified Eagle medium (DMEM), 0.05%
trypsin-EDTA (10X), fetal bovine serum (FBS), antibiotics, fibronectin, and PrestoBlue® Assay

were purchased from Invitrogen (Carlsbad, CA, USA).

Branched ZnO Nanoparticle Synthesis

To produce branched ZnO nanoparticles, a flame transport synthesis technique was used. This
method offered direct conversion from metallic Zn microparticles into complex shaped ZnO nano-
and microstructures in a single step conversion within the flame in the presence of normal air
environment. The mixture (2:1 weight ratio)of sacrificial polyvinylbutyral polymer and / or
ethanol and Zn microparticles from Goodfellow, UKwas burned in a simple muffle type oven
where Zn particles were directly converted into branched ZnO nanostructures via solid-vaporsolid

growth in a further modified flame transport synthesis process, as described in a previous work'.

Electrospinning Zinc Oxide Composites
400 mg of PCL (Mn 80,000) was added to a scintillation and 4 mL of HFIP solvent to create a

10 % (w/v) solution, which was stirred overnight. To disperse the particles, ZnO was added to
the polymer solution and bath sonicated for 30-50 min prior to electrospinning. The composite
was then added to a 3 mL syringe, attached to a 23-gauge blunt-tip needle. The polymer was
extruded at a flow rate of 2 mL/h, and the grounded electrode was placed 25 mm below the needle.
A voltage in the range of 17.0 to 18.0 kV was applied to generate the fibrous substrates. During
the electrospinning process, the relative humidity and temperature were set at 15% and 26° C

respectively.
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Optical and Elemental Analysis of Zinc Oxide Composites

The nanocomposite fiber morphology was investigated using a scanning electron microscope
(SEM; Zeiss Ultra Plus, 7 kV) with an energy—dispersive X-ray (EDX) spectrometer. The
nanocomposite fibers were sputtered with a thin gold layer to reduce the surface charge;

subsequently compositional analysis was performed merging the SEM data.

Fourier Transformer Infrared Spectroscopy (FTIR)

Nanocomposite structure absorbance spectra were obtained by a Bruker Alpha FTIR (Bruker
Optic GmbH, Ettlingen, Germany) using attenuated total reflection (ATR) configuration. The
machine was tarred by running a blank sample to subtract the background absorbance. Electrospun
samples where then loaded into the instrument, and absorbance spectra were detected.

X-ray Fiber Diffraction

The electrospun samples were sliced to obtain 2 mm x 10 mm ribbons, and then were carefully
mounted and aligned, with their long ribbon axis vertical, onto the Cu monochromatic X-ray beam
using an Oxford XCalibur PX Ultra diffractometer equipped with a low noise CCD Onyx area
detector. All experimental conditions such as time of scanning 6, X, theta, chi, phi Kappa
diffractometer were keep constant for all the tested conditions. The detector distance was

calibrated using the sharp 104 reflections at 3.035 A of CaCO;

Tensile Experiment

The tensile properties were calculated using a uniaxial tensile machine (Instron, Norwood, MA)
with cell load capacity of 10 N setting the extension rate at 15 mm/min. The specimens were cut
from the mat sheets in order to obtain standard dimension: 3.5 mm width, 9.5 mm length, 400 um
thickness. The stress-strain curves were plotted (n=4) and the elastic modulus was derived from

the initial 0-10% linear region of the stress-strain curves.
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Lap Shear Adhesion Test

The adhesive properties of electrospun were analyzed using an ASTM standard lap shear test
(F2255-05). Briefly, the fiber was sandwiched in between a piece of porcine skin (24.0 mm width,
15.0 mm length, and 3.0 mm height). A small 500-gram weight was placed on top of the
sandwiched fibers for 1 min then immediately tested until failure in a lap shear setup using an

Instron 5542 mechanical tester equipped with a 10 N load cell at a cross-head speed of 5 mm/min.

Contact Angle Measurements of Fiber Composites

Samples containing 1, 3, and 5% (w/v) ZnO were electrospun onto a glass slide to retain flat
surfaces. The slide was deposited with a homogenize layer of fibers. The contact angle
measurement (n=6) was performed by a contact measurement system (KSV CAM 101) at room
temperature, and 20% relative humidity. The machine was calibrated before measurements to
insure quality of measurements. A water droplet volume of 29 puL was placed on the fibrous
surface and the droplet profile was captured with the camera, finally contact angles were measured.

Bacteria Culture and Antimicrobial Studies

Control (pristine PCL), spherical, and branched samples containing 1% (w/v) particles were
placed in separate wells of a 24 well plate, and sterilized under UV light. Pseudomonas aeruginosa
and Escherichia coli were used to evaluate the antimicrobial properties of the electrospun sheets.
A single colony of each strain of bacteria was mixed in 5 mL of tryptic soy broth (TSB, Sigma-
Aldrich), and incubated overnight in a shaker incubator (200 rpm at 37 °C). The optical density
of the resulting bacterial suspension was adjusted to 562 nm, which corresponds to a density of
10° CFU/ml. This suspension was then serially diluted to a density of 10® CFU/mL. Subsequently,
1 ml of the bacterial suspension was added directly on top of each sample and incubated at 37 °C

and 5% CO; for 24 h. After incubation, the scaffolds were carefully washed 3 times with PBS to
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remove excess bacteria. For CFU assays, the scaffolds were placed in 1 mL DPBS in 1.5 mL
microcentrifuge tubes. The tubes were vigorously vortexed (3000 rpm) for 15 min to release all
bacteria from the scaffold into the solution. Each bacterial suspension was serially diluted in
DPBS over 4 logarithmic dilutions. Then, three 10 pL drops of each dilution were seeded on
tryptic soy agar plates, which were then incubated for 24 hr. at 37 °C and 5% CO.. Lastly, the
number of bacterial colonies formed on each agar plate was counted, and the dilution factor was

used to calculate CFU values.

Cell Culture and Cell Viability Methods

Human keratinocytes were grown to confluence in Dulbecco’s modified eagle medium,
supplemented with 10% (v/v) FBS and 1% (v/v) streptomycin-penicillin maintained at 37 °C in a
5% CO; environment. Cells with a passage number between 6-8 were used for the experiments.
Fibrous structures with a diameter of 5 mm were sterilized with 70% ethanol and washed with
antibiotic-antimycotic solution and DPBS. Prior to cell seeding, the fibers were coated with 10
ug/mL of fibronectin for 2 h. Cells were seeded at a concentration of 1.875 x 10° cells/mL. In vitro
metabolic activity of the cells was analyzed after 1 and 3 days of culture with PrestoBlue® assay
as per manufacturer’s instructions. Samples fluorescence was recorded at 560 nm (excitation) and

590 nm (emission) using a microplate reader (BioTek synergy™ 2, USA).
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Statistical Analysis

The results were reported as the mean +standard deviation. Graphpad Prism version 7 was used

to perform one-way ANOVA with Tukey post hoc tests to determine the significance of the

differences between groups (*: P<0.05, **: P<0.002, ***: P<0.001).

Figure S1. SEM imaging of pristine branched ZnO. (a-d) SEM images of branched ZnO
nanoparticles produced via modified flame transport synthesis
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Figure S2. SEM imaging of composite branched ZnO fibers. (a-f) SEM analysis of branched
ZnO nanoparticles composite fibers with varying magnification.
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Figure S3. EDAX imaging of composite branched ZnO fibers. (a) 1% w/v Branched
Composite (b) 3% w/v Branched Composite (¢) 5% w/v Branched Composite
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Figure S4: Low Magnification SEM image of engineered membranes. (a, b) PCL fiber
morphology (c,d) 3% (w/v) branched particles (e,f) 5% (w/v) branched particles
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7. Multi—functional Spiropyran based Polymer Composites

The subsequent reports are dedicated to studying spiropyran as a multi-functional
component in different polymer matrices. An effortless method of producing self-reporting

material was introduced and verified in the succeeding three articles.

Light, Force, and Heat: A Multi-Stimuli Composite that Reveals its Violent Past: In this
first article, spiropyran as a particle filler in a PTU based polymer composite was tested for
its response to various stimuli. For optical and mechanical reinforcement T-ZnO was
employed. This helped in obtaining optimum working conditions for different applications.
Contents of this article are adapted with permission from “S. Shree, M. Schulz-Senft,
N. H. Alsleben, Y. K. Mishra, A. Staubitz, R. Adelung ACS Applied Materials & Interfaces, 2017 9,38000".
Copyright 2017 American Chemical Society

Mechanochromic Matrix Predicts Impact Induced Damage in a Reinforced Polymer
Composite: The second article deals with self-reporting mechanochromic glassfiber
reinforced polymer composite with two different matrices. During the compatibility tests
polymer matrix was observed to influence the switching behavior of spiropyran. This article

is under revision for a publication in Materials Horizons.

Spiropyran based Smart Composites: Memorizing Polymer with Enhanced Molecular
Switches: The third article of this section verifies thermochromic properties of spiropyran
as an additive in PTU in turn establishing a polymer composite that can be utilized as a
temperature sensor. Contents of this article are adapted from S. Shree, M. Schulz-Senft, X. Jin, Y.K.

Mishra, A. Staubitz, R. Adelung, In: Sontea V., Tiginyanu I. (eds) 3rd International Conference on
Nanotechnologies and Biomedical Engineering. IFMBE Proceedings, 2016, 55, Springer, Singapore

Personal contributions in the following articles:
— Designing the multi-stimuli experiments
— Fabrication all the polymer comosite samples
— Multi-stimuli investigations of the polymer composites

— Data analyses and manuscript preparation
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ABSTRACT: A self-reporting polythiourethane/tetrapodal-ZnO (PTU/T-ZnO) composite is ‘

q q pr . Light
produced using spiropyran as an additive at a concentration as low as 0.5 wt %. Exposure to

heat, UV light and mechanical force caused the spiropyran to undergo reversible e
isomerization indicated by a reversible color change. The studies have been conducted with a

constant spiropyran concentration at 0.5 wt %, meanwhile varying the T-ZnO concentration Tl

from 0 to 7.5 wt %. The tetrapodal ZnO served as a prism: the light scattering effect of T-ZnO

created a visual impression of uniform color distribution. The interconnected network of the [
tetrapodal of ZnO embedded in the PTU matrix enhanced the mechanical stability of the p
polymer leading to high impact resistance up to ~232 kPa. PTU/spiropyran also emerged as

a possible thermal sensing coating, due to its temperature sensitivity. Due to the broad green Heat
luminescence band (~535 nm) in T-ZnO, the colored merocyanine form which absorbs in this

region of the spectrum switches back to spiropyran at this wavelength. High concentrations

of T-ZnO were shown to reduce the effect one of the switching triggers i.e., ultraviolet light.

Using this property of T-ZnO it was possible to achieve a switchable system with the
possibility of separating the stimuli.

"

Q
D
.

leb\:\lf " ¢

KEYWORDS: Self-reporting spiropyran switch, merocyanine (MC), polythiourethane (PTU), tetrapodal-zinc oxide (T-
Zn0), photochromic, thermochromic and mechanochromic properties

1. INTRODUCTION incorporation into the main chain or as cross-links
Self-reporting materials are capable of showing a of the polymer.23-27 This results in long synthesis
measurable, often visible indication of the routes from commercially available starting

materials to the final product, thus complicating
the scale-up process.15 There have been examples
of studies on the mechanical sensitivity of
spiropyran derivatives in crystal form, illustrating

conditions they have been subjected to.
Spiropyrans are molecular switches that undergo a
reversible molecular transformation to a

merocyanine (MC) form in response to different mechanochromic switching under high hydro
stimuli such as mechanical stress,1-4 light,5 and static pressure.?8-32 This implies that spiropyran
heat6 and thereby showing a color change.7,8 As can be used as an additive in the polymer
the intensity of the color is linked to the amount of composite system and would provide a more cost-

- ion.33-35
active molecules present, spiropyran should be an effective solution.

ideal selfreporting material.9,10 Several self-
assembly, self-reporting materials and optical

sensors based on spiropyran have been Received:july 3, 2017
successfully produced.11-15 In most of such Accepted:October 2, 2017
systems, the spiropyran is either covalently linked Published: October '2 2017

to a polymer chain,16-18 or grafted on metallic
surfaces.1-22 Most known systems of spiropyran as
a mechanical stress indicator require its covalent

<7 ACS Publications
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Figure 1. Sketch of (a) a PL spectrum of PDMS/T-ZnO composite and (b) an absorption spectrum of MC, which shows the ring opening
reaction of spiropyran upon UV light irradiation (365 nm) to the open MC form.

Photoinduced mechanical switching of spiropyran
in a composite system has been demonstrated in
poly(ethyl methacrylate-co-methyl acrylate)
(PEMMA) films.3¢ These films were produced by
blending 3 wt % of spiropyran, and the stiffness of
the material was altered by the photoinduced
switching. However, mechanoswitching has not yet
been demonstrated.3¢ In order to use spiropyran as
sensor for mechanical stress, it is crucial to reduce
the weight fraction of spiropyran to an absolute
minimum such that the physical and chemical

properties of the polymer matrix remain
uninfluenced.  Applications involving  stress
indicators used as coatings, must withstand

exposure to sunlight.3637 As several stimuli induce
switching in spiropyran, for outdoor applications it
is substantial to separate the stimuli. Such stress
sensitive coatings should not switch due to UV
irradiation. To a create stimuli separation, the
presented research uses tetrapodal zinc oxide (T-
Zn0) as an additional filler. ZnO is an n-type
inorganic semiconductor with a direct wide band
gap of ~3.3 eV at 300 K and exhibits a blue-green
luminescence at room temperature and can be
efficiently used for engineering different properties
of the polymer based composites, e.g., optical,
electrical, wettability, etc.38-45
example, in the PDMS/T-ZnO composite system,
where the polymer matrix is highly cross-linked, T-
ZnO exhibits a strong defect mediated green
emission (520-570 nm) under UV irradiation.#046
The representative images for the T-ZnO based
PDMS

mechanical, For

composite and corresponding

photoluminescence (PL) spectrum are
schematically shown in Figure 1a.#047 The PL
emission around 380 nm corresponds to bandgap
exciton emission from T-ZnO, however the broad
green emission band is mainly the contribution from
different types of defects such as zinc interstitials,
oxygen vacancies, etc. present in the T-Zn0.40 At high
filling fractions of T-ZnO, the intensity of green PL
emission with respect to exciton increases.
Therefore, a defined amount of T-ZnO could be used
for required luminescence features in a polymer
composite. In the present work composites with
merely 3.5-7.5 wt % T-ZnO have been fabricated for
the accessibility of the broad green PL band. The
open form that is merocyanine (Figure 1b) which has
a strong absorption peak in the visible region
(550-570 nm) closes to the spiropyran form under
green light illumination.8216 The defects present in
Zn0 uv
irradiation#54849 and this should accelerate the

induce green emissions under
switching of the merocyanine form back to the
spiropyran, thus shifting the photostationary
equilibrium toward the spiropyran form. In
addition, the tetrapodal structure of T-ZnO forms an
interconnected 3D network thus increasing the
stability of the polymer
matrix.4750-53 The composite samples presented
here were prepared with a commercially bought
polythiourethane (PTU) kit. This kit contains
pentaerythritol  tetrakis(3-mercaptopropionate)
(PETMP) and hexamethylene diisocyanate (HDI)

monomers.5%52 The monomers were mixed and

overall mechanical

polymerized in a solvent-free
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Figure 2. Schematic in (a) is a pictorial representation of the sample preparation method. Digital camera image (right panel in a) of a
representative polymer composite after dispersion and polymerization. (b) Digital camera image of the mixture of T-ZnO and spiropyran
before dispersing into the PTU matrix. (c) and (d) SEM micrographs at high and low magnifications corresponding to the powdered T-ZnO

and spiropyran mixture.

polyaddition reaction with negligible shrinking.>2
Because of the highly cross-linking PETMP
component and the linear HDI component, the PTU
uniquely  possesses both, thermo-set and
thermoplastic properties. PTU is an ideal matrix for
coatings, because it is stable up to 250 °C and it is
relatively chemically inert.5° In a two component
composite, T-ZnO was used to enhance the
mechanical stability of the PTU matrix which led to
a high impact resistance.50-52

Table 1. Abbreviations and the Details on the Varying
Concentration of T-ZnO and Spiropyran in PTU

sample total additives T-ZnOin spiropyran in

name in PTU PTU
PTU (wt %) (wt %) (Wt%)
SP 0.5 0 0.5
P1 1 0.5 0.5
P2 2 1.5 0.5
P3 4 35 0.5
P4 8 7.5 0.5

Here we present the first example of a
polymer/ceramic composite, which acts as a sensor
to impact pressure, temperature and UV irradiation
by a visible color change. The photoinduced
switching of spiropyran was altered successfully by
the addition of T-ZnO, while the mechanically
induced switching was maintained. In addition, this
is the first report on the mechanically induced
switching of spiropyran in a polymer composite. In

the chosen three-component system PTU/T-
ZnO/spiropyran, the mechanochromic sensor is the
most expensive component. Reducing the weight
fraction of spiropyran to 0.5 wt % offers the
production feasibility of these composites at a larger
scale. In previous reports, spiropyran has been used
as an initiation center from which polymerization in
two directions has been performed. Well known
examples include PMA,5¢ PMMASS (which were
polymerized using ATRP) or PLA# (which has been
performed with ring opening polymerization). In
these examples, the spiropyran content by weight
was ca. 0.2 wt %,54 ca. 0.1 wt %,55 or 0.04-0.43 wt %,
respectively.l* However, it must not be overlooked
that the covalent linking of the spiropyran in the
main chain of the polymer adds reaction steps and
thus involves additional costs. In context to industry
level productions, the presented strategy will save
the fabrication costs which is the main motivation of
the study here.

2. EXPERIMENTAL SECTION

1,3,3-Trimethyl-2-methyleneindoline was
purchased from SigmaAldrich Co. (Aldrich, 97%), 2-
hydroxy-5-nitrobenzaldehyde was purchased from
TCI Co. (>97%) and ethanol was purchased from
Acros(anhydrous, = 99.5%, stored over molecular
sieves). All reagents were used without further
purification. The spiropyran dye (SP) was
synthesized as follows. 1,3,3-Trimethyl-2-
methyleneindoline (5.20 g, 30.0 mmol) and 2-
hydroxy-5-nitrobenzaldehyde (5.01 g, 30.0 mmol)
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were dissolved in EtOH (350 mL) and heated to 78 °C
for 6 h. Then the reaction mixture was cooled to -25
°C and the crystallized product was obtained after
filtration as a green powder (7.69 g, 23.8 mmol,
79%). The highly cross-linked polythiourathane
(PTU) was produced by combining two components,
pentaerythritol tetrakis(3mercaptopropionate)
(PETMP) and hexamethylene diisocyanate (HDI).
These were procured from FPT Fluid- &
Prozesstechnik GmbH. The NMR studies of the as
purchased components revealed that the PETMP and
HDI were >95% pure. The used abbreviations and
analytical equipment have listed at text page in
Supporting Information. The molecular structures of
1,3,3-Trimethyl-2-methyleneindoline =~ compound
and PTU polymer are given at the materials page in
Supporting Information. The plotted NMR spectra
corresponding to materials under different
conditions are shown in Supporting Information (SI)
Figures S1-S4. The tetrapodal zinc oxide (T-ZnO)
powder was produced by the flame transport
synthesis method (FTS).1820 T-ZnO and the
spiropyran were ground together with a mortar and
pestle (Figure 2a). This powdered mixture was then
dispersed by hand into the first component of PTU,
the PETMP (4.17 g 8.50 mmol). The prepared
mixture was degassed in a desiccator to remove all
the remaining air bubbles for 10 min. To this PETMP
blend, the second component, HDI (5.83 g, 34.6
mmol) was added, mixed well and degassed. The
Spiropyran did not dissolve in the mixture, behaving
like a typical additive in the polymer composite
system. Finally, this mixture of components was
poured into silicone molds to fabricate pellet shaped
samples with a diameter of 15 mm (the panel on the
far right in Figure 2a). The molds were placed in an
oven at 80 °C for 3 h. The PTU formed due to the
polyaddition reaction between PETMP and HDI.

In all the samples, the concentration of spiropyran
was kept constant at 0.5 wt % with respect to weight
of PTU and the concentration of T-ZnO in PTU was
varied from 0 wt % to 7.5 wt %. The details of all the
fabricated samples are given in Table 1. All samples
were prepared in a chemical fume hood with a UV
shielding door wunder identical experimental
conditions. Photochromic, thermochromic and
mechanophoric tests were performed in a dark room
to avoid accidental switching.

The “Hammer test” test (schematic is given in
Supporting Information, SI Figure S5) involved a
hammer weighing 2.141 kg with a hinge at its base
falling freely on the samples. The test was repeated
until a color change was observed. The force
required to damage the system was determined by
the number of hits needed to cause a color change
from orange to purple. The impact force was
calculated using the following equation F = m-g-sinf-
= m-g-h/l where F is Force, m is weight of the
hammer head, g is acceleration due to gravity, h is
height of fall, and 1 is length of the hammer. The force
per impact was calculated to be 3.63 N. Pressure per
impact was calculated using P = F/a where a is the
area of impact or point of contact. The measured
area of impact was 1.53e 4 m?, hence pressure per
impact was 24 kPa.

3. RESULTS AND DISCUSSION

The ZnO (including the tetrapods used) is known to
be very stable and is a nonreactive semiconductor in
solid state under atmospheric conditions. The
spiropyran that was used in the experiments
presented here is also chemically stable. Therefore,
no chemical interaction is expected between the
additives. However, to further reduce the interaction
possibility, solvent free grinding procedure was
followed for sample preparation. Since these
tetrapods are solid in nature, the spiropyran is
mainly coated on their surface as it is almost
impossible for spiropyran to penetrate inside bulk T-
Zn0. The photograph in Figure 2b shows the
powdered mixture of spiropyran and T-ZnO before
adding it to the PTU matrix. To understand the
morphology of the hand ground additive mixture, it
was studied using scanning electron microscopy
(SEM). The SEM micrographs in Figure 2(c-d)
corresponding to mixed powder (Figure 2b) reveal
intact T-ZnO crystals with clusters of spiropyran
molecules and amorphous particles around the arms
of the tetrapods. In the final state of the sample
(digital camera image on the right panel, Figure 2a),
the color appears to be quite uniform. Due to the
light scattering effect caused by the hexagonal
wurtzite-type ZnO crystals, the spiropyran visually
appeared to be homogeneously distributed

throughout the powdered mixture.3?
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Figure 3. (a) The polymer composites, SP, P1, P2, P3, and P4
before UV irradiation, the composites appear yellow-orange in
color. (b) The photochromic response of polymer composites was
analyzed by irradiating the samples with UV light (365 nm) for 30
s. The reversibility of the isomerization was verified by switching
the samples back to their original form with a green light
(520-530 nm) irradiation for 30 s. All the images were taken
using a white standard for white balancing the camera.

The photochromic activity of spiropyran in the
polymer composite was studied in a sample
sequence, i.e., SP, P1, P2, P3, and P4 were subjected
to UV irradiation for 30 s (central wavelength =
360-370 nm), (Figure 3a), and were switched back
with green light (central wavelength = 520-530 nm)
irradiation for 30 s, (Figure 3b). The sample series
with T-ZnO, P1, P2, P3, and P4 showed negligible
agglomeration of the ZnO or spiropyran in the PTU
matrix. Within the sample series, the addition of
increased amounts of T-ZnO seemed to deepen the
coloring before and after illumination. The variation
in the color of the polymer composites suggested
that in this case it might not be a straightforward
isomerization from spiropyran to merocyanine.
Referring to the works of Uchida et al., such color
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Figure 4. (a) Absorption spectra of the polymer composites SP P1, P2, P3 and P4 after UV irradiation for 30 s. (b) Cyclic absorbance
measurements of SP P1, P2, P3 and P4 at 560-570 nm before and after UV illumination followed by green illumination for 17 irradiation
series. (c) Back switching or thermal relaxation of merocyanine to spiropyran in the sample SP.
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variation is observed when there is molecular
stacking of the merocyanine form.5¢ The observed
switching in some of the samples might be between
merocyanine in the form of H stacking to
merocyanine in the form of ] stacking.>¢ Further
reports underline this hypothesis, which requires
more detailed analyses in this particular case.5758
Compared to the SP sample (Figure 3a, b, first on
the left), the samples P1 with 0.5 wt % and P2 with
1.5 wt % of T-ZnO (2nd and third samples from left)
showed a darker color. A further increase of the
fraction of T-ZnO appeared to reduce the color
intensity (P3 and P4, 3.5 and 7.5 wt % T-ZnO) UV/
Visible spectroscopy supports this observation.
Absorption spectra in the range 700-500 nm were
recorded for the switched samples (Figure 4a). The
samples P1 and P2 showed higher absorptions than
the SP sample. The sample P4 with the highest
fraction of T-ZnO exhibited the smallest absorption.
The observed higher absorption in samples P1 and
P2 is most likely due to the multiple reflections
caused by the prism like tetrapodal ZnO structures
as compared to the pure sample SP. As there is no
green emission in the pure sample SP, the absorption
is higher than that of samples P3 and P4. These
findings validated the theory that the T-ZnO may
function as a light guide for UV irradiation and that it
thereby can serve to improve the photochromic
switching of spiropyran. The photochromicity of
spiropyran was restrained in the samples P3 and P4,
this was probably due to a combination of the UV
absorption of T-ZnO and its green emission. These
combined effects appeared to reduce the effective
photoswitching of spiropyran under UV irradiation.
Despite their different photoswitching efficiencies,
all samples showed a clear reversible switching with
no signs of photo bleaching up to 17 irradiations
(Figure 4b). The ripples observed in the spectra of
the samples P3 and P4 might be an effect caused by
the whispering gallery mode resonances from the
hexagonal arms of ZnO tetrapods.>®¢0 For a
qualitative study on the “Turn Off’ mechanism of
merocyanine to spiropyran, the sample SP was
irradiated with UV light for 30 s and was allowed to

thermally relax to a photostationary equilibrium.
Meanwhile, an absorption spectrum was recorded
every 10 min, cf. Figure 4c. To follow the decay of
merocyanine, the absorbance between the range
562-568 nm has been recorded and is plotted in
Figure 4c. The thermal decay of merocyanine at this
range follows a biexponential curve with the
individual half lifetimes of T1 = 7 min 15 s and Tz =
83 min 23 s. This system with the second order
kinetics is similar to the solid suspension of
spiropyran nanocrystals studied by Breslin et al.61.62
However, the total relaxation of merocyanine was
not observed even after 6 h of thermal decay time,
the broad peak of merocyanine can still be observed
in the absorption spectra shown in Figure 4c. This is
an ideal system for an indication of damage by a
color change which is easily detectable even for the
naked eye hours after the damage has occurred. The
response of the composites with respect to
mechanical force was analyzed by exposing the
samples to a “Hammer test” (for more details see SI
Figure S5). In this test, a hammer with a spherical
shaft (tip) was allowed to fall from a defined height
onto the sample (each hit generating pressure up to
24 kPa), while observing the color and other changes
occurring in the sample during repeated hammering.
Over several hits, a color change from yellow-orange
to purple occurred, while at the same time cracks
appeared. To help visualization the hammering test,
a schematic representation of the color changing
effect and the crack appearance in the polymer
composites is shown in Figure 5a. The average
impact force required to change the color of the
polymer composites SP, P1, P2, P3, and P4 governed
by the conservation of momentum was calculated
(Supporting Information, SI Table S1) and plotted
(with error bars) as shown in Figure 5b. From the
plot (Figure 5b) it is clear that the force needed to
cause switching of spiropyran in the sample P4 was
much higher in comparison to the other samples
with lower weight fraction of T- ZnO. This might be
the effect of the interconnected nature of T-ZnO,
higher concentration of the network of tetrapodal
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Figure 5. (a) Pictorial representation of the crack formation and the color switching in the polymer composites subjected
to the “Hammer test”. (b) Plot showing the average impact force required to damage the polymer matrix causing a color
change (c) Polymer composites before being subjected to the mechanical stress. (d) Polymer composites after being
subjected to the “Hammer test”. The bruises caused by the high impact force of the hammer in the samples are visible as the

polymer composites at the point of impact, which turned purple.

structure embedded in the polymer matrix enhanced
the mechanical stability allowing the system to
endure higher impact force.384047 The digital camera
pictures in Figure 5c and d demonstrate the samples
before and after they were subjected to the “Hammer
test”. In Figure 5d, the color change after the
mechanical stress is clearly visible. In all the
samples, the color change only appeared at the point
of impact (POI) evidently indicating the area which
underwent the high mechanical stress. The sample
P1 showed a color change at the POI before the
cracks appeared. The force required to cause a
switch in P1 is slightly (~115 kPa) higher than for
the sample SP (~106 kPa). With merely 0.5 wt % of
T-ZnO in the polymer composite, P1 showed higher
impact resistance and effective fatigue indication.
Monitoring the samples after hammering is a
challenging task. It is difficult to measure the

absorption spectra of these samples after the
“Hammer Test” as the samples either have cracks or
they fall apart.

In addition to the composite’s response to light
and force, heat was also investigated. The effect of T-
ZnO on the thermochromic activity of spiropyran
was examined in detail. The samples SP, P1, P2, P3,
and P4 were positioned as represented in the
enclosed black frame of Figure 6 and heated on a
heating plate. The red frame encloses all the samples,
which were heated together and held for a period of
30sat60,80,100, and 150 °C. With the exception of
sample SP, which turned opaque, no polymer
composites with T-ZnO showed any changes. All the
samples seemed to attain a similarly colored state at
each temperature.
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Figure 6. Schematic representation of the sample
positions during the thermochromic tests for clarity. The
polymer composites shown in the blue frame are the SP,
P1, P2, P3 and P4 before heat treatment. The red frame
shows the samples heated up to 60, 80, 100, and 150 °C
and held for 30 s. The green frame presents the
composites cooled to room temperature, 20 °C. The purple
frame shows the cooled composites after green light
irradiation (560 nm) 60 s.

The polymer composites at 150 °C displayed an
intense color change. At such high temperature, the
unordered polymer chains in PTU gain higher
mobility increasing the free volume in the polymer
matrix. With higher free volume, there is lower
spatial hindrance to form merocyanine. Hence, in the
red frame of Figure 6, the image captured at 150 °C
illustrates that every sample reached similar dark
purple colored state independent of the
concentration of T-ZnO. In some cases reported in
the literature, heat is used to switch the mechanically
opened merocyanine back to spiropyran2s and
examples of inverse thermal switching of the
spiropyran derivative that was used here in aqueous
media have also been published before.3 However,
the  thermodynamic  equilibrium  between
spiropyran and the merocyanine depends mainly on
two effects, the first effect comes from the functional
groups of the spiropyran dye which changes the
electron density in the molecule and second effect
comes from the polarity of the surrounding
(typically  the Mostly  studied
mechanochromic systems consist of spiropyran in

solvent).

the polymer backbones whereas the system
presented here can be visualized as a “frozen
colloidal solution”.2¢ The PTU matrix can be seen as
solvent and due to its high polarity, merocyanine is

stabilized. The effect of inverse thermal switching of
the same spiropyran dye dissolved in an aqueous
media has been reported. However, the addition of
T-ZnO seemed to have no particular effect on the
thermochromic activity of spiropyran. To avoid
decomposition of PTU, the samples were cooled
together from 150 °C to room temperature (20 °C).
As seen in the image enclosed by the green frame in
Figure 6, all the polymer composites switched back
to almost their preheated state. Whereas heating
caused no damage to the switches, the samples did
not completely recover their original state after
cooling. The cooled samples were irradiated with
green light (530 nm) for 60 s to prove that the
remaining merocyanine present can be switched
back to spiropyran.

4. CONCLUSIONS

In summary, our research findings demonstrate a
simple dispersion based method to produce
multistimuli composite materials with potential real
life applications such as stress reporting sensor,
photochromic and thermochromic coating etc. It
consists of a polymer matrix, polythiourethane
(PTU), in which tetrapodal ZnO particles are
dispersed as a solid support. The most important
component of the system studied here, responsible
for the multistimuli activity, is spiropyran.
Spiropyran was successfully utilized as a thermo-,
photo-, and mechanochromic switch as a composite
at a low concentration of 0.5 wt % with respect to
the polymer matrix. This is the first example of
mechanochromism of spiropyran in a polymer
composite system, without covalently binding to the
polymer matrix. Additionally, it was possible to tune
the response of spiropyran to UV light with the
T-ZnO. Both enhancing and
suppressing the photochromism was achieved by

assistance of

merely varying the concentration of T-ZnO, while
keeping the thermo- and mechanical switching
behavior of spiropyran unaffected. At low
concentrations, T-ZnO works as a light guide for the
UV light, because of its crystalline facets. High
concentrations of T-ZnO lead to a decrease in the
photoswitching of spiropyran, which is a result of
the combination of its UV absorption and the broad
green emission. Additionally, the T-ZnO increased
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the impact resistivity of the PTU/SP composites. The
switching under stress and heat of spiropyran were
proven independent from the fraction of T-ZnO. This
successful stimuli separation by a nonstandard
integration of self-reporting ability in polymer
composites opens the door for numerous outdoor
applications.
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Text
1. Abbreviations

The use of abbreviations follows the conventions from the ACS Style guide. In addition, the
following abbreviations were used.

Abbreviation Meaning

ATR Attenuated total reflection (IR)

Cosy Correlation spectroscopy

dd (NMR) Doublet of doublets

El Electron ionization

FT Fourier transform

HMBC Heteronuclear multiple bond correlation
HPLC High performance liquid chromatography
HSQC Heteronuclear single quantum coherence
NOESY Nuclear Overhauser enhancement spectroscopy
TOF Time-of-flight mass detector

2. Analytical Equipment

NMR spectra were either recorded on a Bruker DRX 500 (‘H NMR: 500 MHz) FT-NMR
spectrometer. '"H NMR and '3C{'H} NMR spectra were referenced against the solvent residual
proton signals (*H) or the solvent itself ('3C).

The exact assignment of the peaks was performed by two-dimensional NMR spectroscopy such as
'H COSY, 'H NOESY, 'H/"*C HSQC or 'H/"*C HMBC if possible.

Mass spectrometric measurements were performed in the positive ion collection mode using a
JEOL-Accu TOF 4GGCV EI mass spectrometer. Electron ionization was performed using an
ionization potential of 70 eV.

UV spectra were recorded at 20 °C using a Perkin Elmer Lambda 900 UV spectrometer. Melting
points were measured on an electrothermal [A6304 capillary melting point apparatus and are

uncorrected.

The irradiation experiments were carried out using LED light sources with an optical power of 680
mW (360-370 nm) and 20 W (520-530 nm).
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Materials
1’,3’,3’-Trimethyl-6-nitrospiro[chromene-2,2’-indoline]
8l gl

Molecular structures of 1°,3°,3’-Trimethyl-6-nitrospiro[chromene-2,2’-indoline]
Melting point: 7= 160 °C, Lit:' 178 — 179 °C

'TH NMR (500 MHz, CDCls, 300 K): 6 = 8.03 — 7.99 (m, 2H, H-5, H-7), 7.21 (ddd, *J=7.7 Hz, *J
=7.4Hz,*J=1.0 Hz, 1H, H-6"), 7.09 (dd, *J = 7.2 Hz, *J= 1.0 Hz, 1H, H-4"), 6.93 (d, *J =

10.3 Hz, 1H, H-4), 6.89 (ddd, *J = 7.4 Hz, >J=7.2 Hz *J=1.0 Hz, 1H, H-5"), 6.77 (d, *J = 8.5
Hz, 1H, H-8), 6.56 (d, >J=7.7 Hz, 1H, H-7"), 5.86 (d, >J = 10.3 Hz, 1H, H-3), 2.75 (s, 3H, H10),
1.30 (s, 3H, H8”), 1.19 (s, 3H, H-9°) ppm.

13C NMR (126 MHz, CDCls, 300 K): 6 = 160.0 (C-6), 147.8 (C-7°a), 141.1 (C-4a), 136.3 (C3’a),
128.4 (C-4), 128.0 (C-6"), 126.0 (C-7), 122.8 (C-5), 121.8 (C-3), 121.7 (C-4"), 119.9 (C-5°), 118.8
(C-8a), 115.6 (C-8), 107.2 (C-7°), 106.5 (C-2), 52.4 (C-3"), 29.0 (C-10), 26.0 (C-9°), 20.1 (C-8")
ppm.

IR (ATR): ¥ = 3068 (w), 2963 (m), 2866 (m), 1656 (w), 1609 (m), 1575 (m), 1509 (m), 1488 (s),
1441 (m), 1382 (w), 1364 (m), 1330 (s), 1301 (m), 1269 (s), 1184 (m), 1122 (m), 1089 (s), 1022
(m), 1016 (m), 949 (s), 916 (s), 838 (m), 807 (s), 782 (m), 750 (vs), 681 (s), 627 (m), 573 (m),
550 (m) cm’!

HRMS (EI-TOF): m/z (%): [M]" calcd for [C1oH1sN203]" 322.13174; found 322.13148 (56),
159.10 (100) [M-Ph-O-NO»-C,Ha]".

Monomers for the Synthesis of Polythiourethane (PTU)

HS @] O>_/*SH
O O //NV\/\/\N/,C//O
o: :o ©
A~
HS @] 0] SH
PETMP

Molecular structures of the two components pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP) and hexamethylenediisocyanate (HDI) of polythiourethane (PTU).
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Figure S1: '"H NMR spectrum of 1°,3”,3’-rimethyl-6-nitrospiro[chromene-2,2’-indoline] in CDCls.
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Figure S2: *C {'"H! NMR spectrum of 1°,3°,3’-trimethyl-6-nitrospiro[chromene-2,2’-indoline] in
CDCls.
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Figure S5

Figure S5: Schematic drawing of the “Hammer test”. The hammer is pulled up to a pre set height
and released to fall on the sample freely.

Table S1: The average impact force measured required to damage the polymer matrix causing a color

change
Sample name Average impact Standard error
pressure to cause (YErt)
switching (kPa)
SP 106.252 8.064
P1 115.434 8.296
P2 144.293 18.643
Ps 162.657 14.956
P4 232.18 3.935
References
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Abstract

A major conflict faced in the largescale machineries is real-time damage identification. High
mechanical stability offered by the glassfiber reinforced polymer composites (GFRPCs) also
poses issues with unpredictable material failure. This creates a requirement for cost-effective
stress sensors to indicate material damage before a malfunction occurs and to precisely
identify the initial site and the extent of a damage. The challenge in GFRPCs is that the failure
may originate at arbitrary positions, minute differences in the fiber/matrix coupling
eventually develops into the primary point of a failure. This work presents a molecular stress-
sensitive sensor embedded in polymer matrices such as polythiourethane (PTU) and Epoxy,
reinforced by glassfibers. Spiropyran (SP) is used as a self-reporting particle filler. Polymer
matrix covering the woven glassfibers contains as little as 0.5 wt% SP. In the given study, the
PTU/SP composite with and without glassfiber reinforcement are studied for their self-
reporting property. However, only the samples with reinforcement behave like ideal self-
reporter by exposing a damage via color change well before any visible cracks appeared.
Comparison tests of SP with different matrices show that the amine-based hardener used to
cross-link epoxy resin reacts with the SP molecules. Underlying mechanisms involved in the
mechanochromic responses of the PTU/SP composites are investigated and discussed.

Introduction

Prognostic of an internal damage in a polymer composite well before it leads to material
failure has been an objective of several studies.[1-31In addition to damage indication, a reliable
material requires high mechanical strength and flexibility.[4-¢] The lightweight glass and
carbon fiber reinforced polymer composites (GFRPC or CFRPC) are high-performance
materials due to its superior mechanical stability. They have been commercialized in
numerous fields such as the automotive, aviation industry, wind energy power generators

and construction engineering.[+7] Environmental conditions such as exposure to UV
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irradiation, temperature changes, high winds, humidity etc. lead to accumulative and
irreparable damages over time affecting such polymer composites.[8°! To uncover the sources
of damages, industries employ non-destructive methods namely acoustic emission,
shearography, pulsed thermography, X-ray/gamma-ray analysis etc.[10] Despite the effectivity
of these methods, they are mostly applicable for post damage analysis and are time
consuming as the entire length and width of the material needs to be scanned to discover and
evaluate the depth of a damage. To reduce the inspection time and to receive live information
on the state of a material, more recently self-reporting coatings were developed. For example,
fluorescent proteins functionalized glass fibers embedded in epoxy resin were used as
delamination indicators.[!1l Another example is photoluminescent tetrapodal zinc oxide
(ZnO-T) filled polydimethylsiloxane (PDMS) composites demonstrated stress induced
damages.[12-14] However, such components must be dismantled and they require additional
equipment for assessment, making this an ex-situ technique as well. The key disadvantage of
an ex-situ analysis is that the damaged parts need to be removed and transported for testing,
furthermore these processes can be inconclusive in finding the point of impact. With a built-
in sensor, this intricate step of handling damaged parts can be avoided. The current study
therefore focuses on fabricating a polymer composite with an in-situ stress sensor with pre-
failure indication.

Spiropyran (SP) is a widely employed stimuli responsive molecular switch that has been
used in composite systems as a particle filler.[15-18] [t is an organic molecule that isomerizes
in response to heat, light and most importantly, to mechanical stress.[17.19-22] By undergoing
a transformation from the closed (spiropyran) to the open (merocyanine) form the dye
changes its color in response to the afore mentioned stimuli from almost colorless to an
intense purple.[1618] Making SP a molecular sensor, which is sensitive to the changes in its
surroundings. Such molecular force sensors can be embedded in a polymer composite, which
can indicate damages at an early stage. To study the compatibility of SP as a particle filler
with different polymer matrices, highly cross-linked epoxy resin and polythiourethane (PTU)
were used. The thermally and chemically inert PTU is highly transparent and stable to UV
exposure, it has emerged as an ideal matrix for antifouling and anticorrosion coatings.[2324]
Monomers involved in the fabrication of PTUI23] are solvent free and are comparatively less

toxic than a bisphenol-A containing epoxy resin.[26-28]
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Fabrication of components with an in-situ force indicator involves only an additional step
to the standardised hand lay-up/?°l method of lamination, however, the overall cost is
comparatively much lower than the cumulative cost of a post-damage analysis approach. The
molecular switch based damage identifying strategy is minimal and efficient, merely
~0.5 wt% of SP in a composite is sufficient for direct damage detection as demonstrated in
recent work on PTU/SP composite where interconnected network of ZnO-T was used as an
additional filler to enhance the photochromic response and to provide mechanical
reinforcement.l>] However, this stress responsive composite only showed color change
concurrent to material failure. Presented work demonstrates the straightforward production
of a mechanochrome combined glassfibers reinforced PTU composite. Detailed
investigations on the composite samples reveal the in-situ mechanochromic sensing
capability of the polymer composite which provides pre-indication of a propagating material
failure. Direct relevance of the gradual color change in the mechanochromic polymer

composite to the accumulated impact force was established in the given study.

Periodic impact testing of the mechanochromic polymer composite

The PTU and spiropyran polymer composite without reinforcement is labelled as PTU/SP,
the PTU and spiropyran sample with glassfiber reinforcement is called as GFPS and the epoxy
and spiropyran composite with reinforcement is named as GFES. All the samples comprised
0.5 wt% of SP. These samples were subjected to a periodic impact force using a self-made
»+Hammer test” generating one strike per second (each strike yielding up to ~24 kPa impact
pressure).[15] For an ideal damage detection, it is essential that a color change appears before
the material fails. The reinforced polymer composites were examined under SEM after
sample preparation. The cross-sectional micrographs of the samples GFPS and GFES

(Figure 1.) showed no sign of delamination between the glassfibers and the polymer matrix.
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Figure 1. SEM micrographs of the cross-section of the GFPS and GFES samples at consecutively decreasing
magnifications. (a)-(c) Are the micrographs with decreasing magnification of the woven glassfiber mat covered
by PTU/spiropyran. (d)-(f) Are the micrographs with decreasing magnification of the woven glassfiber mat
embedded in the epoxy/spiropyran matrix. The sketch in the image (f) represents the alignment of the fiber mat
uniformly infiltrated by the SP containing matrix, yellow surrounding symbolizes the polymer matrix.

During the periodic impact test, two stages were verified: average number of hits required
to induce color change and the average number of hits leading to material failure. To track
these features, an image was taken after each impact and the photomontage of the tests on
the polymer composite SP and GFPS are shown in Figures 2. and 3. (related image stacks of
the impact tests are attached in the SI). The corresponding forces were calculated with the
equation presented in the SI and the results are summarized in Table 1.[15]

Table 3. The average number of hits under the “Hammer test” required to cause damage in the polymer composites with and
without the woven glassfibers are calculated and recorded in the following table.

Sample Force required to show visible color change (kPa) Force required to cause material failure (kPa)

PTU/SP 408 432
GFPS 648 1248
GFES No color change 720
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Figure 2. Periodic impact test of the polymer composites without glassfiber reinforcement. (1) First image of the
series was of the sample before the test started. An image was taken after every strike to make a photo montage
of the test until material failure occurred (at (19)). A discoloration appears already in the fourth image at the
point of impact. Purple color of the open form of the mechanochrome (merocyanine) develops in the 12th image.
A crack emerges at the 19th strike with further color change. Color change as a result of mechanical stress
intensifies gradually until the sample cracks further.

In the sample PTU/SP, switching of SP to merocyanine and the material failure occurred
almost simultaneously (see Figure 2. and Table 1.). At the impact pressure of ~432 kPa, the
sample PTU/SP failed while a strong color developed only a strike earlier (408 kPa). Although
a discoloration (in Figure 2.), could already be observed at 264 kPa (image 12, strike 11), it
was not an evident enough indication of the upcoming damage. The SP additive in the sample
GFPS (Figure 3.) self-reports damage with a strong color change at the point of impact at
~432 kPa (image 19), well before the cracks appear. Even in GFPS a slight color change
emerged at 264 kPa (image 12 in Figure 2.), such changes could only be tracked by camera
with a high resolution, whereas the color change arising at ~456 kPa was visible to the naked

eye.
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Figure 3. Periodic impact test of the polymer composites with glassfiber reinforcement (GFPS). (1) First image of
the series was of the sample before the test started. An image was taken after every strike to track material damage
with a mechanochrome. This photo montage contains images of every strike until material failure occurred. A
discoloration appeared in the second image at the point of impact. Visibly perceivable color change due to
mechanical stress (spiropyran to merocyanine) developed in the 19th image. After the 54 strikes, a crack emerged
with further color change. The color change intensified gradually until the sample cracked further.

For more precise quantification in tracking the color change, average brightness of the
green color channel contribution in these images was tracked at the point of impact using
Image] (Figure 4.). As these samples were not colorless to begin with, rather yellow-orange,
the red and blue channels were less sensitive than the green channel to the color change
(separated RGB image stacks are given in the SI). Accumulated impact pressure
corresponding to the number of strikes were plotted against the green color contribution
(see Figure 4.), a standardised green color scalebar is provided for reference. The average
green color intensity was observed to be in direct relevance to the development of
merocyanine. The plot (Figure 4.) contains the response of PTU/SP and GFPS to mechanical
stress. For the initial three strikes on the sample PTU/SP there was a very slight color
development, and four to six strikes induced continuous and substantial color change finally

showed a significant drop in green color intensity immediately after the material failed.
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Figure 4. Quantitative analysis of the color development during the periodic impact test. This plot demonstrates
changes in the brightness of the green color channel under impact. Images of the sample PTU/SP and GFPS
showing color change corresponding to the subjected impact are presented. On the right side of the plot is the
green color scale bar that was used as a reference for quantification.

The strikes six to twelve caused no further color development. After the 13th strike (288 kPa),
a prompt decline in green channel could be observed until the 18th strike (408 kPa), strikes
19 to 22 induced cracks and drastic color change at the same time. A maximum color change
was visible after the material failed at ~528-552 kPa. Contrary to this, the sample GFPS
showed a notable color development before severe material damage. Similar to the sample
PTU/SP, the color development paused after 288 kPa. As the periodic impact test continued,
the color change progressed steadily, the green channel darkened around 35th strike. This
visible indication grew stronger episodically until the material failed at the 52nd strike

(Figure 4.). The glassfiber reinforced samples GFPS and GFES demonstrated much higher
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Figure 5. (a), (b) and (c) are the samples PTU/SP, GFPS and GFES before the “Hammer test”. (d), (e) and (f) are
the respective images after impact test. (a) And (b) polymer composites PTU/SP and GFPS before the
mechanochromic test showed a similar color as they had the same PTU matrix. (c) GFES showed a different and
darker color before the mechanochromic test. (d) and (e) are the images of the completely damaged PTU/SP and
slightly cracked GFPS after the mechanochromic test showing an evident color change. (f) is the fractured GFES
that does not exhibit a color change.

impact resistance compared to the sample PTU/SP. The samples GFPS and GFES developed
cracks only after 57 hits (corresponding to ~1.2 MPa) and 30 hits (~720 kPa) respectively
(Figure 5.). Although the polymer composite with epoxy matrix (GFES) exhibited a good
impact resistivity with only minor fractures after 30 hits (~720 kPa), no color change

occurred at the point of impact.

Interaction of the mechanochrome with epoxy resin and amine-based
hardener

The mechanochrome in GFES samples (Figure 5.) clearly did not respond to the applied
force. As the curing mixture of the commercial epoxy resin is a complex system to study, to
simplify the issue, reactivity of SP with each component of the polymer was investigated
separately. The physical curing conditions were adapted in a way that the reactions could be

analyzed by nuclear magnetic resonance (NMR) spectroscopy. For these experiments, SP was
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dissolved in tetrahydrofuran (THF) with individual and representative components of both
hardener and epoxy resin. During these tests, evidence of an amine induced cleavage of SP to
form its precursor indoline and imines was observed. In an equimolar mixture with
xylylenediamine, 90% of the SP molecules reacted to form indoline. This observation was
unexpected, as the spiropyran was synthesized under basic conditions using secondary
amines as catalysts.!18] However, in the NMR experiments with the other components such as
salicylic acid and two epoxy compounds, SP remained inert. The exact experimental
procedure and evaluation of the obtained data are provided in the SI. Despite the differences
compared to the normal curing procedure, it is likely that this or a similar reaction occurs in
the mixture of epoxy resin, hardener and SP while curing. Excess amines present in the
hardener while producing the polymer composites with only 0.5 wt% of SP facilitates such a
reaction. The fragmentation product, 1,3,3-trimethyl-2-methyleneindoline is commercially

available as dark red liquid, explaining the red coloration of the sample GFES.

Conclusions

Compatibility tests of the mechanochrome, SP, with PTU and commercial epoxy matrix
(GFES) were performed. SP proved to be compatible and showed an excellent
mechanochromic property in PTU, however it was incompatible with the curing conditions
of an epoxy matrix. In the periodic impact test, reinforced PTU showed a 60% higher impact
resistance than the reinforced commercial epoxy matrix. The curing conditions were
simulated in solution with the representative compounds of the hardener and the epoxy
prepolymers and the results were monitored by NMR spectroscopy. It was possible to
observe a degradation of up to 90% of SP in presence of one equivalent of xylylenediamine.
Consequently, there is a need to find other, less reactive mechanochromes which would be
compatible with the epoxy curing process. The PTU/spiropyran polymer composite was
reinforced with woven glassfiber mats, to improve its impact strength. The presented system
displayed a color switch at the point of impact to approx. 25% of the impact force
corresponding to material failure. In the range between the first notable color change and
the point of failure, the sample’s color change responded almost linearly to the applied
impact force. This is an evident indication provided by the built-in stress sensor SP. The color

change due to mechanical stress in the sample GFPS occurred at the initial stage of the
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surface damage before the integrity of the composite’s internal structure was compromised.
Reinforced PTU composites, GFPS, were produced and tested for its mechanosensitivity and
emerged as an ideal material for impact sensing. To observe the change of SP to merocyanine,
(color change from yellow to purple) the histogram of the green color channel in the image
series can be used as an efficient tool to track the stress applied to a coating to learn about

the stage of a damage.

Materials and methods

Detailed synthetic procedure of the molecular switch, SP and its analytical data can be
found in the supporting information. The “epoxy resin L” and the “hardener S” and the plain
woven glassfibers with an areal density of 163 gm-2 used for the reinforcement were
purchased from R&G Faserverbundwerkstoffe GmbH. The PTU matrix, a two-component
polymer, was bought from FPT Fluid- & Prozesstechnik GmbH. Both matrices were used and
processed without further treatment, following the suppliers’ instructions.

Different types of samples were prepared: polymer composites with and without
glassfibers. SP was used in all the samples as a stress indicator to compare the
mechanochromocity and the impact resistance of the composite system. In all the samples,
SP was used at a concentration of 0.5 wt% and the glassfiber concentration was at ~8 wt%.
The PTU composite containing solely spiropyran (PTU/SP) as an additive without the
glassfibers was produced analogously to previous work.[15] This composite system was
further reinforced with of woven glassfibers (GFPS). The PTU/spiropyran was coated onto
the woven glassfibers as explained in the following procedure: A 20 vol% of the mixture
made of monomers pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and
hexamethylene diisocyanate (HDI) were mixed at a weight ratio of 1:1.4 respectively with SP
(0.5 wt% of the whole polymer composite) casted into a mold so that a uniform layer was
obtained. A rectangular woven glassfiber mat (70*70 mm2) was placed over the mixture and
the remaining 80 % of the uncured monomer / SP mixture was poured over the glassfiber
mat. Subsequently, the sample was placed for 20 h in a furnace at 80 °C. To compare the GFPS
composite system to the commercially available epoxy polymer, epoxy/spiropyran coated
glassfiber (GFES) samples were prepared similarly. SP was first well dispersed into the

hardener and epoxy resin (45:100 parts by volume of hardener : resin) was later added to
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the dispersion, the unpolymerized mixture was coated onto the glassfiber mat. The coated

glassfiber mats (thickness, 5 mm) were later cut into smaller samples of the size 20*20 mm2

for further investigations.
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Abbreviations

The use of abbreviations follows the conventions from the ACS Style guide.[!l In addition,

the following abbreviations were used.

Abbreviation Meaning

ATR Attenuated total reflection (IR)

COSY Correlation spectroscopy

dd (NMR) Doublet of doublets

El Electron ionization

FT Fourier transform

HMBC Heteronuclear multiple bond correlation

HSQC Heteronuclear single quantum coherence
Analytical Equipment

NMR spectra were recorded on a Bruker Avance Neo 500 (1H NMR: 500 MHz) FT-NMR
spectrometer at 300 K. 1H NMR and 13C{1H} NMR spectra were referenced against the solvent
residual proton signals (1H) or the solvent itself (13C).

The exact assignment of the peaks was performed by two-dimensional NMR spectroscopy
such as 1H COSY, 'H NOESY, 1H/13C HSQC and 'H/13C HMBC.

Mass spectrometric measurements were performed in the positive ion collection mode
using a JEOL-Accu TOF 4GGCV EI mass spectrometer. For electron spray ionization (ESI), a
Thermo Fisher Q Exactive Plus mass spectrometer with a quadrupole orbitrap was used in
positive and negative ion collection mode with an ionization potential of 3.2 kV.

IR spectra were measured using a Perkin Elmer Paragon 1000 FT-IR spectrometer
equipped with an A531-G Golden-Gate-ATR-unit.

The irradiation experiments were carried out using LED light sources with an optical
power of 680 mW (360-370 nm) and 20 W (520-530 nm) at the LED.

Scanning electron microscope (SEM) from Carl Zeiss (10 kV, 10 pA) was used to investigate

the samples in the presented work.
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Materials

1’,3,3’-Trimethyl-6-nitrospiro[chromene-2,2’-indoline]

Materials: 1,3,3-Trimethyl-2-methyleneindoline was purchased from Sigma-Aldrich Co.
(Aldrich, 97%), 2-hydroxy-5-nitrobenzaldehyde was purchased from TCI Co. (>97%) and
ethanol was purchased from Acros (anhydrous, 299.5%, stored over molecular sieves). All

reagents were used without further purification.

1,3,3-Trimethyl-2-methyleneindoline (7.80 g, 45.0 mmol) and 2-hydroxy-5-
nitrobenzaldehyde (7.52 g, 45.0 mmol) were dissolved in EtOH (125 mL) and heated to 78 °C
for 3 h. Then the reaction mixture was cooled to -25 °C and the crystallized product was

obtained after filtration as a green powder (12.7 g, 39.4 mmol, 88 %, Lit.: 89 %)

Melting point: T=176 °C, Lit: 178 - 179 °C[2

1H NMR (500 MHz, CDCl3, 300 K): 6 = 8.03 - 7.99 (m, 2H, H-5, H-7), 7.21 (ddd, 3/ = 7.7 Hz, 3] = 7.4 Hz, ¥/ = 1.0 Hz, 1H, H-6"),
7.09 (dd, 3/ = 7.2 Hz, 4/ = 1.0 Hz, 1H, H-4), 6.93 (d, 3 = 10.3 Hz, 1H, H-4), 6.89 (ddd, 3 = 7.4 Hz, 3/ = 7.2 Hz ¥ = 1.0 Hz, 1H, H-
5),6.77 (d, 3/ = 8.5 Hz, 1H, H-8), 6.56 (d, 3/ = 7.7 Hz, 1H, H-7"), 5.86 (d, 3/ = 10.3 Hz, 1H, H-3), 2.75 (s, 3H, H-10"), 1.30 (s, 3H,
H8’), 1.19 (s, 3H, H-9") ppm.

13C{1H} NMR (126 MHz, CDCI3, 300 K): 6 = 160.0 (C-6), 147.8 (C-7’a), 141.1 (C-4a), 136.3 (C-3’a), 128.4 (C-4), 128.0 (C-6"),
126.0 (C-7),122.8 (C-5),121.8 (C-3), 121.7 (C-4), 119.9 (C-5’), 118.8 (C-8a), 115.6 (C-8), 107.2 (C-7"), 106.5 (C-2), 52.4 (C-
3),29.0 (C-10’), 26.0 (C-9"), 20.1 (C-8’) ppm.

IR (ATR): 7 = 3069 (w), 2966 (w), 2866 (w), 1655 (w), 1610 (m), 1575 (m), 1509 (s), 1488 (s) 1443 (m), 1364 (m), 1333
(vs), 1303 (s), 1271 (vs), 1185 (m), 1123 (s), 1089 (vs), 1022 (s), 950 (vs), 930 (s), 913 (s), 807 (vs), 752 (vs), 681 (s), 628
(m), 575 (m), 550 (m), 518 (m) cm-L.

HRMS (EI-TOF): m/z (%): [M]* calcd. for [C19H18N203]+ 322.1317; found 322.1292 (67), 159.10 (100) [M-Ph-0-NO-CzHz]-.
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Sample preparation

The “epoxy resin L”, the “hardener S” and the woven glassfibers with an areal density of
163 gm2 used for the reinforcement were purchased from R&G Faserverbundwerkstoffe
GmbH. The components for the PTU matrix, were bought from FPT Fluid- & Prozesstechnik
GmbH. Both matrices were used and processed without further treatment, following the

suppliers’ instructions.

;
(20 yo\% of pre—po\yme )

I ' : = L3 Pour rest of the
15 B H J pre-polymer

Figure SI-2. A sketch of the sample preparation method. Pre-polymer (20 vol%) was poured into a silicone mold as a first
step. Woven glassfiber mat was sliced to exactly fit the mold and placed on the pre-polymer. Rest of the pre-polymer was
poured on to the glassfiber mat. This arrangement was set in a furnace for 20 h at 80 °C for complete polymerization. The
cured reinforced polymer composite was sliced into smaller pieces for “Hammer test”.

Polymer composites with and without glassfibers were produced as explained in this
section. Spiropyran (SP) was used in all the samples as a stress indicator to compare the
mechanochromocity and the impact resistance of the composite system. In all the samples,
SP was used at a concentration of 0.5 wt% and the glassfiber concentration was at ~8 wt%.
The PTU/spiropyran (PTU/SP) was coated onto the woven glassfibers as explained in the
following procedure. The monomers pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP) and hexamethylene diisocyanate (HDI) were mixed at a weight ratio of 1:1.4 with
SP. After 15 min of degassing, 20 vol% of this mixture was cast into a mold so that a uniform

layer was obtained. A rectangular woven glassfiber mat (70*70 mm?2) was placed over the
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unpolymerized layer and the remaining 80% of the mixture was poured over the glassfiber
mat (see Figure SI-1). The sample was later placed for 20 h in a furnace at 80 °C. To compare
the GFPS composite system to the commercially available epoxy polymer, epoxy/spiropyran
coated glassfiber (GFES) samples were prepared similarly: PTU/SP was first hand-dispersed
into the hardener and epoxy resin (45:100 parts by volume of hardener : epoxy) was later
added to the dispersion, the unpolymerized mixture was coated onto the glassfiber mat as
explained earlier. PTU/SP, GFPS and GFES i.e., sheets with and without glassfiber mats
(thickness, 5 mm) were later cut into smaller samples of the size 20*20 mm? for further

investigations.

Hammer Test

The “Hammer test” test (Figure SI-1) involved a hammer weighing 2.141 kg with a hinge
at its base falling freely on the samples. The test was repeated periodically until a color
change was observed. The force required to damage the system was determined by the

number of hits needed to cause a color change from orange to purple.

Figure SI-2. Sketch of the “Hammer test”. The hammer shaft is drawn to a defined height and released on to the sample
freely.

The impact force was calculated using the following equation F=m-g-sin@ =m -g -1/,

where F is Force, m is weight of the hammer head, g is acceleration due to gravity, h is height
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of fall, and 1 is length of the hammer. Pressure per impact was calculated using p = F/, where

a is the area of impact or point of contact. The measured area of impact was 1.53 e* m2.

Image Analysis

Corresponding videos were created with Image] by stitching the images taken after each
hit under periodic impact test of the samples PTU/SP and GFPS. An RGB hyper stack was
created using Image] for the purpose of quantitative analysis. Videos of the impact test of the
sample PTU/SP with separated red, blue and green filter to observe which color shows the

most transformation under impact. These videos are attached separately.

Analysis of the Spiropyran Failure in the Epoxy Matrix

SP in the epoxy matrix could not be used as a stress indicator. SP is a molecule with several
functional groups and the components for the epoxy polymer also contains a high number of
compounds with various functional groups. It is plausible that undesired reactions between
these components and the SP making the molecule inactive. In order to shed some light on
this, several experiments were performed:

The supplier of used epoxy system, R&G Faserverbundwerkstoffe GmbH, specifies the
“Epoxy Resin L” as a three-component mixture, consisting of an epoxy resin as pre-polymer,
phenylglycidyl ether formaldehyde resin as reactive pre-polymer and 1,6-hexanediol
diglycidyl ether as reactive monomer (shown in Figure SI-3). The “Hardener S” is a mixture
of six components. Two styrenated phenols, 2-hydroxy benzoic acid and three primary
amines are combined to ensure complete curing within 24 hours above 5 °C. Since the
supplier specifies only percentage ranges for each component, accurate investigation of the
reaction of SP with the hardener and resin during the curing was not feasible. Instead, four
model compounds representing the functional groups in both resin and hardener were
chosen. Isopropyl glucidyl ether (iPr-Epoxy) and phenyl glucidyl ether (Ph-Epoxy)
represent the reactive components in the “Epoxy Resin L”. The “Hardener S” contains phenol
groups, benzoic acid groups and amines. Here 2-hydroxybenzoic acid (HBA) and m-

xylylenediamine (XDA) was chosen as representative components.
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The four reference compounds (iPr-Epoxy, 98%; Ph-Epoxy, 99%; HBA, 299% and XDA,

99%) were purchased from TCI Co and used without further purification.

Composition of "Epoxy Resin L" Composition of "Hardener S"
Me_ Me O
J O 8 or @
O/\/\O 2.5-10%
Me
n
n o o 5
o) exact substitution pattern H2N Hy
OK/O{V}O\/Q not provided 25-50% 10-25% 2.5-10%
6
10-25% 10-25% Me MeMe
Hsz NH, HoN NH,
10-25% 10-25%

Model compounds used to simulate curing conditions
(20 umol in THF-dg (550 pL))

Me o\/ﬁo O\/AO
Y Cr L,
Me 1. Addition of spiropyran OH

iPr-Epoxy Ph-Epoxy (20 umol) HBA XDA
Me
2.1h,25°C — 2.1h,25°C
3.20h,70°C O 3.20h,70°C
o v
Me
no reaction no reaction no reaction decomposition

of spiropyran

Figure SI-3: Composition of the commercial epoxy system. Top: Composition of the purchased Epoxy Resin L and Hardener
S from R&G Faserverbundwerkstoffe GmbH. Bottom: Four model compounds were selected for the investigation of the
possible reaction of SP during the curing process. The compounds were dissolved in THF-ds, before adding SP. Only the
sample with XDA lead to decomposition of the SP as shown by NMR spectroscopy.

Each of the four compounds (20 Elmol) were mixed with SP (20 BImol) in THF-ds and
placed in sealable NMR tubes in a nitrogen filled glove box. To understand the interaction
between SP and the components three 1H NMR spectra were taken: immediately after mixing,
after resting for 1 h at 25 °C and after resting for 20 h at 70 °C.

The 1H spectra of the SP and the four equimolar mixtures after the complete heating cycle
is displayed Figure SI-3. All spectra were recorded using the same settings and are not
individually rescaled. The signals corresponding to the protons of the SP can be found in all
spectra, however, are notably less intense in the top spectrum, corresponding to the mixture

with XDA. The signals of the proton H-3 and the methyl groups H-8" and H-9’ (compare
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section 4) are the most distinct ones to control the SP’s stability and highlighted in Figure
SI-2.

— — H8'&H-9
H-3 5
Spiropyran |
*+XDA A J Ak | M I | 1
4
Spiropyran
|
~HBA MR T S h [ l
]
Spiropyran
+Ph-Epoxy I b b [ o ﬂ 1 I §
2
Spiropyran L |
+iPr-Epoxy Ia " J . N U .
F1
THF THF L
Spiropyran N jh o Il j | .

T T T T T T T T T T T T T T T T T T

T
9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
Chemical Shift (ppm)

Figure SI-4: Overview of the stability test. The 1H spectra of (bottom to top) SP, SP + iPr-Epoxy, SP + Ph-Epoxy, SP + HBA,
SP + XDA after resting at 70 °C for 20 h are shown. All spectra were recorded with the same settings and were not rescaled.
The blue box highlights the signal of the proton H-3 and the red box highlights the signal of the methyl protons H-8”and H-
9’ (compare section 4) of the SP. The intensity of these signals is drastically reduced in the top spectrum, corresponding to
the mixture of SP and XDA. The signals corresponding to the solvent THF-d8 are labeled in the bottom spectrum.

In order to reveal the kind of reaction that could have occurred with XDA, the sample with
SP and XDA was fully investigated using NMR methods. First, a switching to the open
merocyanine form could be excluded as the characteristic signal of the ethylene bridge was
absent. Whereas the coupling constant of the protons (H-3 and H-4, compare to Chapter 0
in this SI) is approx. 10 Hz in the closed form, it increases to approx. 15 Hz in the open form.[3I
It was possible to identify 1,3,3-trimethyl-2-methyleneindoline (Ind) and 5-
nitrosalicylaldehyde-1,3-xylylenediimine (SXI) as products, proving a cleavage of the
ethylene bridge in the SP. ESI mass spectrometry of the reaction mixture proved the presence

of the four mentioned compounds in high resolution. An additional set of signals was

detected in 1H and 13C{1H} NMR. As in SX]I, it contains signals corresponding to imine bridges.
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However, it might be structurally similar to SXI and could not be assign this set of signals to

a reasonable product.

Me
H2N/\@NH2 Me
Me e ©\)/<:CH2
XDA N
Me
5 Vo, T

M 70°C, 20 h Ind
© : O,N N NF NO,
spiropyran
OH HO
SXI

Scheme SI-1: Confirmed ring opening reaction of SP in presence of xylylenediamine (XDA). 1,3,3-Trimethyl-2-
methyleneindolene (Ind) and 5-nitrosalicylaldehyde-1,3-xylylenediamine were identified as products. The broken SP
bonds are indicated as red wavy lines.

The NMR shifts data were obtained by measuring the reaction mixture. Assignment of the
peaks was done by using spectra of the pure compounds SP, XDA and Ind as reference. The
ESI measurement was performed using an ionization potential of 3.2 kV. SP, XDA and Ind

were detected in positive ion mode; SXI was detected in negative ion mode.

Signals assigned to SP:

10' 7

1H NMR (500 MHz, THF-ds, 300 K): 6 = 8.08 (d, %/ = 2.8 Hz, 1H, H-5), 8.01 (dd, 3/ = 9.0 Hz, 4/ = 2.8 Hz, 1H, H-7), 7.12 - 7.08
(m, 2H, H-4, H-6"), 7.05 (dd, 3] = 7.4 Hz, 4/ = 1.3 Hz, H-4"), 6.83 (d, 3/ = 9.0 Hz, 1H, H-8), 6.79 (ddd, 3/ = 7.4 Hz, 3] = 7.4 Hz, 3] =
1.0 Hz, 1H, H-5"), 6.54 (d, 3] = 7.7 Hz, 1H, H-7"), 5.95 (d, 3] = 10.3 Hz, 1H, H-3), 2.72 (s, 3H, H-10"), 1.28 (s, 3H, H-8’), 1.17 (s,
3H, H-9’) ppm.

13C{1H} NMR (126 MHz, THF-d8, 300 K): 6 = 160.6 (C-8a), 148.8 (C-7a"), 142.1 (C-6), 137.0 (C-3a’), 129.3 (C-4), 128.4 C-6"),
126.3 (C-7),123.3 (C-5),122.3 (C-3), 122.1 (C-4’), 120.4 (C-5), 120.0 (C-4a), 116.1 (C-8), 107.7 (C-7"), 107.3 (C-2), 52.9 (C-
3", 28.9 (C-10’), 26.2 (C-8’), 20.2 (C-9"). ppm.

HRMS (ESI-Sector): m/z: [M+H]* calcd. for [C19H19N203]*+ 323.1390; found 323.1385.
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Signals assigned to xylylenediamine (XDA):

1H NMR (500 MHz, THF-ds, 300 K): 6 = 7.30 - 7.27 (m, 1H, H-2), 7.19 - 7.11 (m, 3H, H-4, H-5, H-6), 3.76 (s, 4H, H-7), 1.39 (s,
4H, NHz) ppm.

13C{1H} NMR (126 MHz, THF-ds, 300 K): § = 145.3 (C-1, C-3), 128.6 (C-5), 126.4 (C-2), 125.6 (C-4, C-6), 47.4 (C-7) ppm.
HRMS (ESI-Sector): m/z: [M+H]* calcd. for [CsH13N2]* 137.1073; found 137.1072.

Signals assigned to 1,3,3-trimethyl-2-methyleneindoline (Ind):

8 9

7 Me 11
10
1H NMR (500 MHz, THF-ds, 300 K): 6 = 7.06 - 7.01 (m, 2H, H-4, H-6), 6.67 (ddd, 3] = 7.4 Hz, 3] = 7.4 Hz, 3] = 1.0 Hz, 1H, H-5),
6.55 (d, 3/ = 7.8 Hz, 1H, H-7), 3.82 (q, 5/ = 1.9 Hz, 2H, H-11, H-11"), 3.01 (s, 3H, H-10), 1.29 (s, 6H, H-8, H-9) ppm.
13C{1H} NMR (126 MHz, THF-ds, 300 K): 6 = 163.4 (C-2), 147.3 (C-7a), 138.2 (C-3a), 128.2 (C-6), 122.3 (C-4), 119.1 (C-5),
105.7 (C-7), 73.5 (C-11), 44.7 (C-3), 30.2 (C-8, C-9), 28.7 (C-10) ppm.
HRMS (ESI-Sector): m/z: [M+H]* calcd. for [C12H16N]* 174.1277; found 174.1275.

Signals assigned to 5-nitrosalicylaldehyde-1,3-xylylenediimine (SXI):

4 20H © Y Ho
3 5'
1H NMR (500 MHz, THF-d8, 300 K):1 6 = 8.68 (m, 2H, H-a), 8.38 (d, 4/ = 2.9 Hz, 2H, H-6), 8.17 (dd, 3] = 9.2 Hz, 4 = 2.9 Hz, 2H,
H-4), 7.35 (m, 1H, H-2’), 7.28 (m, H-5"), 7.18 (m, H-4', H-6"), 6.94 (d, 3] = 9.2 Hz, 2H, H-3), 4.85 (m, 4H, H-b) ppm.
13C{1H} NMR (126 MHz, THF-d8, 300 K): § = 169.5 (C-2), 166.4 (C-a), 139.9 (C-5), 138.2 (C-1’, C-3"), 129.1 (C-6), 128.5 (C-

4),127.5 (C-2"),127.1 (C-5'), 126.7 (C-4’, C-6"), 119.2 (C-3), 118.4 (C-1), 62.45 (C-b) ppm.
HRMS (ESI-Sector): m/z: [M-H]- calcd. for [C22H17N40¢]- 433.1154; found 433.1152.

1 Due to the intensive overlap of signals with a chemical shift of 7.3 - 7.0 ppm in the tH NMR
spectrum, it was not possible to integrate reliably.
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1H and 13C{!H} NMR Spectra of 1',3',3"-Trimethyl-6-nitrospiro[chromene-2,2'-indoline] in

Plotted NMR Spectra
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1H NMR Spectra of SP, Isopropyl glucidyl ether (iPr-Epoxy) and the Reaction Mixture in THF-
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r3

ooy i hou | JL e | .

Me\ro\/A\O F2
Me

iPr-Epoxy L ' A I l A
Me pe

e :
Spiropyran | li " J l J[ !

Me
T T T T T T T T T T . T T T T T T T !

9.0 8.5 8.0 75 7.0 6.5 6.0 55 35 3.0 2.5 2.0 15 1.0 0.5 0.0

5.0 4.5 4.0
Chemical Shift (ppm)

~ 188 ~



1H NMR Spectra of SP, Phenyl Glucidyl Ether (Ph-Epoxy) and the Reaction Mixture in THF-ds
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1H NMR Spectra of SP, 2-Hydroxybenzoic acid (HBA) and the Reaction Mixture in THF-ds
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IH and 13C{tH} NMR Spectra of SP, Xylylenediamine (XDA), 1,3,3-Trimethyl-2-
methyleneindoline (Ind) and the Reaction Mixture in THF-ds
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Abstract- We demonstrate the fabrication and
response of a smart material combined with spiropyran
molecules. Spiropyrans belong to a class of compound
that constitute molecular switch. They change color in
response to different stimuli such as heat, UV light or
mechanical stress. These molecules have been
incorporated in polythiourethane (PTU) which is a
shape memory polymer. The observations revealed that
the molecular switches do not alter the physical
properties of the PTU in general; however, both, the
spiropyran molecules and smart polymer show changes
individually when exposed to heat. The microscopic
mechanisms of switching process in response to external
stimuli have been discussed in detail.

Keywords—Spiropyran, Merocyanine,
Polythiourethane, Shape memory polymer.

L. Introduction

Polymer based functional composites, which
exhibit the capability to respond to any external triggers,
e.g., heat, UV light, stress, etc., are important material
candidates for various applications. This kind of smart
polymeric materials equipped with shape memory
features, have found enormous applications in various
fields ranging from aerospace to building industries [1].
Very recently, there has been significant progress in the
direction of self- healing/reporting materials and these
auto-responsive polymers are the most appropriate
candidates in this context. The major drawbacks of the
present heat/light sensitive smart polymer coatings are
that they contain toxic metals and permanent
deformations of the polymer decrease the life-time of
the material.

The shape memorizing polymer matrix used in this
paper is polythiourethane, a thermo-set polymer, which
can be polymerized under solvent free conditions and
is thermally stable. Hence it could have tremendous
applications as a smart polymer. To make this shape
memory polymer more efficient, spiropyran is added to
the polymer matrix as a heat indicator.

Spiropyran has been used for its photo-responsive
properties for several applications such as light
modulated sensors [2] and for drug delivery [3].

These molecular switches have been used in our
work and were incorporated into PTU. The usual ways
of integrating spiropyran in a polymer matrix are either
by polymerization of spiropyran based monomers or
grafting of spiropyran on pre-formed polymer [4]. The
downside of these methods of well defined covalent
integration into a polymer is the accessible amount of
material and its comparatively high cost, which might
limit industrial usefulness. By adopting a simple
strategy of dispersion of spiropyran molecules in the
co-monomer, larger amounts can be obtained which is
the main focus in present work.

II. EXPERIMENTS

A. Materials

Solvent free PTU, a two component system, was
purchased from Fluid-& Prozesstechnik GmbH
(Waltershausen, Germany). Preparation of the polymer
was achieved by a poly-addition reaction between
pentaerythritoltetrakis- (3 mercaptopropionate) (Tol)
(2 mmol, 1 g) and 1,6-diisocyanatohexane (Iso)
component (8.0 mmol, 1.4 g).

(A) HS 0] O, SH
VO OM
D
HSﬂO OhSH
"Tol"
® O\N AN N\O
"Iso"

Fig. 1. Molecular structures of (A) the Tol component, and (B) the
molecular structure of Iso the component.

B. Sample preparation

The samples were prepared by dispersing 0.01 wt%
spiropyran in the co-monomer Tol for 20 min at 2000 rpm
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in a dispersion machine to obtain homogeneous
distribution of spiropyran. To this mixture, an appropriate
amount of Iso was added. After degassing the mixture in
a desiccator, the polymer blend was set into the moulds
and placed in an oven for 2 h at 75 °C for polymerization
process.

C. Response of PTU to heat

When heated, a pure PTU (without spiropyran)
above its glass transition temperature (85 °C), softened.
This allowed us to give the polymer any kind of shape
which was maintained upon cooling. The deformed
polymer returned to its original shape by an external
stimulus such as heat.

D. Switching mechanism of spiropyran in
response to an external stimulus

Spiropyran undergoes a reversible isomerization to
the corresponding merocyanine form under the influence
of an external stimulus such as heat. This causes changes
in the molecular structure of thermochromic Spiropyran
[5], resulting in the open ring structure called
merocyanine as illustrated in Figure 2.

Merocyanine

Spiropyran

Fig. 2. Reversible isomerization between spiropyran and
merocyanine in response to heat

I1. RESULTS AND DISCUSSION

The PTU/spiropyran samples with a given flat shape
(A) were heated to T = 100 °C slightly above their glass
transition temperature which softened the samples.
While cooling down from 100 °C, different shapes have
been given to the polymer, such as (B) and (C) [Figure 3
(8,0l

(A)

LR

[
%

Fig. 3 Different shapes of the PTU/spiropyran under temperature
controlled conditions. (A) Corresponds to the original shape of
PTU/spiropyran, (B) and (C) are folded and twisted shape of
PTU/spiropyran respectively

A folded PTU/spiropyran sample (Figure 3B) was
clamped on one side and solely its free end was heated
up to 100 °C gradually with a heating gun (Figure 4).
Under heat treatment, a complete shape recovery of the
folded sample could be achieved as demonstrated
clearly in by Figure 4 (a-h).

Fig. 4 PTU/spiropyran sample clamped on one end and only the
folded end is heated with a heating gun. From (a) to (h) the sample
was heated gradually up to 100 ° C and the shape recovery behavior
was clearly visible.

The PTU matrix consisted of a thermo-plastic and a
thermo-set part. The thermo-plastic part of the polymer
deforms upon heating. The thermo-set part of the
polymer restrains deformation due to the crosslinking
of SH-groups present in the Tol component with the
NCO-groups in Iso component. When the temperature
is above Tg, the polymer chains overcome inter-chain
forces resulting in softening the polymer which is
enough for deformation. Again when the polymer with
temporary shape is heated, the chain relaxes which
results in returning the polymer to its original shape.
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This has been described by schematic representation in
the Figure 5.

polymeris heatedona
heating plate and
deformed aboveits Tg

Heating only the folded
end of the deformed
polymer with heating

Fig. 5 Schematic representation of polymer chains incorporated
with spiropyran undergoing structural changes independently

The added heat indicator gains enough energy for
ring opening reaction at around 100 ‘C as presented in
the Figure 2. When cooled merocyanine returns to the
closed form independent of the changes taking place in
the polymer chains.

IV. CONCLUSION

A shape memory polymer with an integrated heat
Indicator has been successfully fabricated in a very
simple approach. With mere PTU, it is difficult to
recognize the reasons for the deformation process that the
polymer undergoes when it returns to its original shape.
However, with the spiropyran in the matrix, it enables one
to recognize if the deformation of the polymer was due to
the heat applied by the change of its color. This
PTU/spiropyan matrix was synthesized in an intelligent
way where the physical properties of both the materials
involved, were maintained independent of each other.
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8. Spiropyran Functionalized Microfibers

In this chapter, self-reporting spiropyran functionalised PMA fibers were centrifugally
spun and examined. These mechanochromic micro fibers showed significant potential for
materials that endure high strain. Enhancing the structural integrity of the PMA fibers by
blending them with a fraction of PMMA is the focus of the following study.

Personal contributions in the following article:
» Mechanical tests of the fibers
» Morpholigical analysis of the fibers under SEM
» Co-writing the manuscript

This manuscript has been submitted to journal of American Chemical Society, Applied

Materials and Interfaces
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ABSTRACT

Stimuli responsive polymers processed into micro-fibers bear the potential to be fabricated
as systems detecting stress-induced failures. We report the high-throughput preparation of
mechanochromic micro-fibers from a blend of poly(methyl acrylate) (PMA) functionalized
with spiropyran (SP) and poly(methyl methacrylate) (PMMA) via centrifugal force spinning
(CFS). To obtain mechanochromic fibers, the applied force must be sufficient to isomerize
the colorless SP to the purple merocyanine (MC) form. For an effective translation of the
force from the polymer chains to activate the mechanophore, bead free, non-fused, and
uniformly aligned fibers were desired. PMMA was added (1 to 5 wt %) to improve structural
stability, i.e. the shape of the micro-fibers. It emerged that a blend solution constituting 3 wt
% PMMA with an overall concentration of 28%, gave high-throughput fibers with an average
diameter of 8.0 um #* 2.3 pm. The micro-fibers showed reversible photochromism on
irradiation with ultraviolet (UV) light (360-370 nm) and green light (520-530 nm).
Furthermore, during mechanical testing, the polymer chains aligned in the direction of the
applied force switching SP into MC, indicated by a visible color change. These fibers detected
high strain deformations in real-time, before material failure and retained the
mechanochromic response after unloading. The outstanding benefit of processing high
quantities of fibers from polymer blends is the development of stress detectors tuned to
respond within the desired strain range. Such tunable mechanochromic micro-fibers may
have exceptional applications as components in composite materials for active stress
monitoring.

KEYWORDS: centrifugal spinning, mechanochromic, micro-fibers, poly(methyl acrylate),

poly(methyl methacrylate), polymer blends, photochromic, self-reporting fibers (SRF), spiropyran
(SP).
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INTRODUCTION

Mechanochromic polymers have garnered a growing interest in the last decade due to their
ability to signal material failures.1-> Chemical species known as mechanochromes, impart a
stress sensing ability by altering their optical properties in response to the induced force.6-8
The best researched mechanochromic compound is the yellow to colorless spiropyran (SP),
that reversibly switches to the highly colored purple merocyanine (MC) form.?-12 At present,
it is the primary choice to obtain mechanochromic polymers, as it can retain its switching
properties both, when covalently or non-covalently incorporated into a variety of
polymers.1381314 Furthermore, SP has been reported to respond to multiple stimuli in a
polymer-ceramic material when added in an amount as low as 0.5 wt %.15 Ideally, the
macroscopic force should align the polymer chains and SP in the direction of the applied
force, isomerizing it to MC in order to observe mechano-activation in polymers.1417
Additionally, for a detectable color change in response to the force before material failure, a
high sensitivity is crucial. All of these properties can be fulfilled by micro- and nano-fibers
which enhance stress indication due to an aligned microscopic matrix in contrast to bulk
polymers.17” Due to the large surface to volume ratio, SP functionalized fibers make a
promising stimuli-responsive material.18 The focus of the research presented here was
placed on high-throughput processing of fibers from SP functionalized poly(methyl acrylate)
(PMA-SP-PMA), using a self-designed centrifugal force spinning (CFS) machine. To account
for maintaining uniformity and reproducibility, the fibers were desired to be bead free.
Additionally, to overcome the structural deformations such as fiber-fiber fusion in PMA-SP-
PMA due to its low glass transition temperature (Tg), blends of the former polymer with
poly(methyl methacrylate) (PMMA) were prepared. The advantages of fabricating fibers
made from a polymer blend of a functionalized and a non-functionalized polymer, is that the
stimuli-responsive properties of the PMA-SP-PMA were imparted in the resulting blend.

This added stress-indicating property along with the high processing rate of the CFS
method is expected to enhance the applications of existing polymeric fibers already that are
used in textile,1 membranes,20 as scaffolds to tissue engineering in the biomedical field,21-23
for controlled drug release in cancer treatment?* and as reinforcements in composite

materials.25
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Micro-fibers can be prepared by a number of processes such as melt blowing,?2 phase
separation?¢, pressurized gyration,2” solution blowing,28 electrospinning?® and centrifugal
force spinning.39 Out of these techniques, electrospinning is widely used, however has
drawbacks due to its low production rate and hence is non-economical at industrial scale.31
As for the other techniques like phase separation and melt blowing, material choices are
limited to a narrow range of polymers.3! Therefore, there is a high demand to develop a
technique which overcomes these limitations. Centrifugal force spinning, also called rotary
jet spinning, gained attention due to its capability to produce nano- and micro-fibers at a
reasonable cost from a wide range of materials.26:31,32

In CFS (Figure 3), a concentrated polymer solution is rapidly ejected through a rotating
nozzle and the fibers are collected on the radially placed rods. During the spinning process,
both the centrifugal force and the air frictional force act on the solution.2> However, only
when the rotating speed exceeds a critical value, the centrifugal force overcomes the surface
tension of the solution and the liquid jet is ejected from the nozzle tip. The solvent evaporates
in-flight and the polymer fiber is finally caught on the collector rods.3! The fiber
characteristics such as fiber diameter and morphology depend on the fluid properties such
as viscosity and solution concentration as well on the operating parameters, namely nozzle-
collector distance, nozzle diameter and rotating speed.33

The main advantages of centrifugal spinning are the high production rate and the easy fiber
fabrication of polymer blends. In this work, polymer blends solution were optimized by
varying the weight ratio of PMA-SP-PMA and PMMA to achieve bead-free fibers. Finally, the
response of the fibers to UV irradiation and mechanical force was studied to demonstrate

their use as self-reporting fibers (SRF).

MATERIALS AND METHODS

If not stated otherwise, all chemicals were commercially available, of analytical grade and
used without further purification. The monomer methyl acrylate (MA, 99%, inhibitor MEHQ
(100 ppm)) was purchased from Sigma-Aldrich Ltd. and the poly(methyl methacrylate)
PMMA (Mn: 100 kDa, a colorless coarse powder), was purchased from Kunststoff- und
Farbengesellschaft mbH. The list of chemicals with purity and supplier (Table S1 and
Table S2) in section 2 of the Supporting Information (SI).
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The covalent incorporation of SP into the polymer backbone of PMA was carried out with
the spiropyran functionalized a-bromoester 1, as an initiator (Scheme 1). Using methyl
acrylate (MA) as the monomer (2), elemental copper as transition metal catalyst Cu(0), and
the ligand tris[2-(dimethylamino)ethyl]amine (MesTREN) (3), the atom transfer radical
polymerization (ATRP) was carried out in dimethyl sulfoxide (DMSO) as the solvent at 30
°C.2 The synthetic routel3 of the precursors molecules to 1 is shown in (Scheme S1, see SI
section 4). All experimental procedures with the corresponding chemical characterizations
(1H NMR, 13CNMR, IR, HRMS (EI-TOF)) and the melting points from DSC measurements are
given in the section 4 of the SI. The corresponding DSC plots, GPC plots and 1H NMR, 13CNMR
plots of the synthesized products are given in sections 9-11 of the SI.

Scheme 1. Synthesis of the mechanophore linked polymer PMA-SP-PMA via the ATRP
method.3

MeO. O
Me O
Br Me Me Me
Meﬂ\ﬂ/o g 0 © Me
v T )
N
o N o Q NO, \)J\OMe 2, MesTREN 3, Cu(0), N © O NO,
Me - Me
o DMSO, 30 °C, 2 h o
r\lle>2:o Me 0
Me PMA-SP-PMA  Me
Br n
o)
1 4 MeO

To determine the ideal concentration for centrifugal spinning of the fibers, six different
solutions of the synthesized PMA-SP-PMA (A1 = 11 wt %, A2 = 15 wt %, A3 = 18 wt %, A4 =
22 wt %, A5 = 25 wt %, A6 = 33 wt %) were prepared by dissolving the polymer in
tetrahydrofuran (p = 0.889 g/cm3, b.p = 66 °C) (Table S3, see Sl section 5). Furthermore, five
polymer blends (B1 to B5) of PMA-SP-PMA and the PMMA polymer were prepared with
increasing amount of PMMA (1 to 5 wt % respectively) and correspondingly decreasing
amounts of PMA-SP-PMA (27 to 23 wt %), whilst maintaining the overall concentration to
28 wt % (Table 4). All the solutions were stirred at 30 °C for 24 h followed by stirring for 15
min at 50 °C prior to spinning, in order to induce faster in-flight solvent evaporation.

Additional operating parameters are explained in the section 5 of the SI.
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Table 4. Overview of the mixing ratios of solid PMA-SP-PMA and PMMA polymers for blend
preparation of B1 to B5 with a constant overall blend conc. of 28 wt %.

Entry Label PMA:PMMA weight ratio in blend PMMA in blend (wt %)
1 B1 27:1 1.0
2 B2 13:1 2.0
3 B3 83:1 3.0
4 B4 6:1 4.0
5 B5 46:1 5.0

The polymer solutions A1 to A6 and B1 to B5 were processed into fibers using a self-
designed centrifugal spinning machine at 5000 rpm equipped with a 0.15 mm or a 0.20 mm

diameter nozzle respectively (Figure 3).

S A T . et L S
Figure 3. (a) Schematic and (b) the self-designed centrifugal spinning machine where 1)
radially placed collector rods; 2) spinneret; 3) solution injection inlet and reservoir; 4) DC
motor; 5) junction for nozzle attachment; 6) fibers; 7) exhaust to remove the solvent vapors
produced during spinning.

Nuclear magnetic resonance spectroscopy (NMR) spectra (1H NMR, 13C{1H} NMR) were
either recorded on a Bruker Avance NEO 500 (500 MHz, 126 MHz) or on a Bruker Avance II
HD 600 (600 MHz and 155 MHz) spectrometer. The NMR spectra were referenced against the

solvent residual proton signals (1H) or the solvent itself (13C{1H}).
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Mass spectrometric (MS) measurements were performed in the positive ion mode using a
JEOL-Accu TOF 4GGCV EI mass spectrometer or on the double focusing mass spectrometer
MAT 95+ or Mat 8200 form Finnigan Mat. Electron ionization (EI) was performed using an
ionization potential of 70 eV. Atmospheric pressure chemical ionization (APCI) experiments
were performed on a Bruker Impact II from Bruker Daltonics.

Infrared spectroscopy (IR) spectra were recorded on a NICOLET iS10 IR spectrometer with
a diamond-attenuated total reflectance (ATR) unit. Relative intensities of the IR bands were
described by vs = very strong, s = strong, m = middle or w = weak, b = broad.

The gel permeation chromatography (GPC) was performed on a PSS (polymer standard
service) SECurity GPC system after a conventional calibration using polystyrene standards
(PS). The polymer PMA-SP-PMA was dissolved in THF (1.5 mg/mL) and GPC spectra was
recorded and analysed (Mn = 89.5 kDa, Mw= 161 kDa, PDI = Mw/Mn = 1.8).

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DSC3+
instrument in aluminum crucibles (100pL), under nitrogen (Nz) at a flow rate of 20 mL/min.

Dynamic scanning calorimetry measurements (DSC) were performed on a Mettler Toledo
DSC3+ instrument in aluminum crucibles (40 pL, 100 pL), under nitrogen (N2) at a flow rate
of 20 mL/min and heating rates of 10 K/min or 5 K/min.

The fiber samples for scanning electron microscopy (SEM) analyses were collected
immediately after spinning. The samples were sputtered with gold to avoid sample charging
and were examined under a Ultra 55 Zeiss SEM (8-10 kV) at varying magnifications to
determine the fiber characteristics.

The UV-vis absorption measurements of the fibers (collected on the rods) were recorded
at 20°C in a Perkin Elmer UV/VIS NIR Spectrometer Lambda 900. The irradiation
experiments were carried out using UV light (central wavelength = 360-370 nm; optical
power = 680 mW; intensity = 2.2 mW/cm?2) and green light (central wavelength = 520-530
nm; optical power = 20 W; intensity = 64 mW/cm?). Absorption of each sample was
measured after 10 min of UV and 6 min of green light irradiation.

The tensile tests to characterize the mechanochromic behavior as well as the stress-strain
relationship were recorded on the tensile test machine Zwick 1445 with a 10 kN capacity

load cell.
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RESULTS AND DISCUSSION

The outcome of the spinning process has been observed to produce either beads-only,
beaded-fibers or the desired bead-free fibers.31.34 Fluid properties such as solution viscosity,
concentration, surface tension along with the rotational speed and the centrifugal force
acting on the solution jet, predominantly influence the resulting fiber morphologies.3! The
type of morphology obtained can be correlated to the polymer solution concentration spun
at a constant rotational speed.3* Therefore, the concentrations (wt%) of the polymer
solutions were controlled and optimized to yield uniform and bead-free micro-fibers at a
rotational speed of 5000 rpm through the smallest nozzle diameter (0.15 mm) available. For
the PMA-SP-PMA solutions, it was observed that the low-concentrated solutions A1, A2 and
A3 (11 wt %, 15 wt % and 18 wt % respectively) spun into a beads-only network (Figure
S2, see SI). It has been shown in the literature that a low polymer concentration and hence
low viscosity is insufficient to achieve the critical chain entanglement, essential for spinning
bead-free fibers.34 In order to reduce the bead formation as seen in A1 to A3, the viscosity
and thereby the polymer chain entanglement was increased by using higher solution
concentration. The increase in concentration to A4 (22 wt %), changed the fiber morphology

from beads-only to beaded-fibers (Figure 4). Further increase in the concentration to A5

(25 wt %) and A6 (33 wt %) reduced the bead formation, however, multiple fibers fused

Figure 4. SEM images of the A4, A5 and A6 fibers of the functionalized PMA-SP-PMA spun
at 5000 rpm from a 0.15 mm diameter nozzle. The marked regions (yellow) in A5 and A6
show fused fibers.

Additional increase in concentration above 33 wt % limited the laminar volumetric flow at

the given nozzle diameter (0.15 mm) due to the Hagen-Poiseuille law.35> As a result, the

throughput of the fibers reduced, considering which the nozzle diameter was changed to
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0.20 mm. The increased nozzle size yielded fibers with uneven diameter distribution, some
very large PMA-SP-PMA fibers (71 um), along with some sites of inter-fiber fusion
(Figure S3, see SI). Therefore, the optimization of the solution concentration and nozzle
diameter shows reduced bead formation but increased fiber fusing.

Such deformations in fibers may be due to an incomplete solvent evaporation, which is
crucial for high quality fibers and takes place in two stages. First, the mass transfer of the
solvent takes place at the surface of the jet in-flight, before reaching the collectors. Secondly,
the remaining solvent diffuses into the polymer matrix and evaporates post fiber
formation.32 However, the thermogravimetric analyses (TGA) of the A6 fibers (Figure S4,
see SI), show no sign of residual solvent in the fibers. Henceforth, we suspect that the low
glass transition temperature (Tg) of the elastomeric PMA (14 °C-17 °C)3> might be a reason
for the structural deterioration in the fibers. From the differential scanning calorimetry
(DSC) measurements, the Tgof the synthesized PMA-SP-PMA was found to be 14 °C (Figure
S5, see SI). Therefore, even at a higher polymer concentration (33 wt%), fiber-fiber fusion
(Figure 4) could not be avoided due to the intrinsic property (low Tg) of PMA-SP-PMA.
Consequently, in order to impart structural stability and retain the fibers’ structural
integrity, PMMA was added (1 wt% to 5 wt %) to the PMA-SP-PMA polymer and blends (B1
to B5) in THF (Table 4.) were prepared.

Atactic PMMA has a Tg of 106 °C to 114 °C,3> which should stabilize the structural integrity
of the fibers at ambient temperatures. The Tgof the commercially purchased PMMA was
measured to be 110 °C. The blend solutions were spun at 5000 rpm form a 0.20 mm diameter
nozzle as the fiber throughput through the 0.15 mm nozzle was insufficient for further
analyses. The fibers were collected for the SEM analyses and the images revealed that the
solutions of the blends B1 to B3 with PMMA (1 wt % to 3 wt % respectively), spun as bead-
free fibers (Figure 3). They were structurally stable and showed no fiber-fiber deformation
in comparison to the PMA-SP-PMA (A5 and A6) fibers (Figure 4). This implies that, the
addition of PMMA in merely 1 wt %, drastically reduces the deformities compared to fibers
from pure PMA-SP-PMA solutions. The fibers obtained from the polymer blend B1 were
stable even when spun in a strongly twisted orientation (Figure 3), indicating a significant

effect of PMMA for imparting mechanical stabilities in the fibers. Two more sets of bead-free
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fibers B2 (2 wt %) and B3 (3 wt %) of PMMA were obtained. Further increase of the amount
of PMMA, the solutions of the blends B4 (4 wt %) and B5 (5 wt %) formed fibers with large
beads (Figure S7, see Sl section 7), indicating that PMMA in 1 wt % to 3 wt % was the ideal
blending range for efficiently obtaining bead-free micro-fibers.

Due to the bead formation in B4 and B5, the average diameters of 15 fibers could only be
calculated for B1, B2 and B3 fibers, as 8.0 um + 1.5 pm, 9.8 ym + 4.0 pym and 8.1 um * 2.3 pm
respectively. Among the bead-free micro-fibers (B1 to B3), a high amount of fibers could be
collected for B3, which is required for further photochemical and mechanochemical
investigations. Additionally, the B3 fibers were unidirectional compared to the B1 and B2
sample, which either spun in a twisted fashion or branched networks of fibers (Figure 3).
For efficient mechano-switching, the alignment of both, the fibers and the mechnophore (SP)

are crucial. On account of which, B3 flbers were further analyzed

B1

B2

B3

Figure 5. Bead free SEM images B1, B2 and B3 blends havmg 1, 2 and 3 wt % PMMA
respectively spun at 5000 rpm from a 0.20 mm diameter nozzle. The marked regions
(vellow) indicate a single fiber diameter.
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Figure 6. SP to MC reversible switching of B3 fibers when irradiated with UV for 5 min on
each side followed by green light for 3 min on each side. The photographs show a fiber-mat
between two collector rods, folded several times to provide sufficient material.

The photochemical studies of the B3 fiber-mat were carried out by UV illumination to
isomerize the closed SP moieties and convert them to their open MC isomer.! The
transformation of SP to MC is due to the cleavage of the heterolytic C-O bond,1° giving rise to
an intense color change form light yellow to purple in the fibers (Figure 6a). The
isomerization is also plausible from the fluorescence of the MC form observed during UV
irradiation (Figure 6b).10 The highly colored MC form (Figure 6c) switches back to light
yellow coloration upon irradiation with green light (Figure 6d). The formation of the highly
colored, open-ring MC form is a result of the extended conjugation of the m-system, shifting
the characteristic absorption into the visible region (A = 550 to 570 nm) (Figure 7a). On
illumination with green light, the MC signal (Amax = 564 nm) disappeared, which confirmed
MC to SP back switching behavior in the fibers (Figure 7a). Spiropyrans undergo
photodegradation when subjected to multiple back and forth UV and green light
irradiations.193¢ [n order to examine the cyclic photochemical activity of SP in fibers, the B3
fibers were illuminated with alternating UV and green light for six cycles and the
corresponding spectra were measured after each irradiation. Absorption intensities at
564 nm were recorded and the ratio between the SP and MC values were plotted (Figure

7b). A non-significant linear decrease can be observed throughout the irradiation events.
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Figure 7. (a) UV-vis absorption spectra of the B3 fibers for the open MC form (red line) and
the closed SP form (black line) on irradiating with UV light and green light on each side for
5 min and 3 min respectively. (b) Absorption intensity (at Amax = 564 nm) ratios of SP and MC
of B3 fibers on illumination with UV and green light. (c) Thermal relaxation of MC-SP was
monitored for 17 h after irradiating the sample with UV light for 5 min on each side. The
absorption values (Amax = 564 nm) are fitted exponentially (red line with blue spots) to
procure the half-life time of the fibers.

The deviation at the fourth cycle might be a result of an experimental error. There was no
substantial photodegradation detected in the fibers for 12 irradiations. The reversible ring-
closing reaction from MC to SP can also occur via spontaneous thermal relaxation over time
(Figure 7c).3¢ The thermal back conversion of MC to SP was monitored for 17 h after
irradiating the fibers with UV light for 5 min on each side. At an interval of every 17 minutes,
absorption spectra were recorded at 20 °C (Figure 7c). The study revealed a very gradual

decrease in the absorption intensity with time. After 17 h of thermal relaxation, the intensity
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of absorption was reduced by 20 % from that measured at O h, indicating slow
transformation of the specimen towards the photostationary equilibrium. The exponential
decay revealed a half-life time of T =15 h 12 min * 3 h. As a result, this system is well-suited
to retain the color change and communicate the damage of UV light treatment in fibers for a
substantial amount of time.

480 %

80 % 640 %

@ ® @© @ @ O @

Figure 8. B3 fiber sample pictures at specific elongation values: (a) 0%; (b) 80% (c) 240%
and (d) 480%; B3 fibers (e) unloaded fibers after 480% strain (145 mm elongation), in which
the first sign of switching was observed; (f) unloaded after 640% strain (18.5 cm elongation),
cycled five times; (g) sample after failure.

Furthermore, to investigate the mechano-activation in polymers, the orientation of
mechanophores in the direction of the applied force is crucial.l* In order to qualitatively
prove the hypothesis, that mechanical force can induce SP to MC isomerization in the fibers
matrices, uniaxial tensile force was applied parallel to the B3 fiber matrix. The fibers (lo = 25
mm) were stretched in the tensile machine using a 10 kN load cell at the rate of 1 mm/s

(Figure 8). For every cycle, the elongation was increased by 20 mm and the sample was
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cycled between the extended position and the reference position. With increasing elongation
length, necking was observed in the fibers (Figure 8a-d). After an elongation of 145 mm, i.e.,
480% strain, a color change from yellow to light pink was observed throughout the sample
(Figure 8e). Such a delay before any detectable mechano-activation may have several
reasons. Firstly, the mechanical force may have been utilized to align the polymer chains of
the fibers in the direction of the applied stress. This may be attributed to the role of chain
entanglement, which is a dominant pre-requisite for fibers.3* Secondly, to orient the
mechanophores in the direction of the applied force. Therefore, a color change in fibers at
480% elongation demonstrates that sufficient mechanical force was applied to orient and
induce ring opening of SP into MC. The elongation cycles were continued until 180 mm and
then cycled five times, which enhanced the color change throughout the gauge length
(Figure 8f), before failure. This is in agreement that increase in the strain, increases the force
felt by the mechanophore which orients and isomerizes higher percentage of SP into MC.14
The fibers were further stretched until break point, where even the fragments had switched
and retained the color visible to the bare eye, post-rupture (Figure 8g). This makes the fibers
an ideal stress indicator, over a wide range of stresses/elongations. Such a system has the

potential to be applied as a self-reporting material for desired strain values.

CONCLUSIONS

In conclusion, using the high production-rate technique of CFS, bead-free and aligned fiber
mats from polymer blends were fabricated. The blend constituted of a mechanophore-linked
polymer PMA imparting the switching functionality and PMMA to improve structural
stability of the fibers. The method of polymer blending reduced the physical deformations in
fibers of functional polymer PMA-SP-PMA, by merely adding PMMA (1 wt % to 3 wt %). Most
importantly, the micro-fibers from the blend were structurally stable and active response of
photochemical and mechanochemical isomerization of SP to MC could be observed.
Therefore, stimuli-responsive properties of SP were successfully imparted in the resulting
blend by mixing a SP functionalized PMA-SP-PMA and a non-functionalized polymer PMMA.
The fibers reversibly respond to UV and green light for at least six cycles with negligible
photodegradation, making it suitable for sensing history of light exposure. The micro-fibers

withstand high pre-elongations of approx. 480%, after which uniform switching was
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observed with a color change visible to the bare eye. Using the method of polymer blending,
it may be possible to tune the pre-elongation of the resultant fibers, consequently tailoring
the mechano-activation in the desired stress/strain range for sensing material damage

before failure.
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1. Abbreviations

ATRP
ATR
calcd
DCM
DMAP
DMSO
DSC

El

ESI
GPC
HRMS
IR

IMC

Isp

MA
MC
MesTREN
MEHQ
M,

My
PDI
PMA
PMMA
PTFE

Py

RI
SEM
SP
SPS
SRF

TGA
THF
TLC
TOF
TREN
uv
UV-vis
wt %

atom transfer radical polymerization
attenuated total reflection
calculated

dichloromethane
4-N,N-dimethylaminopyridine
dimethylsulfoxide

differential scanning calorimetry
electron ionization

electron spray ionisation

gel permeation chromatography
high resolution mass spectrometry
infrared

absorption intensity of MC
absorption intensity of SP
methacrylate

merocyanine
tris[2-(dimethylamino)ethyl]amine
hydroquinone monomethyl ether
number average molecular weight
weight average molecular weight
polydispersity index

poly(methyl acrylate)
poly(methyl methacrylate)
poly(tetrafluoroethylene)
pyridine

retention factor

refractive index

scanning electron microscopy
spiropyran

solvent purification system
self-reporting fibers
glass-transition temperature
thermogravimetric analyses
tetrahydrofuran

thin layer chromatography
time-of-flight
tris(2-aminoethyl)amine
ultraviolet

ultraviolet-visible

weight percent
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2. Chemicals and Solvents
All chemicals and solvents were commercially available and were used as received unless

noted otherwise. The dry solvents were either purchased or dried with a solvent purification
system (SPS), from Inert Innovative Technology, Inc. Company. Inert reactions were carried
out using Schlenk techniques under a dry, inert nitrogen atmosphere. The copper catalyst
was stored in the glove box form the Inert, Innovative Technology, Inc. Company (0.1 ppm

0z and 0.1 ppm H20).

Table S5. List of supplies and purities of the solvents used.

Solvent Supplier Purity

Acetic acid Griissing 99.5%

Chloroform-d Euriso-top 99.8% D
Dichloromethane VWR HPLC grade, dry from SPS
Dimethyl sulfoxide VWR HPLC grade, dry from SPS
Dimethyl sulfoxide-ds Euriso-top 99.8%

Ethanol Sigma-Aldrich >99.8%

Ethanol (dry)
Ethyl acetate
n-Heptane
n-Hexane

Tetrahydrofuran

Acros Organics
VWR
AlfaAesar
Sigma-Aldrich

VWR

99.5%, extra dry
99.9%

>99%

>99.9%, HPLC grade

HPLC grade
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If not noted otherwise, all reagents were used as received.

Table S6. List of supplies and purities of the chemicals used.

Reagent Supplier Purity Comments

2-Bromo-2-methylpropionyl Sigma-Aldrich 98% stored in the glove

bromide box

3-Methyl-2-butanone TCI 99%

4-Dimethylaminopyridine Acros Organics 99%

4-Methoxy-phenyl hydrazine TCI >98%

hydrochloride

Ammonium chloride Carl Roth >99.7%

Copper (Cu (0)) Sigma-Aldrich >99.8% stored in the glove
box

Formaldehyde

Formic acid
Hydrobromic acid (aq.)

Hydrochloric acid in 2-
propanol

Iodomethane
Nitric acid
Magnesium sulfate

Methylacrylate

Methyleneindolene
Methylisopropylketone
o-Vanillin

Poly(methyl methacrylate)

Potassium hydroxide

Pyridine

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Acros Organics

Sigma-Aldrich
Sigma-Adrich
Grussing

Sigma-Aldrich

Sigma-Aldrich
Alfa Aesar
Sigma-Adrich

Kunststoff und
Farbengesellschaft
mbH

Sigma-Aldrich

Acros Organics

aq. 37% ACS, Reag. 10-15% Methanol

Ph. Eur as stabilizer
97%

48%

5-6 M

97%
100% (fuming)
99%

99% inhibitor
(100 ppm)

97%
98%
99%

M, :100 kDa

>85%
99.5%

MEHQ

~ 217 ~



Piperidine Acros Organics 99% dried with CaH2 and
storedina]. Young’s
tube under nitrogen

atmosphere
Sodium hydroxide VWR 98.5%
Sodium hydrogen carbonate VWR ACS, Reag. Ph. Eur
Sodium sulphate Sigma-Aldrich >99%
Silica gel 60 Merck
Tris(2-aminoethyl)amine Alfa Aesar 97%

3. Analytical Equipment

Nuclear magnetic resonance spectroscopy (NMR) spectra (1H NMR, 13C{1H} NMR) were
either recorded on a Bruker Avance NEO 500 (500 MHz, 126 MHz) or on a Bruker Avance II
HD 600 (600 MHz and 155 MHz) spectrometer. The NMR spectra were referenced against the
solvent residual proton signals (1H) or the solvent itself (13C{1H}).

Mass spectrometric (MS) measurements were performed in the positive ion mode using a
JEOL-Accu TOF 4GGCV EI mass spectrometer or on the double focusing mass spectrometer
MAT 95+ or Mat 8200 form Finnigan Mat. Electron ionization (EI) was performed using an
ionization potential of 70 eV. Atmospheric pressure chemical ionization (APCI) experiments
were performed on a Bruker Impact II from Bruker Daltonics.

Infrared spectroscopy (IR) spectra were recorded on a NICOLET iS10 IR spectrometer with
a diamond-attenuated total reflectance (ATR) unit. Relative intensities of the IR bands were
described by vs = very strong, s = strong, m = middle or w = weak, b = broad.

The gel permeation chromatography (GPC) was performed on a PSS (polymer standard
service) SECurity GPC system after a conventional calibration using polystyrene standards
(PS). The polymer PMA-SP-PMA was dissolved in THF (1.5 mg/mL) and GPC spectra was
recorded. The number average molecular weight (Mn) of PMA-SP-PMA was found to be 89.5
kDa.

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DSC3+

instrument in aluminum crucibles (100pL), under nitrogen (N2) at a flow rate of 20 mL/min.
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Dynamic scanning calorimetry measurements (DSC) were performed on a Mettler Toledo
DSC3+ instrument in aluminum crucibles (40 pL, 100 puL), under nitrogen (N2) at a flow rate
of 20 mL/min and heating rates of 10 K/min or 5 K/min.

The fiber samples for scanning electron microscopy (SEM) analyses were collected
immediately after spinning. The samples were sputtered with gold to avoid sample charging
and were examined under a Ultra 55 Zeiss SEM (8-10 kV) at varying magnifications to
determine the fiber characteristics.

The UV-vis absorption measurements of the fibers (collected on the rods) were recorded
at 20°C in a Perkin Elmer UV/VIS NIR Spectrometer Lambda 900. The irradiation
experiments were carried out using UV light (central wavelength = 360-370 nm; optical
power = 680 mW; intensity = 2.2 mW/cm?) and green light (central wavelength = 520-530
nm; optical power = 20 W; intensity = 64 mW/cm?). Absorption of each sample was
measured after 10 min of UV and 6 min of green light irradiation.

The tensile tests to characterize the mechanochromic behavior as well as the stress-strain
relationship were recorded on the tensile test machine Zwick 1445 with a 10 kN capacity

load cell.

4. Experimental Procedure

The synthetic route (Scheme S2) was designed by Potisek et al.l and Davis et. al.2 to
incorporate spiropyran (SP) covalently into the polymer backbone of poly(methyl acrylate)
(PMA). The precursors of SP have been previously synthesized,1-3 followed by the
functionalization of SP at position 5’and 8 using 2-bromo-2-methylpropionyl bromide.2 The
reported polymerization reaction was optimized to synthesis SP linked polymer (PMA-SP-

PMA) by a copper-catalyzed atom transfer radical polymerization (ATRP) method.!
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Scheme S2. Synthetic route to obtain SP covalently incorporation in the polymer backbone.!
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2-Hydroxy-3-methoxy-5-nitrobenzaldehyde (s2)3

0 _H

To glacial acetic acid (138 mL) and water (7 mL), o-vanillin (30.0 g, 197 mmol) was added
and the reaction mixture was cooled to 15 °C. A mixture of glacial acetic acid and fuming
nitric acid (v/v), (2/1, 30 mL) was added over the course of 45 min and the reaction mixture
stirred at 15°C for another 90 min. Thereafter, the solution was diluted with water
(300 mL). The formed yellow precipitate was filtered and washed with water (20 mL). The
precipitate was then washed with diethyl ether (30 mL) and the obtained powder was dried
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in vacuum (~ 1 mbar) to obtain the product 2-hydroxy-3-methoxy-5-nitrobenzaldehyde
(s2) as a beige solid (20.1 g, 102 mmol, 52%, Lit.:3 56%).2

1H NMR (500 MHz, DMSO, ): 6 =10.32 (s, 1 H, H-7), 8.09 (d, 4/ = 2.7 Hz, 1 H, H-6), 7.92 (d, ¥
= 2.7 Hz, 1 H, H-4),3.99 (s, 3 H, H-8) ppm.

13C NMR (126 MHz, DMSO0, ): 6 = 189.3 (C-7), 156.4 (C-5), 149.1 (C-3), 139.4 (C-2), 121.6 (C-
1), 115.7 (C-6), 110.3 (C-4), 56.8 (C-8) ppm.

IR (ATR): ¥ = 3093 (m), 2880 (w), 1667 (s), 1518 (s), 1480 (s), 1446 (s), 1393 (s), 1340 (vs),
1267 (vs), 1198 (s), 1092 (vs), 953 (vs), 884 (s), 765 (s), 721 (vs) cm-L.

HRMS (EI-TOF): m/z (%): [M]* calcd. for [CsH7NOs]* 197.0324; found 197.03120 (100);
151.0276 (38) [M-NO2]".

Melting point: T = 138 °C.

2 The 'H NMR, 13C{1H} NMR, IR, HRMS and mp data are in agreement with the reported.3
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2,3-Dihydroxy-5-nitrobenzaldehyde (s3)3

0._H

A solution of 2-hydroxy-3-methoxy-5-nitrobenzaldehyde (s2) (21.5g 109 mmol) in
aq. hydrobromic acid (48%, 363 mL, 6.70 mol) was heated to 140 °C for 5 h. Then, the
solution was allowed to cool to 20 °C, diluted with water (500 mL), and then cooled to 0 °C
and the precipitate that had formed was collected by filtration. It was washed with water
(100 mL) and was dried at 5 x 10-2 mbar to yield 2,3-dihydroxy-5-nitrobenzaldehyde (s3) as
a brown powder (18.2 g, 99.4 mmol, 92%, Lit.:3 95%).3

1H NMR (126 MHz, DMSO-ds, 300 K): 6 = 11.10 (s, -OH), 10.31 (s, 1 H, H-7), 7.99 (d, ¥ =
2.8 Hz, 1 H, H-6), 7.79 (d, 4/ = 2.8 Hz, 1 H, H-4) ppm.

13C NMR (126 MHz, DMSO0): § = 189.8 (C-7), 155.9 (C-2), 147.2 (C-3), 139.2 (C-5), 121.8 (C-
1), 114.6 (C-6), 113.2 (C-4) ppm.

IR (ATR): § = 3252 (b), 3088 (w), 1665 (s), 1624 (w), 1522 (s), 1461 (s), 1346 (vs), 1273
(vs), 1185 (s). 1094 (m), 951 (s), 903 (s), 756 (s), 743 (vs), 722 (s), 678 (s) cm-L.

HRMS (EI-TOF): m/z (%): [M]* calcd. for [C7HsNOs]* 183.0167; found 183.0158 (100).

Melting point: T = 231 °C.

3 The 'H NMR, 13C{1H} NMR, IR, HRMS and mp data are in agreement with the reported.3
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5-Methoxy-2,3,3-trimethyl-3H-indole (s6)3

4
11 MeO_s5 3a
D Me g
6 N

7a 1
In dry ethanol (260 mL), (4-methoxy)-ph7enyl hydrazine hydrochloride (s4) (10.0 g,
57.3 mmol) and 3-methyl-2-butanone (s5) (4.93 g, 57.3 mmol) were dissolved and heated
to 80 °C under a nitrogen atmosphere. After 5 h, the solution was cooled to 20 °C, and filtered
through silica gel (eluent: EtOAc). Purification by column chromatography gave the product
5-methoxy-2,3,3-trimethyl-3H-indole (s6) as dark brown solid (8.30 g, 43.9 mmol, 77%,
Lit.:3 78%).4

TLC (UV): Re= 0.5 (DCM/EtOAc = 0.5).
1H NMR (500 MHz, CDCls, ): § = 7.46 (d, 3] = 8.3 Hz, 1 H, H-7), 6.84 - 6.81 (m, 2 H, H-4, H-6),
3.82 (s, 3 H, H-11), 2.28 (s, 3 H, H-8), 1.29 (s, 6 H, H-9, H-10) ppm.

13C NMR (126 MHz, CDCl3, ): 6 = 186.4 (C-2), 158.3 (C-5), 147.1 (C-7a), 146.2 (C-3a), 120.0
(C-7), 112.3 (C-4), 108.3 (C-6), 55.8 (C-11), 53.9 (C-3), 23.3 (C-9, C-10), 15.3 (C-8) ppm.

IR (ATR): = 2963 (m), 2930 (m), 2865 (m), 2835 (m), 1614 (m), 1579 (m), 1462 (vs), 1432
(s), 1379 (m), 1289 (s), 1212 (vs), 1179 (s), 1145 (m), 1068 (vs), 1030 (vs), 943 (m), 900
(m), 866 (m), 820 (vs), 747 (m), 698 (m), 616 (m), 587 (m) cm-1.

HRMS (EI-TOF): m/z (%): [M*] calcd. For [C1zH1sNO]* 189.1148, found 189.1147 (100),
174.1 (80) [M-CH3]".

Melting point: T = 46 °C.

4The 'H NMR, 13C{1H} NMR, IR, HRMS and mp data are in agreement with the reported.3
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5-Hydroxy-2,3,3-Trimethyl-3H-indole (s7)3

10
Me

9
Ho. A 3a 2Me

5 / 2 Me 8

6 7 7a N1
To aq. hydrobromic acid (48 %, 146 mL, 1.29 mol), 5-methoxy-2,3,3-trimethyl-3H-indole
(s6) (8.30 g, 43.9 mmol) was added and the solution was heated to 140 °C for 2 h. The
solution was cooled to 20 °C, diluted with water (200 mL) and neutralized with solid NaHCO3
until the solution was basic (pH = 10). The aqueous solution layer was extracted with
dichloromethane (4 x 100 mL). The combined organic layers were washed with brine

(300 mL), dried over Na2SO0s4, filtered, and concentrated in vacuum to yield 5-hydroxy-2,3,3-
trimethyl-3H-indole (s7) as a brown solid (7.52 g, 43.0 mmol, 98%, Lit.3: 79%).>

1H NMR (500 MHz, CDCls, ): 6 = 7.32 (d, 3/ = 8.3 Hz, 1 H, H-7), 6.85 (d, ¥ = 2.3 Hz, 1 H, H-4),
6.78 (dd, 3] = 8.3 Hz, 4 = 2.3 Hz, 1 H, H-6), 2.27 (s, 3 H, H-8), 1.29 (s, 6 H, H-9, H-10) ppm.

13C NMR (126 MHz, CDCl3, ): 6 = 186.2 (C-2), 155.7 (C-5), 147.3 (C-7a), 145.0 (C-3a), 120.0
(C-7), 114.3 (C-6), 109.9 (C-4), 53.8 (C-3), 23.3 (C-9, C-10), 15.1 (C-8) ppm.

IR (ATR): 0 = 2967 (m), 2928 (m), 1713 (w), 1613 (m), 1592 (m), 1582 (s), 1462 (vs), 1423
(m), 1387 (m), 1360 (s), 1293 (s), 1270 (m), 1200 (s), 1191 (s), 1061 (m), 846 (m), 816 (vs),
764 (m), 622 (m), 460 (m) cm.

HRMS (EI-TOF): m/z (%): [M]* calcd. for [C11H13NO]* 175.0997; found 175.0995 (100);
160.0 (95) [M-CHs]".

Melting point: T = 178 °C.

5 The 'H NMR, 13C{1H} NMR, IR, HRMS and mp data are in agreement with the reported.3
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5-Hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (s8)3

11
Me 10

M
HO A 3a B"°
5 1/2 Me9
6 Z 7a N\@ |@

Me
8

To iodomethane (75.0 mL, 1.20 mol), 5-hydroxy-2,3,3-trimethyl-3H-indole (s7) (7.52 g,
43.0 mmol) was dissolved under nitrogen atmosphere and the solution was heated to 40 °C
for 15 h. The solution was cooled to 20 °C and was diluted with Et20 (15 mL) and filtered.
The crude product was purified by recrystallization from ethanol (20 mL) to yield 5-
hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (s8) as a light brown solid (13.2g,
41.6 mmol, 96%), Lit.:3 94%).6

1H NMR (500 MHz, DMSO): & = 10.24 (s, 1 H, -OH), 7.68 (d, 3/ = 8.7 Hz, 1 H, H-7), 7.12 (d, ¥ =
2.3 Hz, 1 H, H-4), 6.94 (dd, 3] = 8.7 Hz, 4 = 2.3 Hz, 1 H, H-6), 3.90 (s, 3 H, H-8), 2.67 (s, 3 H, H-
9),1.47 (s, 6 H, H-10, H-11) ppm.

13C NMR (126 MHz, DMSO0): § = 191.9 (C-2), 159.0 (C-5), 143.7 (C-3a), 134.1 (C-7a), 116.0
(C-7), 115.0 (C-6), 110.3 (C-4), 53.4 (C-3), 34.5 (C-8), 21.8 (C-10, C-11), 13.6 (C-9) ppm.

IR (ATR): 0 = 3127 (s), 2970 (s), 1610 (m), 1478 (m), 1447 (m), 1283 (m), 1218 (vs), 1128
(w), 1058 (w), 892 (m), 869 (m), 822 (vs), 648 (s), 553 (m) cm-L.

HRMS (ESI-TOF): m/z (%): [M-HI]* calcd. for [C12H1sNO]* 190.1226; found 190.1227 (35);
174.0 (100) [M-HI-CHs]*.

Melting point: T = 250 °C.

6 The 'H NMR, 13C{1H} NMR, IR, and HRMS data are in agreement with the reported.3
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1',3",3"'-Trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol (s9)3
To dry ethanol (180 mL), 5-hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (s8) (2.86 g, 9.02 mmol) and 2,3-

dihydroxy-5-nitrobenzaldehyde (s3) (1.67 g, 9.02 mmol) were added. Under a nitrogen atmosphere, dry

piperidine (1.8 mL, 18.0 mol) was added. The reaction was heated to 80 °C for 3 h. After cooling down to -

30 °C, the product s9 was filtered. A dark green solid was obtained (2.94 g, 8.3 mmol, 92%, Lit.:3 98%).”

IR (ATR): 9 =3206 (w, b), 2981 (w), 1627 (w), 1596 (m), 1512 (m), 1454 (m), 1412(s), 1273
(s), 1246 (s), 1214 (vs), 1180(vs), 1065 (s), 962(s), 864 (m), 814 (m), 801 (m), 765 (m), 740
(m), 545 (m) cm-1.

HRMS (EI-TOF): m/z (%): [M]* calcd. [C19H18N205s]* 354.36, found 354.120 (50), 175(100).

7The 1H NMR, 13C{1H} NMR, IR, and HRMS data agree with the reported data.3 The compound started to
decompose at 260 °C without a melting peak (see section 9).
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1',3",3'-Trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diylbis(2-bromo-2-
methylpropanoate) (1)?

5 0
13" ' 4+ Me Me
Me%ﬁfo S N
140 Me 4 [l 5 N 22
o \

In a 2-necked flask, 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol (s9)
(1.50 g, 4.20 mmol) and DMAP (259 mg, 2.12 mmol) were combined. Under a nitrogen
atmosphere, dry DCM (30.0 mL) was added. After 10 min, pyridine (1.40 mL, 17.0 mmol)
was added, and the solution was cooled to 0 °C. 2-Bromo-2-methylpropionyl bromide
(2.10 mL, 17.0 mmol) was added dropwise within the course of (0.05 mL/min) via a syringe
pump into the cooled solution. The solution was stirred at 0 °C for 90 min. The cooling bath
was removed and the reaction mixture stirred at 28 °C for 1 h before heating it to 50 °C for
2 h. The reaction was quenched with water (50 mL) and the organic layer was separated.
The combined aqueous layers were extracted with EtOAc (3 x 60 mL) to collect remaining
organic product. The combined organic layers were washed with aq. NH4Cl (2 x 70 mL), with
aq. NaHCOs3 (3 x 50 mL) and then with brine (2 x 70 mL). The organic layer was dried over
MgSO0s4, filtered and concentrated. The remaining solution of EtOAc (~ 10 mL) was
overlayered with n-pentane (100 mL) to induce crystallization of the product overnight.
After addition of another portion of n-pentane (200 mL), the solution was filtered to obtain
the product 1 as brown powder (1.60 g, 4.51 mmol, 58%, Lit.:1 50%).81 H, H-54/ = 2.6 Hz, 1
H, H-7),3J1 H,H-43] =8.3 Hz, 4/ = 2.3 Hz, 1 H, H-6'4/ = 2.3 Hz, 1 H, H-4’3] = 8.3 Hz, 1 H, H-7’'3 H,
H-8'6 H, H-13’, H-14'2 H, H-12 or H-11, two overlapping singlets3 H, H-9°3 H, H-10") 13C
NMR(126 MHz, CDCI3): 6 = 170.8 (C-11"), 169.3 (C-9), 150.9 (C-8a), 145.7 (C-72"), 144.7 (C-

8 The product 1 was prepared by modification of synthesis previously reported.! The 'H NMR, 13C{1H} NMR,
HRMS and mp data are in agreement with the reported.! IR data was not reported.
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5, 140.3 (C-8), 137.5 (C-3a’), 137.3 (C-6), 128.7 (C-4), 121.1 (C-3), 120.5 (C-5), 120.0 (C-6"),
119.6 (C-4a), 119.2 (C-7), 115.1 (C-4"), 107.9 (C-2), 107.5 (C-7"), 55.8 (C-12"), 54.1 (C-10),
52.1 (C-3"), 30.9 (C-13’, C-14’), 30.4 (C-11), 30.3 (C-12), 29.0 (C-8"), 25.9 (C-10"), 19.5 (C-
9') ppm.IR (ATR): & = 2971 (w), 1752 (s), 1522 (m), 1485 (w), 1453 (m), 1390 (w), 1333 (s),
1258 (s), 1179 (m), 1132 (s), 1101 (vs), 1079 (s), 902.7 (s), 785 (m), 770 (m), 743 (s).

HRMS (EI-TOF): m/z (%): [M*] calcd. for C27H2881Brz N20 7]* 652.0065, found 652.0091
(100), 650 (50) [M-79Br2]*.

Melting point: T =171 °C.

Tris[2-(dimethylamino)ethyl]amine (3)*

| |
/N\/\N/\/N\

1

/N\

Tris(2-aminoethyl)amine (TREN) was dissolved in dry methanol (150 mL). Then,
hydrochloric acid in 2-propanol (21.0 mL, 5-6 M) was added over the course of 20-30 min
using a syringe pump. The reaction mixture was stirred for 1 h at 24 °C, before the
precipitate was filtered and washed with methanol (3 x 100 mL). The solvent was removed
under vacuum and the slightly beige TREN-hydrochloride salt was dried (yield: 6.84 g).
This intermediate (6.84 g) was added to a mixture of water (12.0 mL), formic acid (56.0 mL,
1.40 mol) and formaldehyde solution (56.0 mL) and were heated to 120 °C for 6 h. The
residue was obtained by removing the volatile component via rotary evaporation and
aqueous solution of NaOH (5 M, 100 mL) was added until complete dissolution was
achieved. Solid KOH (50.0 g, 0.90 mol) was slowly added until the solution had a pH value of
14. The aqueous phase was extracted with EtOAc (5 x 75 mL). The combined organic
phases were dried over solid KOH and the solvent was removed under vacuum, followed by

fractioning vacuum distillation (52 °C, 5.7 x 10-2 mbar) under a nitrogen atmosphere. The
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product Tris[2-(dimethylamino)ethyl]amine (3) was obtained as a liquid (6.96 g, 30.2
mmol, 83%, Lit.:* 91%).°

1H NMR (500 MHz, CDCl3): 6 = 2.50-2.18 (m, 12 H, -CH2), 2.08 (m, 18 H, -CH3).

13C NMR (126 MHz, CDCl3) 6 = 57.3(-CHz2), 52.9 (-CH2), 45.8 (-CH3).

IR (ATR): U = 2940 (m), 2850 (w), 2814 (m), 2762 (s), 1455 (s), 1263 (w), 1153 (s), 1122
(m), 1030 (s) cmL.

9 The product 3 was prepared by a modification of synthesis previously reported.*5 The shift of 1H NMR and
13C{1H} NMR data are in agreement with the reported. As the molecule framents during the mass
measurement, the [M+*] could not be measured. The fragments were in aggrement with the structure.
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PMA-SP-PMA 41
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To the spiropyran initiator 1 (131 mg, 200 pmol), dimethyl sulfoxide (30 mL) was added and
the reaction mixture was stirred until the compound had dissolved. The chelating ligand,
MesTREN, (184 mg, 800 pmol, 4 eq.) was added. The catalyst, Cu(0), (50.8 mg, 800 pmol,
4 eq.) was added and the flask was sealed inside the glovebox. The monomer, methyl acrylate
(MA), (18.1 mL, 200 mmol, 1000 eq.) was added at the rate of 2 mL/min. The reaction was
stirred at 30 °C for 2 h under nitrogen atmosphere. The reaction flask was opened to air and
THF (100 mL) was quickly added to the viscous polymer solution. The reaction mixture was
filtered through a PTFE (0.45 pum) syringe filter to remove the catalyst particles. It was
purified by precipitation into diethyl ether (1 L) stirring vigorously, in five batches of 20 mL
polymer solution per 200 mL of Et20. The viscous polymer was re-dissolved in THF and the
precipitation step was carried out three times. The polymer was collected and was dried at

5x 10-2 mbar for 24 h. The polymer 12 slight yellow in color (13.9 g, 77%).

1H NMR (500 MHz, CDCl3): & = 3.66 (s, 3 H, -OCH3), 2.30 (s, -CH-), 1.94 - 1.39 (m, -CHz-)
ppm.

13C NMR (126 MHz, CDCl3) & = 175.1 (-carboxyl C), 51.9 (-OCHs3), 41.2 (-CHz) ppm.IR (ATR):
= 2954 (m), 2918 (w), 1727 (vs), 1436 (m), 1195 (m), 1157 (vs).

GPC (THF, 1 mL/min): Mn = 89.5 kDa, Mw = 161 kDa, PDI = Mw/Mx = 1.8.

DSC: Ty = 14 °C.
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5. Polymer Solution Optimization for Centrifugal Spinning and Processing

The preparations of the PMA-SP-PMA solution are given in Table S7.
Table S7. Overview of solution optimization of fiber spinning from PMA-SP-PMA solutions

in THF.

Entry. Label Polymer solution:

PMA-SP-PMA/THF (wt %)

1 Al 11
2 A2 15
3 A3 18
4 A4 22
5 A5 25
6 A6 33

These solutions were processed into fibers using a self-designed centrifugal spinning
machine (Figure S9.). The machine was operated on a DC motor (430 W, 33 V), equipped
with a spinneret, having a shaft length of 75 mm and rotational speeds that were adjustable
between 2000-6500 rpm. With a centrally located sample reservoir, the spinneret was also
harnessed with a junction for attaching dispensing needles of different sizes. The opening
diameters for these needles ranged from 0.15 -1.0 mm. The collectors were positioned
concentrically to the spinneret. The collectors were at a fixed distance of 10 cm from the
periphery of the spinneret, which was kept constant for all the spinning processes. The entire
setup was encased in a rectangular acrylic glass chamber. The fibers were processed by
spinning a batch of 2 mL solution per spin cycle and rotation speeds of 3000, 4000 and 5000
rpm respectively. The solvent vapors were simultaneously vented out at the rate of 170 m3/h

through an exhaust during the spinning process.
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Figure S9. (a) Centrifual force spinning machine with a spun fiber-mat of A5 solution at 5000

r.p.m and 0.15 mm nozzle diameter. (b) Fibers of A5 collected on a pair of tweezers.
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6. Fiber Morphology by SEM of non-blended PMA-SP-PMA Fiber

Scanning electron microscopy was used to characterize the physical nature of the fibers at
microscopic scale. Surface features such as texture and pore formation, outcome of spinning
parameters such as fiber branching, variation of fiber diameter and bead formation were
observed under SEM. This technique played the most significant role in optimizing the
solutions to achieve bead free fibers. The effect of low solution concentrations on fiber

morphology and bead formation can be seen in A1 to A3 in PMA-SP-PMA (Figure S10).

A2

30um @ W e

Figure S$10. SEM images of fibers spun from solution A1, A2 and A3 at 5000 rpm with a
nozzle of 0.15 mm diameter were: (a)-(c) A1 =11 wt %, (d)-(f) A2 =15 wt % and (g)-(i) A3 =

18 wt % in three magnifications respectively.
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The increase in the fiber diameter of A6 solution due to large nozzle diameter (0.20 mm) is

shown in Figure S11.

Figure S11. SEM images of fibers spun from A6 at 5000 rpm, 0.20 mm nozzle diameter in

three magnifications respectively. The marked region (yellow) indicate single fiber diameter.
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Figure S12. TGA plot of A6 fibers indicating no traces of residual solvent.
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Figure S13. DSC plot of the elastomeric PMA-SP-PMA polymer indicating the glass transition
temperature (Tg). The measurement was cycled between -35 to 50 °C at the heating rate of

10 K/min under N2 with a flow rate of 20 mL/min and sample weight of 11.35 mg
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Figure S14. DSC plot of the commerical PMMA polymer indicating the glass transition
temperature (Tg). The measurement was cycled between -35 to 130 °C at the heating rate of

10 K/min under N2 with a flow rate of 20 mL/min and sample weight of 8.344 mg.

~ 235~



7. Fiber morphology by SEM of PMA-SP-PMA blended with PMMA

Polymer blends B1 to B5 were prepared by adding increasing amount of PMMA (1 wt %
to 5 wt %) respectively to the PMA polymer. The solutions with an overall constant blend
concentration of (28 wt %) were prepared by dissolving the polymer mixtures in THF. The
solutions were stirred at 30 °C for 24 h followed by stirring for 15 min at 50 °C prior to

spinning. The increase in the amount of PMMA in the blends B4 (4 wt %) and B5 (wt %),

lead to bead formation (Figure S15).

BS

Figure S15. Fibers of B4 and B5 (4 and 5 wt % of PMMA respectively) spun at 5000 rpm

from a 0.20 mm nozzle diameter.
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8. Mechanical Testing

To observe the mechanochromic behavior in micro-fibers, uniaxial tensile measurements
were carried out. All samples were collected from the same spinning batch to maintain the
density of fibers per area / cm?2. The fiber-mat formed between the collector sticks were cut
in a dimension of approximately ~ 10 cm?. The fiber-mat were then folded into a bar shape
and clamped to carry out tensile measurements (method 1). As the fiber were stretched to
high strain, slippage of the fibers from the grips or sample breakage at the clamping site was
a common problem. To overcome this, the fibers were taped at the sample ends (method 2)
(Figure S16). The samples did not break anymore, but the problem of sample slippage
continued. To avoid the slippage, the fibers were then glued with two component adhesive
glue between two pieces of glass fiber laminates (Figure S17). The tests were performed at

a speed of 1 mm/sec on samples with a gauge length of 20 mm.

Figure S16. Method 2 of tensile sample preparation by clamping the ends of the fibers in
adhesive tapes. Image (a) was taken on a red background and shows the fiber mat between

two collector rods. Image (b) shows three folded fiber specimen.
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(a) (B) g

2 cm gauge length

33l |

Figure S17. Method 3 of tensile sample preparation by fixing the fibers in between glass

fiber laminates with a two component adhesive glue.

The stress-strain relationship of the B3 fibers is shown in Figure S18.

——L1=2cm
180 —
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140 -

120

Engineering stress / MPa

80

0 100 200 300 400 500

Engineering strain / %
Figure S18. Stress-strain behavior of B3 fiber when stretched under tensile force at a rate of

1 mm/sec.
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9. Differential Scanning Calorimetry (DSC)
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Figure S19. DSC plot of 2-hydroxy-3-methoxy-5-nitrobenzaldehyde (s2).
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Figure S20. DSC plot of 2,3-dihydroxy-5-nitrobenzaldehyde (s3).
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Figure S21. DSC plot of 5-methoxy-2,3,3-trimethyl-3H-indole (s6).
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Figure S22. DSC plot of 2,3,3-trimethyl-3H-indol-5-0l (s7).
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Figure S23. DSC plot of 5-Hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (s8).
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Figure S24. DSC plot of 1'3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol
(s9).
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Figure S25. DSC plot of 1'3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-
diylbis(2-bromomethyl propanoate) (1).
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Figure S26. DSC plot of B3 fibers indicating the glass transition temperatures (Tg) for PMA-
SP-PMA and PMMA. The measurement was cycled between -50 to 130 °C at the heating rate
of 5 K/min under N2 with flow rate of 20 mL/min and sample weight of 43.09 mg.

~ 242 ~



10.Gel Permeation Chromatogram of the Synthesized PMA-SP-PMA
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Figure S27. GPC plots of PMA-SP-PMA with the normalized intensity of RI (green) and UV
(red) detector signal vs the retention volume/mL. Conventional calibration of the GPC with

polystyrene standards and their molecular weight (blue).
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11.Corresponding 1H NMR and 13C{1H} NMR Spectra

2-Hydroxy-3-methoxy-5-nitrobenzaldehyde (s2) in DMSO
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2,3-Dihydroxy-5-nitrobenzaldehyde (s3

) in DMSO
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5-Methoxy-2,3,3-trimethyl-3H-indole (s6) in CDCl3
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5-Hydroxy-2,3,3-trimethyl-3H-indol-5-0l (s7) in CDCl3
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5-Hydroxy-1,2,3,3-tetramethyl-3H-indolium iodide (s8) in DMSO
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1',3",3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]-5',8-diol (s9) in DMSO
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indoline]-5',8-diylbis(2-

1',3",3'-trimethyl-6-nitrospiro[chromene-2,2’

bromomethylpropanoate) (1) in CDCl3
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Tris[2-(dimethylamino)ethyl]amine (3) in CDCl3
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PMA-SP-PMA 4
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9. Photoexpansion of Poly(silazobenzyl-siloxane) Thin Film

Current section presents light induced reversible film expansion of amorphous
azobenzene-based polysiloxane with a possibility of cross-linking. Atomic force microscopy
was utilized to verify the reversible photoexpansion effects in the poly(silazobenzyl-
siloxane) thin film. During the submission of this thesis the following manuscript was under
preparation.

Personal contributions in the following article:
» Thin film preparation for solid state studies
» Examining photoisomerisation in solid state with UV-vis spectroscopy

> Photomechanical studies with AFM

» Co-writing the manuscript
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Reversible Volume Switching of Poly(silazobenzyl-siloxane)

Mathias Schulz—Senft,I 1.23 Sindu Shree,** Jan Strueben,’ Xin Jin,* David Presa Soto,’ Rainer Adelung, *4
Anne Staubitz*">3

'0tto-Diels-Institute for Organic Chemistry, University of Kiel, Otto-Hahn-Platz 4, 24098 Kiel (Germany),
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SMAPEX Center for Materials and Processes, University of Bremen, BibliothekstraBe 1, 28359 Bremen (Germany),
“Institute for Materials Science, University of Kiel, Kaiserstr. 2, 24143 Kiel (Germany).

ABSTRACT: Poly(silazobenzyl-siloxane) is a class of novel polymers that contain azobenzene groups in the
main chain, alternating with siloxane units. While the latter impart a low stiffness, high flexibility, and
high endurance on the polymer, azobenzene units can reversibly photoisomerize from E to Z. There are
examples in which this movement on a molecular level has been translated into a macroscopically
observable change. This work provides the first example of a photoswitchable, linear polysiloxane with
azobenzene in the main chain as a repeating unit as opposed to the side chain that can still switch in the
solid state. Most known examples of photomechanical azobenzene-based polymers require a liquid
crystalline arrangement of the switching moieties. Poly(silazobenzyl-siloxane) is amorphous and we show
a reversible expansion of a polymer film of ~4% without any alignment of the azobenzenes. This
photoexpansion was monitored by atom force microscopy (AFM) for four irradiation series.

Introduction

Azobenzene chromophores can undergo reversible light induced E/Z isomerization. The
thermodynamically stable £ form isomerizes to the Z form upon irradiation with UV light, the reverse
reaction can be induced by irradiation with visible light, typically with a peak wavelength of ca. 440 nm.!
This photoisomerization of the double bond in the azo group occurs at a high quantum yield with high
fatigue resistance.” The isomerization is accompanied by changes in, spatial orientation (the £ isomer is
planar,’® the Z isomer shows a dihedral angle of 173.5° of the central C-N=N-C moiety*), length (the
distance between the 4 and 4’ position reduces from 0.99 nm° to 0.55 nm*), and a reduction of the occupied
volume of the Z-isomer (switching azobenzenes in polymer matrices reduces the free volume®’).
Especially the spatial and volumetric changes require a sufficiently flexible environment for effective
switching. Depending on which switching mechanism one assumes, the isomerization of azobenzenes is
estimated to require volumes between 0.12 nm? and 0.38 nm?®

The facile synthetic access’ to azobenzenes was used to incorporate these photoswitches into various
polymeric environments.® Polymers containing azobenzenes show macroscopic responses to UV light
illumination.® Photomechanical effects have a broad range of applications namely, light activated self-

10,11

healing polymers!®!! and photo-actuators'>!3. Azobenzenes in solution have served as crown ether based

1415 and they have been discussed for drug delivery.!® Photo-controlled movement requires

ions traps,
liquid crystalline arrangements of azobenzenes, which are immobilized during polymerization.'” If not

located in mesogenic phases, switching of polymeric azobenzenes results in glass transition temperature
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T, changes.!®!® As T, is a controlling parameter of several physical properties of the polymer such as
stiffness, elasticity, hardness etc., a change in T, is accompanied by changing film volumes' and/or
softening of surfaces.?’ Even without crossing above T, photoinduced switching of azobenzenes
polymers affects the polymers’ volumes. Generally, in amorphous polymers, polymer chain length is a
determining factor of the extent of chain entanglement and this in turn determines how a polymer behaves
at or above its Tg. Short polymer chains show low entanglements and the polymer flows at Ty Long
polymer chains show high entanglements which makes the agglomerated polymer to expand at Ty This
has been observed in amorphous azobenzene polymers as well, in which switching (E->Z) of azobenzene
moieties caused an expansion of 1-5%.2! Switching azobenzene in liquid crystalline polymers induces a
compression. The combination of both, photoinduced expansion and compression can be utilized in the
development of photoactuators or artificial muscles. E.g. the flight muscles of insects show only a change
in length by 1-2%.2

Poly(siloxanes) are amongst the most industrially important elastomers. They possess an advantageous
combination of low glass transition temperatures (as low as -120 °C),?* thermal stability, and low surface
tension.?* This is required in applications such as medical implants, electric insulators, sealants, etc.?>%’
The free volume of the polymers drastically increases at temperatures above their Tg.?® The Si-O bond
shows low energy barriers for rotation (approx. 2.5 kJ/mol) and for linearization of the Si-O-Si angle (1.3
kJ/mol), leading to the very flexible polysiloxane chains.?* This flexibility makes polysiloxanes suitable
scaffolds to tailor switchable azobenzenes into the side chains of these polymers.?”*! However, we
reasoned that siloxane linkers should provide sufficient flexibility to maintain the photoswitchability of
the azobenzenes even in the backbone of polymers.

Above 200 °C, polysiloxanes degrade into shorter cyclic siloxanes, which can be suppressed by
introducing aryl groups into the so-called poly(silarylene-siloxanes) (PSAS) main chain.*** In
comparison to the linear polysiloxanes, PSAS possess more rigid chain elements and thus show higher
glass transition temperatures.*’ Substitution of every third dimethylsilane unit in poly(dimethylsiloxane)
(PDMS) by a phenyl ring increased the T, from -120 °C to -25 °C.*® Elongating the resulting disiloxane
bridge between the phenyl groups by one siloxane unit decreased the Ty to -63 °C, further elongation of
the bridge reduced the effect of additional siloxane units.*® Therefore, short siloxanes are promising
linkers to provide a sufficiently low glass transition to allow the switching of azobenzenes in the polymer
backbone at room temperature in the condensed state.

In this study, the advancement of linear alternating poly(silazobenzyl-siloxanes) is presented. It was
possible to incorporate vinyl side chains for further cross-linking and to investigate the light induced
switching of volume. Photo induced expansion of films of polyacrylate with azobenzene units in the side

chains was measured before by ellipsometry, giving a reversible expansion effect of 3% upon laser
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irradiation.!” However, to the best of our knowledge, this work is the first example of investigating the

cyclic switching of such azobenzene-based polysiloxane films by AFM.

Experimental Section
Materials

All used chemicals were purchased from Acros, Alfa Aesar, Griissing, Merck and Sigma-Aldrich.
Except for the dichlorosilanes, the chemicals were used without further purification.
Dichlorodimethylsilane and dichloromethylvinylsilane were distilled from calcium hydride and were
degassed before further use. Solvents and chemicals that were used in inert synthesis were dried (if not
purchased anhydrous) and degassed prior to synthesis and stored under nitrogen either in J-Young
glassware or a nitrogen filled glovebox from MBraun. Further details on the supplier of each chemical

and solvent and the individual drying procedures are provided in the supporting information (SI).

Synthesis of the Polymer and its Precursors

Inert syntheses were carried out in nitrogen atmosphere using Schlenk techniques or inside a nitrogen
filled glovebox. The cooling of inert syntheses was achieved by using a cooling block connected to a
Julabo FP88 cryostate inside the glove box. Microwave assisted syntheses were performed on a Biotage

Initiator+ SP Wave peptide synthesizer in the organic synthesis mode. A fixed hold time was turned off.

Scheme 1. Synthesis of the poly(silazobenzyl-siloxane) 3 containing 15% vinyl functional groups by
polycondensation.

jIVIeZ
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2t 3

JSi.
chlorobenzene, C!N NN NQ
-45 °C, 9 h, Ph Ph
25°C, 5d 2

y R = Methyl (2a), Vinyl (2b)

__Me Me
/N

R = Methyl, Vinyl
Amount of vinyl: 15%

All synthesized air-stable precursors were characterized by melting points, IR and NMR ('H, 3C{'H},
1298n, 2°Si{'H}) spectroscopy and high resolution mass spectrometry. The silane co-monomers 2a and 2b

were too sensitive towards moisture to record more than NMR spectra. NMR experiments were performed
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either on a Bruker Avance Neo 500 ('"H NMR: 500 MHz) or on a Bruker Avance II HD 600 (\H NMR:
600 MHz) FT-NMR spectrometer at 300 K. and the assignment of peaks was performed with the help of
two-dimensional NMR spectroscopy such as 'H COSY, 'H/"*C{'H } HSQC, 'H/"3C{'H} HMBC or
'H/*Si{'H} HMBC if possible. The spectra were referenced solvent residual proton signals ('H) or the
solvent itself (13C) '2°Sn and #°Si spectra were internally referenced against tetramethylsilane (TMS).
Further details on the equipment used for analysis are provided in the supporting information.

The polymer 3 was synthesized inside the glove box and analyzed by IR, NMR, UV-Visible
spectroscopy and gel permeation chromatography (GPC) in solution. A film of 3 was investigated by

AFM, profilometry and UV-Visible measurements.

Preparation of the Polymer Film

A film of the polymer 3 was prepared by spin coating onto a quartz substrate: A solution of 3 with a
concentration of 214 uM in 10 mL THF was applied to a cleaned and dried quartz substrate in a spin
coater at a rotational frequency of 2000 rpm. The polymer film was dried and stored in a desiccator at
reduced pressure to remove residual solvent. Average surface roughness was determined to be 5.7 nm

+0.5 using AFM and the thickness was measured to be 110 nm %5 by profilometry.

Irradiation Equipment

The irradiation experiments of solutions of 3 were carried out using LED light sources by Sahlmann
Photochemical Solutions with an optical power of 1000 mW (365 nm) and 900 mW (450 nm). The
distance between the light source and sample was 10 mm with horizontal alignment of the light source.
Irradiation of the film for AFM and UV-Visible measurements was achieved using the fiber-coupled
LEDs M365FP1 (365 nm, 15.5 mW) and M455F3 (455 nm, 24.5 mW) from Thorlabs with an angle of
30°.

In this work, we use the terms “UV light” and “blue light” to refer to the nominal peak wavelengths of
the irradiation equipment, 365 nm and 450 nm, respectively. The term “visible light” also refers to 450

nm.

UV-Visible Measurements

UV-Visible spectra of the film of polymer 3 were recorded in absorption mode in a Perkin Elmer
Lambda 900 spectrometer. Spectra were recorded before and after irradiation with UV and blue light for
five switching cycles. After the final UV irradiation, the thermal relaxation was followed by recording
spectra every five minutes over the course of 19 hours. The according half-life time was determined using

an exponential fit of the increase of the absorption at 330 nm over time.
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In solution, the UV-Visible were recorded at 25 °C using a Perkin Elmer Lambda 14 UV-Visible
spectrometer. Quartz cuvettes with a light path length of 10 mm from Hellma Analytics were used. The
polymer was measured before and after irradiation with UV and visible light. To investigate the thermal
relaxation after irradiation with UV light, repetitive measurements were performed every 15 minutes over
the course of 40 hours. The half-life time of the relaxation was determined by an exponential fit of the
increase of the absorption at 330 nm over time. Spectra of these measurements are provided in the

supporting information.

AFM Measurements

Topographical AFM imaging were conducted resonance under the WITec RA 300 microscope with an
Asylum cantilever with 2 Nm™!, 70 kHz. To avoid damaging the thin film, the scans were performed in
tapping mode, scanning an area of 100 pm?. For this purpose, films of the polymer on quartz glass were
irradiated with UV light (365 nm) without retracting the AFM probe (Figure 1 (e and f)). Thus, it was
possible to track the same area throughout the irradiation cycles. The obtained surface maps (Figure 1 (a-
d)) still reveal a slight drift between the irradiation cycles. After four irradiations, the drift was too large
for a comparative analysis. Within this area, the height profile of three distinctive spots was monitored.

The series of AFM surface scans started after irradiation with UV light, followed by alternating
irradiation with blue light and UV light.

GPC Measurements

Gel permeation chromatography was performed on a Viscotek GPC max VE2001 equipped with a
Viscotek VE3580 RI detector and a column set of LT5000 and LT4000 in THF (VWR, HPLC-grade)
with a flow rate of 1 mL/min. Conventional calibration and analysis was done with OmniSEC 4.6.2
software using polystyrene standards. The number average molecular weight (M,) and the weight average
molecular weight (Mw) were determined and used to derive the poly dispersity index (PDI).

For analyzing the switching of 3, the solution was irradiated with UV light for one hour. Again, My,
My, and the PDI were determined.

Results & Discussion
Synthesis of the Poly(silazobenzyl-siloxane) 3

The polymer 3 was obtained via a polycondensation reaction using the azobenzyl hydroxysilane 1 and
two urea derivatives 2a,b as monomers (Scheme 1.). The synthesis of the azobenzene derivative 1 was
reported previously by us.*’ In order to investigate the influence of modifications of the backbone on the
materials’ behaviour., two urea functionalized silanes 2 that were to serve as co-monomers were also

synthesized.*® While the compound 2a connects two azobenzene monomers via a SiMe> unit, compound
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2b introduces a vinyl group into the backbone of polymer 3. The bis(ureido)silanes 2 were added
simultaneously to a solution of the azobenzene 1 at -45 °C, thus statistically distributing the vinyl moieties
throughout the polymer. The polymerization was monitored via GPC. To compensate small deviations in
the ratio of the monomers 1 and 2, when the growth of the polymer ceased, small portions of each
monomer were added alternatively. After 8 d, the polymer was obtained with a M, of 14.4 kDa, My, of
23.3 kDa (corresponding to a polydispersity index (PDI) = 1.62). The number of repeating units bearing
vinyl groups was determined by NMR spectroscopy to be 15%. Synthetic details of the polymerization,
as well as of the synthetic routes to the monomers 1 and 2 are included in the supporting information,

accompanied by their respective NMR spectra.

Analysis of the Switching in Film and Solution by UV-vis Spectroscopy
To investigate whether the azobenzene moieties were abloe to switch in the polymer film of 3, a thin

film (thickness

110+5 nm) was analyzed by UV-vis spectroscopy in transmission mode. Upon
irradiation with UV light (365 nm), the absorption of the ™ band at 330 nm decreased by 10%, whereas
the change of the nn* band at 450 nm was barely notable (Figure 1). This development of Z azobenzene
could be reversed by irradiation with blue light (450 nm). After five cycles, the polymer film showed no
signs of photodegradation (Figure 1(c)). The thermal relaxation after irradiation with UV light was
monitored at intervals of five minutes over the course of 19 hours. For determination of the half-life time,
the absorption at the nt™* band at 330 nm was plotted and an exponential fit was applied. The half-life

time was 7:37 h + 9 min (Figure 1 (b)).
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Figure 1. (a) Cyclic UV-visible spectra of polymer 3. The thin film of 3 was irradiated with UV (365 nm) and blue
(450 nm) back and forth for 5 cycles. Inset contains the zoomed-in spectra at the range of 420 — 500 nm. (b) Thermal
relaxation after UV irradiation. The absorption at 330 nm was monitored in intervals of 5 minutes. Exponential
fitting gave a half-life time of 7:37 h £ 9 min. (c) Shows stable cyclic behavior of 3 measured at 330 nm after every
irradiation. (d) The measurement set-up for conducting UV-blue light irradiation before the UV-Visible spectrum
was taken.
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The UV-vis results of the film were complemented by UV-vis spectroscopy in solution. A solution of
the polymer in THF was subjected to UV (365 nm) and visible light (450 nm). The measurements revealed
under UV light irradiation a reduction of the n* band at 330 nm by approx. two thirds, which was fully
reversible upon irradiation with blue light (450 nm). The half-life time of the thermal relaxation reaction

was determined to be 21 h = 18 min (see Supporting Information, Figure SI-4).

Measuring the Volume Switching of the Film by AFM

The photo-elastic behavior of the polymer 3 was tested by atomic force microscopy (AFM) in tapping
mode, scanning an area of 100 pm?. For this purpose, films of the polymer on quartz glass were irradiated
with UV light (365 nm) without retracting the AFM probe. Thus, it was possible to track the same area
throughout the irradiation cycles. The obtained surface maps (Figure 2) still revealed a slight drift
between the irradiation cycles, however, four irradiation sequences could be measured and compared.
Within this area, the height profile of three distinctive spots was monitored. From the height profiles and
calculated relative height differences of spot 1 (Figure 3 (a) and (b)) maximum height variations of 4 nm
were observed. The series of AFM areal surface scans started after irradiation with UV light, followed by
alternating irradiation with blue light and UV light. The film’s height measured after UV light irradiation
is significantly higher than after blue light irradiation. Compared to the initial UV irradiated state, the film

Spot 1

Spot 2

Spot 3

Figure 2. AFM topographical scans of the thin films of 3 coated on a quartz substrate. Each scan was acquired
after 20 min of irradiation. (a) Surface scan after 1*' UV light irradiation, (b) Surface scan after 1" blue light
irradiation, (c) Surface scan after 2" UV light irradiation and (d) Surface scan after 2" UV light irradiation.
Marked spots in the images are the common areas used for height measurement. On the far right is the scale bar
representing the color profile of all scans. (d) Setup of the environmental AFM, with the probe head and tip on top
of the quartz substrate with the polymer film. (e) Direct irradiation of the polymer film on the quartz substrate
without removing the probe head.
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Figure 3. (a) Height profile of Spot 1 after the four irradiation stages. (b) Height differences relative to the 1 UV
irradiation. (c) Maximum height values of all three spots after the four irradiation stages.

height decreased throughout the common areas measured. The second irradiation sequence confirms the
reversibility of the switching, partially leading to larger effects. In all three spots (Figure 3), the maximum
height changed by 1 —4 nm per cycle. These findings are consistent with other studies that prove a higher
spatial demand for Z-azobenzene moieties in polymer films.”**>* The height profiles of spots 2 and 3 are

provided in the Supporting Information, Figure SI-2 and SI-3.

Measuring the Volume Switching of the Solution by GPC

The switching could also be monitored by GPC. A solution of 3 in THF was measured before and after
UV irradiation and the apparent molecular weights were determined after calibration against polystyrene.
Upon irradiation with UV light, the apparent molecular weight decreased from 14.4 to 11.8 kDa (M,) and
23.3 to 19.9 kDa (My), corresponding to a reduction by 18% (M,) and 15% (My), respectively. This
observed decrease in the apparent molecular weight might appear contradictory to the increase in volume
of the film that was determined by AFM measurements. However, the intrinsic helicity of Z azobenzenes
facilitates the formation of dense coils, as we have recently investigated in depth.*” The GPC elugram and

the weight distribution are shown in the Supporting Information, Figure SI-1.
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Conclusion

In solution, a decrease in apparent molecular weight of 15 (My) to 18% (M) was determined by GPC
analysis. UV-vis measurements in THF confirmed successful switching and the thermal half-life time of
the back switching to be 21 h was observed.

A method of investigating a spin-coated film of the polymer throughout two irradiation cycles was
successfully established under AFM. These measurements revealed a reversible relative height variation
of the film by 10% and a 4% reversible film expansion. UV-visible spectroscopy of the film showed the
switching of a minority of the azobenzene units in the polymer backbone, while thermal relaxation occurs
with a half-life time of approx. 7.5 hours. The film’s photostability was proven by cyclic irradiations with
UV and blue light, giving no evidence of degradation.

The presented study proves the potential of the photoswitchable polymer system. Though the
azobenzene units are located in the backbone of the polymer, linked by only trisiloxane bridges, it was
possible to reversibly induce a photoexpansion without any signs of degradation. In the further

development of these systems, the effect of cross-linking will be investigated.
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Abbreviations
The use of abbreviations follows the conventions from the ACS Style guide.! In addition, the
following abbreviations are used.

Abbreviation Long form

at (NMR) Apparent triplet

ATR Attenuated total reflection (IR)

CI Chemical ionization

COSY Correlation spectroscopy

DCM Dichloromethane

dd (NMR) Doublet of doublets

DMSO Dimethyl sulfoxide

EI Electron ionization

ESI Electrospray ionization

FT Fourier transform

HMBC Heteronuclear multiple bond correlation
HPLC High performance liquid chromatography
HSQC Heteronuclear single quantum coherence
NOESY Nuclear Overhauser enhancement spectroscopy
PSS Photostationary state

THF Tetrahydrofuran

TOF Time-of-flight mass detector

v/v Volume concentration (volume/volume)
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Analytical Equipment and Equipment for Syntheses

NMR spectra were either recorded on a Bruker Avance Neo 500 (*H NMR: 500 MHz) or on a
Bruker Avance Il HD 600 (*H NMR: 600 MHz) FT-NMR spectrometer at 300 K. 'H NMR and
13C{*H} NMR spectra were referenced against the solvent residual proton signals (*H) or the
solvent itself (13C).

The exact assignment of the peaks was performed by two-dimensional NMR spectroscopy
such as *H COSY, *H NOESY, *H/*3C HSQC or *H/*3C HMBC if possible.

Mass spectrometric measurements were performed in the positive ion collection mode using
a JEOL-Accu TOF 4GGCV El mass spectrometer, a Bruker Daltonics Apex IV FT lon Cyclotron
Resonance ESI mass spectrometer or a VG Analytical Autospec apparatus for Cl. Electron
ionization (El) was performed using an ionization potential of 70 eV.

IR spectra were measured using a Perkin Elmer Paragon 1000 FT-IR spectrometer equipped
with an A531-G Golden-Gate-ATR-unit.

UV-vis spectra were recorded at 25 °C using a Perkin ElImer Lambda 900 spectrometer for the
film that was spin-coated on quartz glass and a Perkin EImer Lambda 14 UV spectrometer in
solution. Quartz cuvettes with a light path length of 10 mm from Hellma Analytics were used.
Melting points were measured on an electrothermal IA6304 capillary melting point apparatus
and are uncorrected.

Gel permeation chromatography was performed on a Viscotek GPC max VE2001 equipped
with a Viscotek VE3580 Rl detector and a column set of LT5000 and LT4000 in THF (VWR, HPLC-
grade) with a flow rate of 1 mL/min. Conventional calibration and analysis was done with
OmniSEC 4.6.2 software using polystyrene standards.

Topographical AFM imaging were conducted under the WITec RA 300 microscope with an
Asylum cantilever with 2 Nm™, 70 kHz. The same setup was also used for the determination of
average surface roughness.

The polymer film was prepared by spin coating from a solution in THF at 2000 rpm. Quartz
glass was used as substrate. The film thickness was measured under Ambios Xp2 profilometer.
The irradiation experiments were carried out using LED light sources assembled by Sahlmann
Photochemical Solutions with an optical power of 1000 mW (365 nm) and 900 mW (450 nm)

in solution. Irradiation of the film for AFM and UV-visible measurements was achieved using

~ 267 ~



the fiber-coupled (400 um in diameter) LEDs M365FP1 (365 nm, min. output: 9.8 mW, typical
output: 15.5 mW) and M455F1 (455 nm, min. output: 9.5 mW, typical output: 11.0 mW) from
Thorlabs with an angle of 30°.

Reactions that required inert workup were conducted in a labmaster 130 glove box by MBraun,
flushed with nitrogen.

Microwave assisted syntheses were performed on a Biotage Initiator+ SP Wave peptide
synthesizer in the organic synthesis mode. A fixed hold time was turned off.

The cooling of inert syntheses was achieved by using a cooling block connected to a Julabo

FP88 cryostate inside the glove box.

Reagents

If not noted otherwise, all reagents were used as received. Hydrochloric acid solutions were

prepared by diluting the concentrated acid.

Reagent Supplier Purity or Notes
concentration

[Pd(PPh3)s] Aldrich 99%

4-lodoaniline Acros 98%

Copper (1) bromide Sigma-Aldrich  98%

Dichlorodimethylsilane Acros 99% Distilled from CaH, and
degassed before use

Dichloromethylvinylsilane Aldrich 97% Distilled from CaH, and
degassed before use

Hexamethyldistannane Acros 99%

Hydrochloric acid Grussing 37.5%

Magnesium sulfate Grissing

Methyl lithium Acros 3% in MeTHF / Exact concentration was

Cumol determined by titration against

menthol.

Monopotassium phosphate  Merck Extra pure

Phenyl isocyanate Alfa Aesar >98% Degassed before use

Pyridine Grussing 99.5%

Pyrrolidine Alfa Aesar 99% Degassed before use

Sodium hydroxide Grussing 99%
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Solvents

All solvents that were purchased in technical grade were purified by distillation prior to use.

Solvents of purities higher than 99% were not purified further. Some solvents were degassed

by three freeze-pump-thaw cycles, then the flask was again filled with nitrogen and the solvent

stored over molecular sieves with the pore size 3 A.

The following solvents were dried in a solvent purification system PS-MD-5 by Innovative

Technology: dichloromethane, tetrahydrofuran.

Solvent Supplier Purity Drying procedure Degassed
Acetonitrile Sigma-Aldrich  >99.9%, HPLC grade none No
Benzene-ds Deutero 99.5% D Distilled from CaH,, vyes
stored over mole-
cular sieves 3 A
Chlorobenzene Acros 99.9%, HPLC grade Distilled from CaH,, yes
stored over mole-
cular sieves 3 A
Chloroform VWR Techn. grade none No
Chloroform-d Euriso-top 99.8% D none No
Dichloromethane VWR HPLC grade PS-MD-5 Yes
Dichloromethane BCD Techn. grade none No
Dichloromethane-d, Deutero 99.6% D none No
Diethyl ether Alfa-Aesar Spectrophotometric Molecular sieves 3A  Yes
grade, >99%, inhibitor
free
Diethyl ether BCD Techn. grade none No
Ethanol CMP Walther Techn. grade, dena- none No
turated with benzine
n-Hexane CMP Walther  Techn. grade none No
n-Hexane CMP Walther  Techn. grade Distilled from CaH,, Yes
stored over mole-
cular sieve 3 A
Methanol Acros 99.8%, anhydrous, No
stored over molecular
sieves 3 A
n-Pentane CMP Walther  Techn. grade none No
Tetrahydrofuran VWR HPLC grade PS-MD-5 Yes
Toluene Acros 99.85%, Extra dry, none Yes

stored over molecular
sieves
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Synthetic Procedures

4,4’-Bis(iodo)azobenzene

5 6
2' 3
'7@"‘\\ ' s

CuBr (7.24 g, 45.7 mmol) was dissolved in pyridine (90 mL), and stirred for 30 min, before the
precipitate was removed by filtration. The filtrate was diluted with pyridine (20 mL). 4-
lodoaniline (14.3 g, 65.3 mmol) was added in one portion and the mixture was stirred for 20 h
at 24 °C while bubbling air through the solution via a syringe (0.2 bar, 250 L/h, diameter: 1 mm).
Hydrochloric acid (2 N, 200 mL) was added to the solution and the aqueous phase was
extracted with diethyl ether (1 x 300 mL) and dichloromethane (2 x 200 mL). The combined
organic phases were washed with hydrochloric acid (2 N, 2 x 200 mL) and the solvents were
removed in vacuo. The crude solid product was purified by washing it with boiling ethanol (300
mL). After drying the product in vacuo, an orange solid was obtained without further
purification (9.24 g, 21.3 mmol, 65%, Lit.:? 61%).

Mp: 237 °C (Lit.:? 210°C, Lit.:3 237-238 °C).

14 NMR (500 MHz, CDCl3): & = 7.87 (d, 3/ = 8.7 Hz, 4H, H-3,3",5,5"), 7.64 (d, 3J = 8.7 Hz, 4H, H-
2,2°,6,6’) ppm.

13¢{*H} NMR (126 MHz, CDCl3): 6 = 151.9 (C-1,1°), 138.6 (C-3,3,5,5’), 124.7 (C-2,2’,6,6’), 98.3
(C-4,4") ppm.

IR (ATR): ¥ = 3079 (w), 1575 (m), 1561 (m), 1470 (m), 1393 (s), 1297 (s), 1280 (s), 1156 (m),
1097 (s), 1051 (s), 1002 (s), 833 (vs), 811 (vs), 714 (vs), 539 (vs), 525 (vs) cm™.

HRMS (EI-TOF) m/z (%): [M]* calcd. for [C12HsN2l2]* 433.8777, found 433.8767 (60), 230.94
(100) [M-CgHal]*, 202.93 (100) [M-CeHalN2]".
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4,4’-Bis(trimethylstannyl)azobenzene

5 6
2 3
Me3Sn7©TN\\ " ¢
e NOSnMe3

6' 5'

This compound has been synthesized before,? the procedure was optimized as follows:

Under a nitrogen atmosphere, 4,4”-bis(iodo-)azobenzene (1.30 g, 3.00 mmol),
hexamethyldistannane (2.29 g, 7.00 mmol) and [Pd(PPhs)4] (139 mg, 120 umol, 4 mol%) were
dissolved in toluene (18 mL) and THF (2 mL) in a microwave reaction vessel. The reaction
mixture was heated for 30 min to 170 °C. Five such reaction batches were combined for the
work-up. Then, the solvent was removed under reduced pressure followed by purification by
column chromatography (eluent: n-pentane, R = 0.65). The product was obtained as orange
solid (7.23 g, 14.3 mmol, 95%, Lit.:2 81%).
Mp: 54 °C (Lit.:2 54 °C).

1H NMR (500 MHz, CDCls): 6 =7.87 (d, 3/ =8.2 Hz, 4 H, H-3, 3',5,5’), 7.65 (d, 3/ = 8.2 Hz, 4 H,
H-2,2',6,6’),0.34 (s, 18 H, Sn(CH3)3) ppm.

13¢{'H} NMR (126 MHz, CDCls): & = 152.9 (C-4, 4'), 147.2 (C-1, 1), 136.6 (C-2, 2/, 6, 6'), 122.1
(C-3,3',5,5), -9.3 (Sn(CHs)3) ppm.

1190 {1H} NMR (187 MHz, CDCl3): & = -25.03 ppm.

IR (ATR): ¥ = 3067 (w), 3024 (w), 2987 (w), 2917 (w), 1925 (w), 1437 (m), 1383 (m), 1306 (m),
1067 (m), 1011 (m), 831 (s), 761 (s), 583 (s), 508 (s) cm™.

HRMS (ESI-FTMS) m/z: [M+H]" calcd. for [CigH26N2Sn2+H]* 511.0213, found 511.0227.

~ 272 ~



4,4’-Bis(hydroxydimethylsilane)azobenzene

5 6
HO . 2' 3 M
M /SI 4 1 N\\ 1 4 I_,eMe
€Me =, N i

This compound has been synthesized already,* the procedure was optimized as follows:
Under argon atmosphere, 4,4’-bis(trimethylstannyl-)azobenzene (3.00 g, 5.91 mmol) was
dissolved in dry THF (70 mL). Methyl lithium (20 mL) was added at -78 °C. The orange solution
turned dark and was stirred 15 min. Then, dichlorodimethylsilane (24 mL, 25.7 g, 199 mmol)
was added. The reaction was allowed to warm to 25 °C by removing the cooling bath. The
solvent and the excess of dichlorodi-methylsilane were removed in vacuo. The residual orange
solid was dissolved in THF (40 mL) and added (rate: 1 mL/min) to a solution of sodium
methoxide in methanol (13.5 mL of 4.5 N solution, diluted with 20 mL MeOH). Inert conditions
were maintained until this point. The mixture was opened to air and a solution of sodium
hydroxide in methanol and water (24 mL, 5 mol/L, MeOH:H,0 10:1) was added. The resulting
mixture was stirred 15 minutes, before a solution of sodium hydroxide in water (24 mL, 5
mol/L) was added. The reaction mixture was stirred 5 h, for all these steps, the temperature
was held at 25 °C. This mixture was poured into a vigorously stirred solution of mono
potassium phosphate in water (150 mL, 1 mol/L). The resulting solution was extracted with
chloroform (4 x 50 mL). The combined organic phases were dried over MgS0O4 and the solvent
was removed in vacuo. The crude product was purified by solvent diffusion crystallization: A
saturated solution in chloroform was overlaid with n-hexane and cooled to -30 °C for 48 h.
After three crystallization cycles, the product was obtained as orange solid (845 mg, 2.56 mmol,
43%, Lit.:* 35%).

Mp.: T = 141 °C, Lit.:* 141 °C.

'H NMR (500 MHz, CDCl3): 6 =7.91 (d, 3/ = 8.3 Hz, 4 H, H-3,3’,5,5’), 7.75 (d, 3/ = 8.3 Hz, 4 H, H-
2,26,6'), 1.99 (s, 1H, OH), 0.46 (s, 12 H, Si(CHs)2) ppm.

BBC{IH} NMR (126 MHz, CDCls): § = 153.6 (C-1,1’), 143.0 (C-4,4’), 134.0 (C-3,3"), 122.3 (C-2,2'),
0.2 (Si(CHs)2) ppm.

296i{1H} NMR (99 MHz, CDCl3): & = 7.77 ppm.

IR (ATR): ¥ = 3141 (m), 2956 (w), 1385 (m), 1251 (m), 1106 (w), 859 (s), 833 (s), 815 (s), 776
(s), 667 (s), 553 (s), 529 (m), 491 (m) cm™.
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HRMS (EI-TOF) m/z (%): [M]+ calcd for [CisH22N20,Si>]* 330.12198, found 330.12163 (35),
151.06 (100) [M-HOSi(CHs)2CsHaN,]*.

Bis(pyrrolidinyl)dimethylsilane

2H "Hoy

4H I
1N—Si—Nij
3H |

3H »H 2H

This reaction was performed entirely under nitrogen atmosphere. To a solution of
dichlorodimethylsilane (80.0 mL, 85.6 g, 663 mmol) in n-hexane (150 mL), pyrrolidine (230 mL,
196 g, 2.76 mol) was added dropwise over the course of 1 h at 0 °C. After completion of the
addition, the ice bath was removed and the reaction was stirred for 15 h. A precipitate of the
amino hydrochloride, which had formed, was removed by filtration under inert conditions. The
liquid was placed in a J. Young’s flask and the remaining solvent was removed in vacuo. A
colorless liquid (116 g, 585 mmol, 88%, Lit.:> 95%) was obtained.

1H NMR (500 MHz, CDCl3): 6 =2.93 - 2.88 (m, 8 H, H-2,2,5,5’), 1.67 — 1.62 (m, 8 H, H-3,3",4,4’),
0.04 (s, 6 H, Si-CH3) ppm.

13C{*H} NMR (126 MHz, CDCl3): 6 = 46.8 (C-2,5), 26.9 (C-3,4), -3.3 (Si-CH3) ppm

296i{1H} NMR (187 MHz, CDCl3): 6 = -8.11 ppm.

HRMS (ESI-FTMS): m/z: [M+H]+ calcd for [C10H23N2%8Si]+ 199.16250; found 199.16255.
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Bis(N-phenyl-N-pyrrolidinecarbonylamino)dimethyl silane

The reaction was performed entirely under inert conditions. Bis(pyrrolidinyl)dimethyl silane
(40.0 g, 201 mmol) was dissolved in dry diethyl ether (250 mL) and cooled in an ice bath to
0 °C. Then phenyl isocyanate (45.0 mL, 49.3 g, 410 mmol) was added dropwise at 0 °C over the
course of 3 h and the reaction mixture was allowed to warm to 25 °C over the course of 15 h.
The white precipitate of bis(N-phenyl-N’-pyrrolidinyl)dimethylsilane was collected by filtration
under inert conditions. The product was washed with dry diethyl ether (20 mL) and dried at
0.05 mbar for 12 h to receive the product as colourless solid (79.6 g, 182 mmol, 91%, Lit.:®
85%).2

Mp.: T=72°C.

1H NMR (500 MHz, CDCls): & = 7.20 — 7.15 (m, H-8,10), 7.07 (t, 3J = 7.5 Hz, 2 H, H-9,9’), 6.95 —
6.91 (m, 4 H, H-7,11), 2.88 (m, 8 H, H-2,5), 1.58 (m, 8 H, H-3,4), 0.37 (s, 6 H, Si-CHs) ppm.
13¢{*H} NMR (126 MHz, CDCls): & = 159.7 (C=0), 143.0 (C-6), 128.9 (C-7,11), 128.5 (C-8,10),
125.1 (C-9), 47.7 (C-2,5), 25.4 (C-3,4), -1.5 (Si-CHs) ppm.

296i{1H} NMR (99 MHz, CDCl3): & = -3.57 ppm.

2 Due to the very high sensitivity of this compound, no IR or MS data could be obtained.
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Bis(pyrrolidinyl)methylvinylsilane
»

H

H
W

2. ..Si.
OO

Me

3 2
This compound has been synthesized already,” the procedure was altered as follows:
The reaction was performed entirely under inert conditions. A solution of pyrrolidine (11.3 mL,
9.60 g, 135 mmol) and n-hexane (60 mL) was cooled to -10 °C. To the cooled solution,
dichloromethylvinylsilane (3.92 mL, 4.23 g, 30.0 mmol) was added with a rate of 0.1 mL/min.
After complete addition, the mixture was heated to 25 °C and stirred for 3 h at 25 °C. The
formed precipitate of pyrrolidine hydrochloride was removed by filtration and washed with n-
hexane (100 mL). The solvent was removed under reduced pressure from the filtrate and after
drying at 0.5 mbar for 10 h, the product was received as colorless liquid (4.24 g, 20.2 mmol,

67%, Lit.:” 87%). The product is unstable under moisture.

1H NMR (500 MHz, CeDe): & = 6.29 (dd, 3J = 20.4 Hz, 3/ = 14.7 Hz, 1H, H-6), 6.03 (dd, 3z = 14.7
Hz,2J=4.3 Hz, 1H, H-7’), 5.85 (dd, 3Je = 20.4 Hz, %) = 4.3 Hz, 1H, H-7), 3.06 — 2.98 (m, 8H, H-2,5),
1.64 — 1.56 (m, 8H, H-3,4), 0.27 (s, 3H, Si-CHs) ppm.

BC{'H} NMR (126 MHz, CeDs): & = 137.7(C-6), 132.2 (C-7), 47.1 (C-2,5), 27.2 (C-3,4), -4.1 (Si-
CHs)

29Gi{1H} NMR (99 MHz, CgDs): 6 =-19.1 ppm.

HRMS (EI-TOF) m/z (%): [M]* calcd. for [C11H22N223Si]* 210.1534, found 210.15522 (40), 139.09
(100) [M-NH(CH2)a]*.
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Bis(N-phenyl-N’-pyrrolidinecarbonylamino)methylvinyl silane

11 hx :
Ei% o

4
This compound has been synthesized previously,” the procedure was optimized as follows:
The reaction was performed entirely under inert conditions. Bis(pyrrolidinyl)methyl-vinylsilane
(3.37 mL, 3.05 g, 14.5 mmol) was dissolved in diethyl ether (15 mL) and cooled to -10 °C, before phenyl
isocyanate (3.59 mL, 3.93 g, 33.0 mmol) was added with a rate of 0.10 mL/min. After complete addition,
the cooling bath was removed and the reaction stirred at 25 °C for 15 h. The crude product was
recrystallized from diethyl ether (60 mL) at -30 °C, filtered and washed with diethyl ether (30 mL) to
obtain the product as white solid (5.47 g, 12.2 mmol, 84%, Lit.: 7 62%) after drying at 0.5 mbar for 20 h.2
Mp.: T =46 °C.

1H NMR (500 MHz, CDCl3): 6 = 7.15 (t, 3/ = 7.8, 4H, H-8,10), 7.06 (t, 3/ = 7.8 Hz, 2H, H-9), 6.97
(t, 3/=7.8 Hz, 4H, H-7,11), 6.35 (dd, 3/ = 20.5 Hz, 3/ = 14.8 Hz, 1H, H-12), 5.82 (dd, 3/ = 14.8 Hz,
2J =3.1 Hz, 1H, H-13’), 5.64 (dd, 3/ = 20.5 Hz, ?J = 3.1 Hz, 1H, H-13), 2.87 (m, 8 H, H-2,5), 1.55
(m, 8 H, H-3,4), 0.37 (s, 3 H, Si-CH3) ppm.

13C{'H} NMR (126 MHz, CDCl5): 6 = 159.6 (C=0), 142.6 (C-6), 137.1 (C-12), 131.3 (C-13,13"),

129.0 (C-7,11), 128.4 (C-8,10), 125.1 (C-9), 47.6 (C-2,5), 25.1 (C-3,4), -2.0 (Si-CH3) ppm.
29Gi{*'H} NMR (99 MHz, CDCl3): 6 = -18.31 ppm.

2 Due to the very high sensitivity of this compound, no IR or MS data could be obtained.
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Poly(4,4’-azobenzene-alt-(hexamethyl-trisiloxane)-stat-(1,1,3,5,5-pentamethyl-3-vinyl-

trisiloxane)) (3)

5 6
2 3 2 3 a, 2 3 dy &3
T4 1 N\\ 1 4 ,Me 1" 4 ,Meaz b1 1 4 ,Medz eWH ,
\ _ i a \ _ol-Me 2 \ ol o
-Si—— -Si -9l
- / /o
| R=Methyl/ Vinyl =87 /13 Me Me] Mé Me M Me

This reaction was performed in a nitrogen filled glove box. 4,4’-Bis(hydroxydimethylsilane)-
azobenzene (317 mg, 960 umol), was dissolved in chlorobenzene (2 mL). A solution of bis(N-
phenyl-N-pyrrolidinecarbonylamino)dimethyl silane (2a) (398 mg, 912 umol) and bis(N-
phenyl-N’-pyrrolidinecarbonylamino)methylvinyl silane (2b) (21.5 mg, 48.0 umol) in
chlorobenzene (8 mL) was added with a rate of 15 uL/min at -45 °C. The solution was stirred
for 8 d at 25 °C, while the reaction progress was monitored by GPC. After 3 d, another portion
of 2b (22.4 mg, 50.0 umol) was added and a portion of 1 (8.3 mg, 25 umol) was added after 6
d. Once the measured retention volume remained unchanged, the solvent was evaporated
and the polymer was purified by dissolving in THF and precipitation into methanol (10 fold
excess) for three times. After drying at 0.05 mbar and 70 °C for 20 h, the product was obtained
as orange solid (369 mg). The ratio of methyl and vinyl substitution at the marked R group was
determined to be 87 / 13. The NMR integrals are normalized per repeating unit.

1H NMR (600 MHz, CDCl5):* 6 = 7.88 (d, 3/ = 8.2 Hz, 4.00H, H-2,6,2",6’), 7.69 (d, 3/ = 8.2 Hz, 3.98
H, H-3,5,3",5’), 6.05 —5.93 (m, 0.28 H, H-e2, H-e3), 5.79 (dd, 3/ = 19.3 Hz, 3/ = 5.0 Hz, 0.14 H, H-
e3’), 0.65 (s, 1.08 H, H-d1,2,f2), 0.39 (s, 9.44 H, H-a1,2,c1,2), 0.32 (s, 0.39 H,H-f1), 0.17 (s, 0.37
H-e1), 0.10 (s, 4.28 H, H-b1,2) ppm.

13C{*H} NMR (151 MHz, CDCl3):? 6 = 153.4 (C-1,1°), 144.5 (C-4,4’ if R=vinyl), 143.6 (C-4,4" if
R=Me), 141.9 (C-4,4’ if R=Me),? 141.7 (C-4,4’ if R=Me),® 137.0 (C-e2), 135.2,°135.1,c 134.0,°

2 Since the distribution of vinyl groups throughout the chain is random, partially very low intensities,
overlapping signals in *H NMR and small chemical shift differences in all spectra made the full
assignment of all signals to structural units impossible.

b The repeating unit corresponding to these signals is probably neighboring one or more repeating
units with a vinyl group.

¢ The signals at 135.2, 135.1 and 134.0 could not be assigned by 2D experiments. However, they
probably correspond to C-3,5,3°,5” with a vinyl group in the same or adjacent repeating units.
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133.9(C-3,5,3",5’ if R=Me), 133.5 (C-e3), 122.2 (C-2,6,2’,6’ if R=vinyl) 122.1 (C-2,6,2",6’ if R=Me),
1.5 (C-b1,2), 1.4, 1.03, 0.95, 0.91, -0.15, -0.3 (C-e1), -1.0 (C-f1), -2.2 (C-d1,2,f2) ppm.

25Gi{*H} NMR (99 MHz, CDCl5): 6 = -2.4 (Si-a,c), -3.5 (Si-a,c)?-7.2 (Si-d,f), -18.9 (Si-b), -33.0 (Si-
e) ppm.

IR (ATR): ¥ = 3025 (w), 2958 (m), 2900 (w), 1670 (w), 1591 (w), 1407 (w), 1389 (m), 1309 (w),
1257 (s), 1109 (s), 1031 (vs), 1012 (vs), 835 (vs), 781 (vs), 687 (s), 665 (s), 622 (m), 555 (s), 529
(m) cm™.

GPC (THF, 1 mL/min, conv. calibration (PS), ambient light): M, = 14.4 kDa; M, = 23.3 kDa; PDI
=1.62.

GPC (THF, 1 mL/min, conv. calibration (PS), 365 nm, 60 min): M, = 11.8 kDa; M\, = 19.9 kDa3;
PDI =1.69.

2 This repeating unit is probably adjacent to one with a vinyl group.
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GPC Measurements

The polymer was dissolved in THF (ca. 1 mg/mL) and GPC spectra were recorded both without
and after irradiation with UV light (365 nm, 60 min). Upon switching with UV light, the
apparent molecular weight changes from 14.4 kDa to 11.8 kDa in case of M, and from 23.3
kDa to 19.9 kDa in case of My, (Figure SI-1). This corresponds to a decrease in apparent weight
by 18% (M) and 15% (Mw), while the PDI remains almost constant, being 1.62 before and 1.69

after UV irradiation.
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Figure SI-1. Analysis of the switching behavior of polymer 3 dissolved in THF (1 mg/mL). Left: the GPC
chromatograms corresponding to the polymer without (grey) and after UV irradiation (red). The intensities were
normalized for clarity. Blue squares indicate the retention volumes of the polystyrene standards used for
calibration. Right: Comparison of the assigned apparent molecular weights. Shown are number average (M) and
weight average (Mw) of the polymer without (grey) and after UV irradiation (red).
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AFM Measurements

Substrate

Figure SI-2. (a) Setup of the AFM experiments. The sample film was spin coated on a quartz glass slide. In addition
to the conventional setup of the environmental AFM, the sample was illuminated through a fiber coupled LED in
an angle of 30°. (b) Photograph of the setup without illumination in ambient light. (c) Photograph of the setup
during illumination with UV light.

Height Profile of Spot 2

20
L (a) Spot 2 (b) Spot 2
L |t
L —— 1° UV irradiation
3 —— 1* blue irradiation |
15 - ---- 2™ UV irradiation
---- 2" blue irradiation 5
- E
E —
= >
«~ 10 =
= W
9 — 0
£ 2
e
=
2
5 [}
T
-2
0
4
L I L I L I 1 I 'l I L I L l L I L L 'l L 'l | L 'l Il L I L L L L I L L
0.0 0.2 04 0.6 0.8 1.0 1.2 14 16 0.0 05 1.0 15
Position (um) Position (um)

Figure SI-2. AFM analysis of Spot 2. (a) Height profile obtained from the AFM micrographs. (b) Height variations
upon irradiation. Plotted are the differences in height relative to the 1t UV irradiation.
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eight Profile of Spot 3
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Figure SI-3. AFM analysis of Spot 3. (a) Height profile obtained from the AFM micrographs. (b) Height variations
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upon irradiation. Plotted are the differences in height relative to the 1%t UV irradiation.
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Plotted UV-Vis Spectra of the Polymer 3 in THF
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Figure SI-4. UV-vis spectra of the polymer 3 dissolved in THF. Left: comparison of without (black line), after UV-
(pink line) and visible irradiation (blue line). The concentration of azobenzene moieties in the solution in
acetonitrile was approx. 0.02 mmol/L. Right: Thermal relaxation after irradiation with UV light over the course of
40 h. The spectra were recorded with a delay of 15 min. The development of the absorption at 330 nm is shown
as black circles. The concentration of azobenzene moieties in the solution was approx. 0.05 mmol/L. The half-life
time was determined by an exponential fit to be 21 h £ 18 min.
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Plotted 1H, 13C{1H} and hetero NMR Spectra for All Compounds
1H and 13C{1H} Spectra of 4,4’-Bis(iodo)azobenzene in Chloroform-d
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1H, 13C{1H} and 129Sn{1H} Spectra of 4,4’-Bis(trimethylstannyl)azobenzene in Chloroform-d
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1H, 13C{1H} and 29Si{1H} Spectra of 4,4’-Bis(hydroxydimethylsilane)azobenzene in
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1H, 13C{1H} and 29Si{1H} Spectra of Bis(Pyrrolidinyl)dimethylsilane in Chloroform-d
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1H, 13C{1H} and 29Si{1H} Spectra of Bis(N-phenyl-N-pyrrolidinecarbonylamino)dimethylsilane

in Chloroform-d
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1H, 13C{1H} and 29Si{1H} Spectra of Bis(pyrrolidinyl)methylvinylsilane in Benzene-d6
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1H, 13C{1H} and 29Si{1H} Spectra of Bis(N-phenyl-N-

pyrrolidinecarbonylamino)methylvinylsilane in Chloroform-d
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1H, 13C{1H} and 29Si{1H} HMBC Spectra of Poly(4,4’-azobenzene-alt-(hexamethyl-trisiloxane)-

stat-(1,1,3,5,5-pentamethyl-3-vinyl-trisiloxane)) (3) in Chloroform-d
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10. Inference and Outlook

As intended, interconnected tetrapodal network of ZnO centered HNIs were successfully
synthesized and assessed. The relative PL intensity of T-ZnO was detected to depend on the
charge transfer mechanism occurring at the nano-interfaces of T-ZnO and fullerenes. Direct
contact between the T-ZnO and Ceo structures enhanced the relative intensity of the 3.31 eV
emission. Additionally, the composite displayed excellent gas sensing abilities, i.e., for ethanol
vapors, ~35% gas response with a 90% recovery. Activated carbon coated T-ZnO network
catalyzed the reduction of a highly toxic industrial contaminant, Cr(VI). This carbon-based
nanocomposite demonstrated an excellent 97% removal efficiency of Cr(VI) at pH 2. The
objective of combining the desirable attributes of both T-ZnO (thermal conductivity at low
temperature) and MWCNTs (high electrical conductivity) was successfully optimized in the
given report: The composite (T-ZnO/MWCNTs) exhibited significantly improved electronic
conductivity at a wide temperature range and thermal conductivity at low temperatures in
comparison to hollow tetrapodal MWCNTTs. Morphological and Raman studies of these HNIs
were performed and their compositional aspects were correlated to their macroscopic
properties. The strain comparison tests performed on the PC fibers showed that the
electrospun PCL with 1% (w/v) T-ZnO fibers have 58% higher ultimate strain than the
pristine PCL fibers. Adhesive strength of the PCL fibers with 5% (w/v) T-ZnO was enhanced
to 10.4 MPa as compared to the 5% (w/v) spherical particles (3.3 MPa) from 1.6 MPa of the
pristine PCL fibers. The tetrapods as opposed to the spherical ZnO created rose stem-like
structures which enhanced the bacterial resistance of the PCL. membranes. After the shape
and concentration optimization of ZnO concerning its antimicrobial activity, the PCL/T-ZnO
composite was verified to be a highly suitable scaffold for cell growth.

During compositional analyses, key properties of all these HNIs displayed a high
dependence on the surface defects of T-ZnO. As an outlook, in-depth analyses of defects and an
improved real structure-to-property relation provide further information into creating a more
regulated environment for various activities.

Damage control and preventive reporting being a pivotal goal of this study was achieved by
producing spiropyran based self-reporting PTU composite. Spiropyran demonstrated

mechanochromism, photochromism and thermochromism without a covalent integration
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into the matrix. The experimental results in the first article of section 7 highlights the
interconnected T-ZnO network has high potential as optical and mechanical reinforcement.
The optimization was based on balancing the composition ratio between T-ZnO and
spiropyran in order to achieve the highest trio stimuli response of the material. Up to a
certain concentration (1.5 wt%), multiple reflections caused by the prism-like ZnO enhanced
the photochromic property of spiropyran. Above 2 wt% of the polymer matrix, ZnO acted as
a UV light blocker, this was verified the declining photochromic activity of spiropyran in the
UV-Visible spectrometer. The self-developed periodic impact test demonstrated an increase
in mechanical impact stability with increasing concentration of ZnO. Compatibility tests
performed in the presented work revealed higher stability of spiropyran in PTU than in Epoxy.
Since Epoxy is a highly applicable polymer, other molecular switches that are less reactive
towards epoxy resin and its amine-based hardeners has to be developed and tested. On the
other hand, reinforced PTU with the mechanochromic additive, spiropyran behaved like an
ideal accumulated force reporter, indicating damage before the material failed. This GFRPC
with dispersed spiropyran changed its color at the point of impact under the accumulated
stress test well before the visible cracks appeared. This proves the uniform distribution of
the mechanochrome in the polymer matrix enables location of the impact before the damage
deepens. Rather than an abrupt color conversion, the mechanochrome exhibited a gradual
change, whose co-relation to impact force was quantified, foreshadowing a material failure.
For advanced applications further studies on color-to-impact relations must be carried out
to enable well-defined maintenance and interaction protocols. In all of these self-reporting
PC studies the concentration of spiropyran was kept as low as possible (0.5 wt%) to reduce
production costs.

The hybrid materials fabricated during the course of this study has a vast scope: To
further improve the self-reporting properties of spiropyran as a composite, evolution of its
mechanochromism in response to different types of mechanical force in a polymer matrix
must be studied in detail. Effects of different types of damages on a self-reporting PC is
another discipline which requires further theoretical and experimental assessment.

For efficient sensing in applications where the materials endure high strain requires
alignment of the self-reporters in the direction of the applied force. This was achieved by

centrifugally spinning spiropyran functionalized PMA. Due to the low structural integrity of
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PMA, a fraction of PMMA was spun along as a structural stabilizer. Resulting fibers from the
polymer blend revealed localized strain at 640% elongation through a clear change of color.

A prospect would be to spin fibers of spiropyran functionalized PMMA and to observe its
response to force.

Lastly, the other molecular switch, azobenzene in a cross-linkable polysiloxane, displayed
prominent photomechanical effects in response to UV and blue light irradiation. Height
differences of the poly(silazobenzyl-siloxane) thin film was successfully tracked under AFM.
Furthermore, poly(silazobenzyl-siloxane) must be crosslinked and the effects of cross-
linking on the switching abilities of azobenzene must be investigated.

Based on the analytical understanding procured through the course of this work a
solvent-free, an environmentally friendly and an efficient method of nanocomposite
production could be pursued. Presented self-reporting material when developed further can
be lifesaving. Large-scale appliances such as windmills, marinetime and airspace
transportation, create excessive waste due to lower lifespan which is a result of inefficient
maintenance. Incorporation of self-reporters into the most vulnerable parts of a machine
helps indicate damages at a premature stage, with which preservation of heavy machinery
comes to be feasible and aids in resolving these issues. The results obtained through the given
study lays the prospect of fundamental understanding for monitoring the effects of external

stimuli on structural components in operando.
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AFM Atomic Force Microscopy
Epoxy Cross-Linked Epoxy Resin

FTS Flame Transport Synthesis
GFRPC Glassfiber Reinforced Polymer Composite
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MWCNT Multi-Walled Carbon Nanotubes
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PC Polymer Composite

PCL Poly(Caprolactone)

PDMS Polydimethylsiloxane

PETMP Pentaerythritol Tetrakis(3-Mercaptopropionate)
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SEM Scanning Electron Microscopy
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