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Abstract

Titanium dioxide (TiO,) is an abundant, non-toxic material that has found numer-
ous applications in diverse research fields over the last few decades. To enhance its sur-
face functionality, TiO, nanoparticles (NPs) are frequently modified with catechol an-
chor molecules, which incorporate the benefits of a high binding strength and an ex-
tended spectral response. However, this strategy is often pursued with minimal
knowledge of the underlying surface chemistry, thus making accurate assessments very
difficult.

Therefore, the goal of this thesis is to investigate the fundamental surface process-
es taking place when hydrophobic TiO, NPs are reacted with catecholic molecules and
to utilize thus-functionalized TiO, NPs in applications of photocatalysis and nanocom-
posites.

The first part of the thesis lays a solid foundation for the surface chemistry during
catechol ligand adsorption on hydrophobic, oleate-stabilized TiO, NPs. Using a broad
set of NMR techniques (1D and 2D, 'H and "C, solution and solid state), the surface
coverage of the incoming catechol and the displacement of the native oleate were pre-
cisely monitored. Contrary to the prevailing view, catechol was not able to substitute the
entirety of the native ligand shell. Instead, a mixed ligand shell was formed after dis-
placement of only a minor fraction (~20%) of the native ligand shell. Starting at a value
of 2.3 nm * for the native oleate ligand shell, the total ligand density more than doubled
to 4.8 nm > for the mixed ligand shell at maximum catechol loading. This surprising
behavior can be rationalized by the assumption that the incoming catechol ligand pref-
erably adsorbs to unoccupied Ti surface sites rather than displacing native oleate lig-
ands.

The second part of the thesis shows a promising application of a specially de-
signed catecholic anchor as a visible-light sensitizer for TiO, NPs in a photocatalytic
oxidative cyanation reaction. The sensitizer molecule, 6,7-dihydroxy-2-
methylisoquinolinium chloride (DHMIQ), was designed in such a way that it incorpo-
rates the structural features of a number of powerful homogeneous organic photocata-

lysts such as the 2,7-diazapyrenium dication. When attached to TiO, NPs, DHMIQ al-
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lows for a panchromatic sensitization over the whole visible range and even extending
into the near-infrared (NIR) region. The extended spectral response of the
Ti0,—~DHMIQ photocatalyst was exploited in aerobic photocyanation reactions of ter-
tiary amines with visible and NIR light. When irradiated with light of different wave-
lengths, the photocatalyst achieved remarkable catalytic performance not only for ener-
getic blue light of 462 nm, but also for low-energy NIR light of 730 nm.

The third part of the thesis deals with 4-allylcatechol-functionalized TiO, NPs,
which were covalently embedded into thiol—ene (TE) polymer matrices through their
terminal double bonds. Thus, hybrid nanocomposites with varying inorganic filler frac-
tions were fabricated in order to study the effect of the inorganic filler on the material’s
mechanical and thermal properties. To access these properties, the sound velocity (and
thus elastic modulus) and the thermal conductivity of the TE/TiO, nanocomposites were
measured by Brillouin light scattering spectroscopy (BLS) and by the 3w method, re-
spectively. Both properties increased with increasing TiO, NP filler fraction: The effec-
tive elastic modulus increased from 6.2 GPa at 0 wt% of TiO, NPs to 37.5 GPa at
90 wt% of TiO, NPs (by a factor of 6), while the effective thermal conductivity in-
creased even more significantly, from 0.04 to 0.76 W/m-K (by a factor of 18). The in-
crease of the effective elastic modulus was attributed to the covalent cross-linking of the
nanocomposite constituents. The pronounced enhancement of the effective thermal
conductivity was ascribed to the addition of a high-conductivity filler in the form of
nanoparticulate TiO, and the associated formation of conductive channels at high TiO,

NP fractions.



Kurzzusammenfassung

Titandioxid (Ti0O;) ist ein reichlich vorkommendes, unbedenkliches Material, das
in den letzten Jahrzehnten zahlreiche Anwendungen in den unterschiedlichsten For-
schungsgebieten gefunden hat. Um seine Oberflachenfunktionalitit zu verbessern, wird
TiO; haufig in Form von Nanopartikeln (NP) mit Catechol-Ankermolekiilen modifi-
ziert, die die Vorteile einer hohen Bindungsstdrke und einer erweiterten Lichtabsorption
in sich vereinen. Diese Strategie wird in der Praxis jedoch oft mit unzureichender
Kenntnis der zugrundeliegenden Oberfldchenchemie verfolgt, was eine genaue Beurtei-
lung der durchgefiihrten Oberfldchenreaktionen sehr schwierig macht.

Ziel dieser Dissertation ist es daher, die grundlegenden Oberflachenprozesse bei
der Modifizierung hydrophober TiO,-NP mit Catechol-Ankern zu untersuchen und der-
art funktionalisierte TiO,-NP in Anwendungen der Photokatalyse und in Nanokomposi-
ten zu nutzen.

Der erste Teil der Arbeit legt eine solide Grundlage fiir die Oberflachenprozesse
wiéhrend der Catechol-Ligandenadsorption an hydrophoben, Oleat-stabilisierten TiO,-
NP. Unter Einsatz einer ganzen Bandbreite von NMR-Techniken (1D und 2D, 'H und
13C, Losung und Festkorper) wurden die Oberflichenbedeckung des adsorbierten Cate-
chols und die Verdringung des nativen Oleats prizise quantifiziert. Entgegen der vor-
herrschenden Literaturmeinung war das Catechol nicht in der Lage, die gesamte native
Ligandenhiille zu ersetzen. Stattdessen wurde nur ein kleiner Teil (~20%) der nativen
Ligandenhiille verdringt und es bildete sich eine gemischte Ligandensphire aus. Aus-
gehend von einem Wert von 2.3 nm * fiir die native Oleat-Ligandenhiille hat sich die
Gesamtligandendichte bei maximaler Catechol-Beladung auf 4.8 nm * fiir die gemischte
Ligandensphédre mehr als verdoppelt. Dieses iiberraschende Verhalten kann durch die
Annahme erkldrt werden, dass der ankommende Catechol-Ligand vorzugsweise an un-
besetzten Ti-Oberfldchenstellen adsorbiert, anstatt die nativen Oleat-Liganden zu ver-
driangen.

Der zweite Teil der Arbeit zeigt eine vielversprechende Anwendung eines speziell
konzipierten Catechol-Ankers zur Photosensibilisierung von TiO,-NP im sichtbaren

Spektralbereich fiir den Einsatz in einer photokatalytischen oxidativen Cyanierungsre-
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aktion. Das Sensibilisatormolekiil, 6,7-Dihydroxy-2-methylisochinoliniumchlorid
(DHMIQ), wurde so konzipiert, dass es die strukturellen Merkmale einer Gruppe von
leistungsstarken homogenen organischen Photokatalysatoren, wie z.B. dem 2,7-
Diazapyrenium-Dikation, in sich vereint. Die Anbindung von DHMIQ an TiO,-NP er-
moglicht eine panchromatische Sensibilisierung iiber den gesamten sichtbaren Bereich
und sogar bis in den Nahinfrarotbereich (NIR). Die erweiterte spektrale Empfindlichkeit
des TiO,—DHMIQ-Photokatalysators wurde bei aeroben Photocyanierungsreaktionen
von tertidren Aminen mit sichtbarem und mit NIR-Licht ausgenutzt. Bei Bestrahlung
mit Licht unterschiedlicher Wellenldngen erreichte der Photokatalysator eine bemer-
kenswerte katalytische Umsetzung nicht nur fiir energiereiches blaues Licht von
462 nm, sondern auch fiir niederenergetisches NIR-Licht von 730 nm.

Der dritte Teil der Arbeit beschiftigt sich mit 4-Allylcatechol-funktionalisierten
TiO,-NP, die iiber ihre terminalen Doppelbindungen kovalent in Thiol-En (TE)-
Polymermatrizen eingebettet wurden. Auf diese Weise wurden hybride Nanokomposite
mit variablen Anteilen eines anorganischen Fiillstoffs hergestellt, um den Einfluss des
anorganischen Fiillstoffs auf die mechanischen und thermischen Eigenschaften des Ma-
terials zu untersuchen. Um auf diese Eigenschaften zugreifen zu konnen, wurden die
Schallgeschwindigkeit (und damit der Elastizitdtsmodul) sowie die Warmeleitfahigkeit
der TE/Ti0,-Nanokomposite mittels Brillouin-Lichtstreu-Spektroskopie (BLS) und 3w-
Methode gemessen. Beide Eigenschaften nahmen mit zunehmendem TiO,-NP-Anteil
zu: Der effektive Elastizititsmodul stieg von 6.2 GPa bei 0 Gew% TiO,-NP auf
37.5 GPa bei 90 Gew% Ti0O,-NP (um den Faktor 6), wahrend die effektive Warmeleit-
fahigkeit noch signifikanter zunahm, von 0.04 auf 0.76 W/m-K (um den Faktor 18). Der
Anstieg des effektiven Elastizitdtsmoduls wurde auf die kovalente Vernetzung zwischen
Ti0,-NP und TE-Polymermatrix zuriickgefiihrt. Die ausgepréagte Steigerung der effekti-
ven Wirmeleitfahigkeit wurde der Zunahme des anorganischen Fiillstoffs mit hoherer
Wirmeleitfahigkeit und der damit verbundenen Bildung von leitfahigen Kanilen bei

hohen TiO,-NP-Anteilen zugeschrieben.



1.1

Theoretical Background

General Introduction to Nanoparticles

Inorganic structures are referred to as nanoparticles (NPs) when they have a spa-
tial extent in the range from 1 to 100 nm in at least one of the three dimensions."™
Compared to their bulk parent materials, NPs often show altered physical and chemical
properties, which also vary with their size. The size-dependent physical properties are
all related to spatial confinement effects that occur as a consequence of the limited NP
dimensions.? The most studied physical phenomena are quantum confinement effects in
semiconductor NPs,* localized surface plasmon resonance in noble metal NPs,*’ and
superparamagnetism in magnetic NPs.® The enhanced chemical properties of NPs origi-
nate from their high surface-to-volume ratio, which increases with decreasing NP size.
Thus, for very small sizes, the fraction of surface atoms becomes extraordinarily large
(e.g., from 10% for a 20 nm particle to 50% for a 3 nm particle)’ and surface-relevant
chemical processes are boosted. One very impressive example of this phenomenon is
the self-ignition of pyrophoric iron.'® In addition to this, synthetic conditions and the
high curvature of NP surfaces may introduce surface sites with enhanced chemical reac-

tivity.!" All of these properties make NPs very attractive for an extremely broad range

13-15 16-18 19-21

of potential applications,'* including biomedicine, electronics,

2224

catalysis,

and energy-related fields.



1 Theoretical Background

1.1.1 Nanoparticle Synthesis

There are two principal methods to produce nanoparticulate materials (Figure
1.1)2® (i) The top-down approach exploits physical methods, such as lithography and
high-energy ball milling, to remove large fractions of a bulk material in a controlled
manner or to break down the bulk material altogether into nanoscale particles, respec-
tively. (ii) The bottom-up approach utilizes mostly chemical methods to assemble the
nanomaterials from molecular building blocks. Apart from vapour phase deposition
techniques, which employ the thermal decomposition of gas phase precursors at high
temperatures, liquid phase methods involve the growth (and precipitation) of NPs with-

in a liquid phase.

lithography
(material removal)

top-down

ball milling
(material break-down)

nano-
materials

vapour phase deposition

bottom-up

liquid phase methods

i: sol-gel processes
colloidal syntheses

Figure 1.1. Simplified overview of synthetic methods for nanomaterials.

These methods can further be divided into sol-gel processes (mainly for metal ox-
ides) and colloidal syntheses. During the sol-gel process, metal precursors (typically
metal alkoxides) are hydrolyzed to form a colloidal sol that subsequently undergoes
condensation to transform into a cross-linked gel, which finally needs to be heat-
treated.”® Sol-gel processes usually yield fine powders of aggregated nanoparticles with
broad size distribution and poor dispersibility in liquid media.”® However, colloidal sta-
bility is a prerequisite for solution-based processing”’ of NPs for numerous applications
like superconductive films,*® thermoelectric** and electronic devices.*' Thus, in order to
obtain colloidally stable nanoparticles, researchers have developed several synthetic

protocols that are summarized as colloidal syntheses in Figure 1.1. The colloidal meth-



1.1.2

1.1 General Introduction to Nanoparticles

ods are highly versatile and applicable to a wide range of compositions,” such as metal-

3132 or metal oxides.”* All of these techniques offer a high

lic NPs,* semiconductors,
degree of synthetic control over composition, size, and shape of the NPs, while ensuring
perfect colloidal stability through the use of stabilizing ligands.

Some of the synthetic protocols for colloidal NPs will be discussed in more detail

in the context of TiO, NPs in section 1.2.2.

Nanoparticle Constituents

Consisting of an inorganic core that is surrounded by a shell of organic ligands,
colloidal NPs can be viewed as organic-inorganic hybrid nanomaterials (Figure 1.2).
The hybrid nature of colloidal NPs allows for a flexible engineering of their physical
and chemical properties since both components can be manipulated independently. Fur-
thermore, the interaction of the inorganic core with its organic surroundings can also

have a significant effect on the resulting NP properties.>”

Figure 1.2. Calculated atomistic model of a faceted colloidal lead sulfide (PbS) NP passivated
with oleic acid (OA). (a) Space-filling representation of the inorganic PbS NP core. (b) Com-
plete NP model with the organic OA ligand shell visualized in ball-and-stick style. Color code:
Pb, gray; S, yellow; O, red; C, brown; H, light pink. The structure was replotted from the atomic
coordinates provided by Zherebetskyy et al.,*® using the Mercury 4.1.0 software®’ for visualiza-
tion.



1 Theoretical Background

1.1.2.1 The Inorganic Core

The inorganic core defines the intrinsic physical properties of the NP, such as
magnetic or optoeletronic properties. These properties are dictated by the NP core’s
composition, but also depend on its size and shape and can even be influenced by the
surface ligands.™®

Due to nanoscale effects and the larger surface contribution, the inorganic core
may exhibit crystal structures that are metastable for the bulk material (e.g., y-ALLOs
instead of a-Al,O; (corundum) or anatase and brookite instead of rutile TiOz).39 Thus,
the stabilization of the desired phase is of crucial importance, since the crystal structure
defines the NP’s electronic structure, which, in turn, dictates its physical properties.
Phase control can be achieved by establishing the proper reaction conditions (such as

pH value), as will be discussed in more detail for TiO, NPs in section 1.2.2. The NP’s

40,41 42,43

electronic structure can further be modified via doping or substitution chemistry
where the secondary metal ions are introduced through molecular precursors during the
synthesis. Similarly, the electronic structure can also be altered by postsynthetic cation
or anion exchange to tune the magnetic properties of metal oxide NPs** or the optical
properties of metal halide perovskite NPs.*’

Synthetic procedures were optimized to ensure precise control over NP size and
size distribution.*® Such control is achieved by adjusting the reaction parameters, such
as the precursor concentration,’ the heating rate,”® and the surfactant ratio.*’

In addition to the size control, significant efforts have been devoted to the control
over NP shape.***>! This goal is usually achieved by using two surfactants in the syn-
thesis with different affinities to certain crystal facets, thus accelerating the growth rates
on the less passivated facets. The most widely used surfactant duo to accomplish shape
control is the acid/base combination of oleic acid (OA) and oleylamine (OM)** that
have shown shape-directing properties for many different NPs.**~>

The NP core can also be composed of different nanosized domains with common
interfaces.”*®! Such multicomponent or hybrid NPs thus combine different function-

alities in a single system, such as plasmonic and magnetic functionalities in Au—Fe;04

dumbbell NPs.%



1.1 General Introduction to Nanoparticles

1.1.2.2 The Organic Ligand Sphere

While the inorganic core bears the NP’s intrinsic physical properties, the organic
ligand shell serves as a barrier and mediator to its chemical surroundings. The ligands
(or surfactants) perform two essential roles in different stages: (i) During the synthesis,
they influence the nucleation and growth of the NP core, thus allowing control over size
and shape (vide supra). (i1) After the synthesis, the ligands define the NP’s behavior in
liquid media and decide upon the accessibility of the NP surface.

Typically, the ligand is an amphiphilic molecule that consists of a polar head
group and a non-polar tail. The polar head group acts as an anchoring group to the metal
ions/atoms at the core’s surface, while the hydrocarbon tail shields the NP core from the
surrounding medium and ensures colloidal stability (cf. Figure 1.2b). The attachment of
the ligand to the NP surface involves coordination chemistry between electron-donating
atoms (especially N, O, P, S) in the anchoring groups and eletron-accepting metal atoms
and ions at the NP surface. Thus, the surface complexation can be viewed as a Lewis
acid—base interaction, whose binding strength can be rationalized in terms of Pearson’s
concept of hard and soft acids and bases (HSAB).**** According to Pearson’s HSAB
concept, Lewis acid—base interactions are especially strong when both components are
either hard (small size, high charge, low polarizability) or soft (large size, low charge,
high polarizability). This is why thiols (soft bases) are excellent anchoring groups for
gold atoms (soft acids), while carboxylates (hard bases) are a better choice for the metal
ions in transition metal oxides (hard acids, such as Ti*" or Zn*").

To account for the diversity of NP core compositions (vide supra), there is also a
wide range of possible surface ligands.®® Table 1.1 gives a rough overview of common
combinations with some selected examples of frequently employed ligands.

Besides the appropriate acid—base pairing, the NP—ligand binding strength also
dependes on the number of coordinating donor atoms, i.e., the denticity of the ligand. In
general, the binding strength increases with the denticity (i.e., monodentate < bidentate
< tridentate). Accordingly, a metal oxide NP should exhibit increasing NP—ligand inter-

actions in the order R—NH; < R3P=0 < R—SH < R—-COOH < R—PO(OH)s,.
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1 Theoretical Background

Table 1.1. Common combinations of NPs and native surface ligands.”

NP class anchoring group commonly employed ligands
and examples

(noble) metal

Au, Ag thiol (—SH) HS o DDT
Pt, Pd amine (—NH,)
Fe, Co carboxyl (~COOH) HoN h oM
o}
metal chalcogenide HO A OA
PbS, CdSe phosphine oxide (R;P=0)
thiol (—SH)
carboxyl (—COOH)
O=R_~~~ TOPO
(transition) metal oxide \—\_\1
TiO, amine (—NH,)
Fe;0, hydroxyl (—OH) 2
. OPA
ZnO carboxyl (~COOH) HO™

phosphonate (—PO(OH),)

“DDT, dodecanethiol; OM, oleylamine; OA, oleic acid; TOPO, trioctylphosphine oxide; OPA,
octylphosphonic acid.

The Organic-Inorganic Interface

The organic—inorganic interface is of fundamental importance for almost every
NP-based application because it defines the surface chemistry of the NP,***’ thus in-
fluencing surface-related processes such as accessibility of catalytically active surface
sites, ligand exchange efficiencies, and electron transfer dynamics. To investigate these
phenomena, the surface coordination of the anchoring group has to be revealed. How-
ever, due to the curved nature and intrinsic heterogeneity of NP surfaces, an exact char-
acterization of the surface coordination is extremely challenging and the binding motifs
are usually deduced from the well-characterized structures of low-molecular-weight
metal complexes or self-assembled monolayers (SAMs) on flat surfaces.

A more realistic picture of the actual surface coordination chemistry of NPs was
obtained with the advent of atomically precise colloidal nanoclusters (with sizes of up to
2 nm),*® whose total crystal structures were successfully resolved by X-ray diffraction
(XRD) techniques. The crystal structures revealed that even seemingly simple systems,
such as the gold—thiolate (Au—SR) combination, exhibit unexpectedly complex surface
coordinations. One of the first total structure determinations was reported in 2007 by

Jadzinsky et al.®? for the thiolated Au nanocluster Au;o(SR)a (Figure 1.3a). This



1.1 General Introduction to Nanoparticles

nanocluster showed surface coordination geometries that deviated strongly from the
assumed standard binding model of thiols in SAMs on flat Au surfaces.””’”" The charac-
teristic feature is a so-called staple motif where exposed surface Au atoms (light green
sphere in Figure 1.3b) are stapled to the kernel structure through bridging thiolate lig-
ands on opposite sides. Apart from the monomeric staple motif (—-RS—Au—SR—, Figure
1.3b), the Au;02(SR)44 nanocluster also features dimeric staple motifs (—RS(—Au—SR),—,
Figure 1.3¢) and even longer oligomeric staple motifs have been reported for smaller

2
Au nanoclusters.’

Figure 1.3. Surface coordination chemistry of a thiol monolayer-protected gold nanocluster.®
(a) Total structure of Au;p(pMBA)y (pMBA: p-mercaptobenzoic acid; core diameter:
~1.5 nm). (b) Monomeric (—RS—Au—SR-) and (c) dimeric (—RS(—Au—SR),—) staple motifs on
the Au nanocluster surface. Au core atoms are shown as space-filling orange spheres, while the
surface-exposed Au staple atoms are represented as smaller, light green spheres for clarification.
Color code: Au, orange & light green; S, yellow; O, red; C, brown. The structures were plotted
with the Mercury 4.1.0 software,’’ on the basis of the crystallographic information file (CIF)
that was retrieved from the Cambridge Crystallographic Data Centre (CCDC),” deposition
number: CCDC 714255.



1 Theoretical Background

Figure 1.4. Surface coordination chemistry of a carboxylate-ligated indium phosphide
nanocluster.” (a) Total structure of Iny;P2(O,CCH,Ph)s;(H,0) (core diameter: ~1.3 nm). (b)
Bidentate chelating binding modes in normal configuration (left) and with dative contribution to
a neighboring In atom (right). (c) Bidentate bridging binding modes in symmetric (left) and
asymmetric (right) manifestations. (d) Monodentate binding mode with coadsorbed water. Col-
or code: In, purple; P, green; O, red; C, brown; H, light pink. The structures were plotted from
the CIF”* (CCDC 1417966) using the Mercury 4.1.0 software®’ for visualization.

Another impressive example, showing that the real binding situations can deviate
strongly from the ideal, symmetric textbook representations,” is the recently reported
carboxylate-ligated indium phosphide nanocluster Ins;P,)(O,CR)s;(H,O) (Figure
1.4a).”* Interestingly, this small cluster (core diameter: ~1.3 nm) exhibits a broad varia-
bility in surface coordination, covering almost all of the known carboxylate binding
modes: (i) bidentate chelating binding modes in normal configuration and with dative
contribution to a neighboring In atom (Figure 1.4b), (ii) bidentate bridging binding

modes in symmetric and asymmetric manifestations (Figure 1.4c), and (iii) monodentate
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binding mode with coadsorbed water (Figure 1.4d). The monodentate binding mode is
an especially interesting feature as it forms from a water-free precursor cluster upon
exposure to moist air, thus indicating the possibility of site-specific ligand chemistry.’
As an intermediate entity between molecular complexes and NPs, atomically pre-
cise nanoclusters provide the best approximation of the versatile surface coordination

chemistry taking place at the organic—inorganic interface of NPs.

Colloidal Stabilization

For many applications, NPs need to be processed in the liquid state,”” which re-
quires colloidal stabilization. There are two fundamentally different mechanisms to
keep the NPs in the dispersed state, thus preventing aggregation of their cores: (i) Steric
stabilization in nonpolar media through long-chain ligands and (ii) electrostatic stabili-
zation in polar media by surface-bound charged species.*®’

Steric stabilization is a key element in all colloidal syntheses that make use of
long-chain, nonpolar surfactants (see section 1.1.2.2). It is based on the fact that
chain—solvent interactions are favored over chain—chain interactions, when the NPs are
dispersed in a suitable, lipophilic solvent (e.g., n-hexane for oleate chains). As a result,
the ligand spheres are swollen with solvent molecules and repell each other upon con-
tact to avoid unfavorable ligand—ligand interactions (Figure 1.5a, top). Addition of a
polar solvent (e.g., ethanol) destabilizes the system in such a way that the corresponding
chain—solvent interactions become highly unfavorable and interdigitation of the ligand
chains is preferred (Figure 1.5a, bottom), thus causing the NPs to precipitate. Similarly,
when the lipophilic solvent is gradually evaporated, the effective interparticle interac-
tion eventually changes from repulsive to attractive and highly ordered NP superlattices
may be obtained.”® Unsaturated hydrocarbon chains (e.g., oleate) are usually preferred
over their saturated counterparts (e.g., stearate) because they enhance steric stabilization
due to their weaker chain—chain interactions, which is already evident from their melt-
ing points (oleic acid: 14 °C, stearic acid: 69 °C).”’

Electrostatic stabilization can be realized through ligand exchange of hydrocarbon
chains or by direct synthesis of NPs in polar solvents with charged, surface-active spe-
cies. In both cases, the NP surface is covered with charges, which are surrounded by a
diffuse layer of oppositely charged counterions. Such NPs are colloidally stabilized by

polar solvents with high dielectric constants (e.g., water, ¢ =80 or formamide,
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e=111)"" because the solvent molecules effectively screen the opposite charges from
electrostatic attraction, forming an electrical double layer (Figure 1.5b, top). As a result,
the charged coronas of individual NPs experience electrostatic repulsion as they closely
approach each other. Addition of a less polar solvent (e.g., tetrahydrofuran, ¢ = 7.5)"’
reduces the dielectric screening of the charges and causes the diffuse counterion corona
to collapse. The attraction of the opposite charges now enables the NPs to closely ap-

proach each other (Figure 1.5b, bottom), resulting in agglomeration and flocculation.
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Figure 1.5. Mechanisms of colloidal stabilization. (a) Steric stabilization in nonpolar media
through long-chain ligands. (b) Electrostatic stabilization in polar media by surface-bound
charges. The upper part of each panel depicts the NPs in their colloidaly stable states, while the
lower part shows the destabilized (or dry) states. For the sake of a better overview only a frac-
tion of the complete NP corona is shown in each case.
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Titania Nanoparticles

TiO, Polymorphs

Titania (titanium dioxide, TiO;) occurs naturally as a mineral in the three modifi-
cations rutile, anatase, and brookite, all of which can also be obtained synthetically. All
three polymorphs have the same coordination chemistry: Each titanium ion is surround-
ed by 6 oxygen ions in a more or less distorted octahedral configuration (TiOg), while
each oxygen ion is in correspondingly distorted trigonal planar coordination of 3 titani-
um ions (OTis).”® The different polymorphs result from different linking patterns of the
Ti0Og octahedra through edge- and corner-sharing under fulfillment of the above coordi-

nation criteria (Table 1.2).”*

In rutile, the TiOg octahedra share two opposite edges
with adjacent octahedra, thus forming linear chains along the ¢ axis that are intercon-
nected through shared corners (Figure 1.6a). In anatase, each TiOg octahedron shares
four edges with neighboring octahedra to form pseudotetrahedral building units that
generate a sponge-like three-dimensional structure (Figure 1.6b). Brookite and anatase
share the common feature of zigzag octahedral chains (in contrast to rutile’s linear
chains), but differ in the way these chains are interconnected: While in anatase, each
octahedron in the chain connects to two other chains via two shared edges (4 shared
edges in total), in brookite, the connection to the other chains is made through one
shared edge (3 shared edges in total) and one shared corner (Figure 1.6c).

An alternative to the description of the TiO, polymorphs in terms of connected
octahedra is to examine the packing motifs of the oxygen sublattices of the three phases.
All three phases exhibit more or less distorted types of close-packed oxygen ions, with
the titanium ions occupying one half of the octahedral sites.*' The different polymorphs
arise from different layer sequences of the close-packed oxygen sublattice and different
distributions of the titanium ions over the octahedral voids. In rutile, the arrangement of
the oxygen ions approximates hexagonal close-packing (hcp, layer sequence ABAB),*
while the structure of anatase is built on a strongly distorted cubic close-packing (ccp,
layer sequence ABCABC).® Brookite, on the other hand, exhibits a double hexagonal
close-packing (dhcp, layer sequence ABACABAC) of the oxygen ions.” The octahe-
dral sites are filled with titanium ions in such a way that the TiOg octahedra are con-

nected according to the linking patterns described above.

11
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Table 1.2. Linking patterns and packing motifs of the TiO, polymorphs.

: number of contacted octahedra close-packing*
TiO, phase
total edge-shared corner-shared (layer sequence)
rutile 10 2 8 hcp (ABAB)
anatase 8 4 4 ccp (ABCABCO)
brookite 9 3 6 dhcp (ABACABAC)

“hep, hexagonal close-packing; ccp, cubic close-packing; dhcp, double hexagonal close-
packing.

Rutile

Anatase

Brookite

Figure 1.6. Crystal structures of the main TiO, polymorphs (a) rutile, (b) anatase, and (c)
brookite, each visualized in the ball-and-stick (left) and the polyhedral style (right), using the
VESTA 3.4.3 software.* Color code: Ti, blue spheres; O, red spheres; [TiOg¢], blue octahedra.
The CIF data were retrieved from the American Mineralogist Crystal Structure Database
(AMCSD)® under the depository numbers 0009404 for rutile,*® 0010735 for anatase,” and
0005160 for brookite.**
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Rutile is the most stable form of TiO, under normal conditions, while anatase and
brookite are metastable phases that transform irreversibly to rutile at high
temperatures.” > For the macrocrystalline materials, the thermodynamic phase stability
decreases in the order rutile > brookite > anatase.” However, the differences are rather
small and so for nanocrystalline materials, the relative phase stability is reversed due to
favorable surface-energy effects at the nanoscale. Accordingly, anatase was found to be
the most stable phase for crystallite sizes <11 nm, while brookite is dominant in the size
range from 11 to 35 nm, and rutile is most stable at sizes >35 nm.”! It must be noted,
though, that these (purely) thermodynamic considerations are insufficient in predicting
the resulting TiO; polymorph during NP synthesis in solution phase. Instead, the chemi-
cal environment during nucleation and growth of TiO, NPs has a much more pro-
nounced effect on the resulting polymorph.” For instance, it was recently shown, that

small rutile NPs (<10 nm) can form prior to the formation of anatase NPs.”?

Synthetic Methods

Tremendous synthetic efforts have been devoted to the solution-phase preparation
of TiO, NPs with controlled phase, size, and morphology.”®** The synthetic procedures
can roughly be devided into aqueous methods (primarily sol—gel and hydrothermal pro-
cesses), and non-aqueous methods (including solvothermal and ambient-pressure, sur-
factant-assisted techniques).”® The subcategory of the ambient-pressure, surfactant-
assisted techniques is often categorized under the rather historical term of non-aqueous
(or even non-hydrolytic) sol—gel methods in order to highlight the analogy of similar
mechanistic pathways in both aqueous and non-aqueous sol—gel chemistries.”>*> Alter-

(13

natively, this class of reactions has also been summarized under the term “sol
method”,”* while other reviews refer to it as “heat-up synthses”, following the standard
classification of many other colloidal NPs (e.g., CdSe, FePt, or Fe;04) synthesized un-
der similar conditions.”® Going one step further, Niederberger et al. subdivided the non-
aqueous sol—gel methods into surfactant-directed and solvent-controlled approaches® to
account for their “benzyl alcohol route*, which produces fine TiO, NPs without addi-

tional surfactants.”””®

Beside the various classification approaches, it is sometimes dif-
ficult to clearly categorize a certain synthetic procedure due to the merging of different
techniques. One such example is the surfactant-assisted hydro/solvothermal synthesis of

Ti0; NPs in a two-phase mixture of water/toluene.”’

13
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Historically, aqueous sol—gel methods were the first synthetic procedures for the
preparation of nanoparticulate titania. While these syntheses are simple, scalable, and
provide high yields, they allow little control over size and shape and the as-prepared
solids usually exhibit poor crystallinity and insufficient dispersibility in liquid media.*
Some of these drawbacks were overcome with the development of hydrothermal pro-
cesses, which are performed with aqueous media in closed reaction vessels (i.e., auto-
claves) at elevated temperatures and autogenous pressures.'” The greatest advantage of
the hydrothermal method is the strongly enhanced crystallinity of the obtained solids.
Furthermore, a fairly good control over the titania phase can be achieved through the
addition of suitable carboxylate salts and even the shape can be tuned through the addi-
tion of fluoride or sulfate anions, which bind to specific facets of the anatase crystal.'"!
Another example for hydrothermal synthesis reported the preparation of size-controlled
TiO, NPs, which even showed moderate colloidal stability through electrostatic stabili-
zation in acidic environment.'*”

To obtain better control over size, morphology and especially colloidal stability of
TiO, NPs, the hydrothermal approach was further advanced to the solvothermal ap-
proach, which uses organic solvents instead of aqueus media. Compared to the high
hydrolysis rates of aqueous procedures, the non-aqueous environment of solvothermal
syntheses drastically decreases the reaction rates of the titanium precursors with oxy-
gen-containing organic molecules. Consequently, the growth of TiO, NPs proceeds at a
lower rate, thus allowing a better control over their size and size distribution. Addition-
ally, organic surfactants can be employed that serve two purposes: (i) They direct the
shape evolution of a growing NP through their preferential binding to specific facets.
(i1) They impart colloidal stability to the NPs in non-polar media via steric stabilization
(cf. section 1.1.4).

Utilizing the solvothermal approach, Kim et al.'” synthesized colloidal TiO, ana-
tase NPs in toluene with oleic acid as surfactant and they were able to change the mor-
phology from quasi-spherical NPs to elongated nanorods by increasing the precursor
concentration in solution. Another interesting approach is to to combine the benefits of
the solvothermal procedure with the fast hydrolysis rates of hydrothermal synthesis to
obtain an even better control over NP morphology. This was done by Dinh et al.>® by
placing a water source in a separated compartment of the reaction vessel, so the only

way for the water to hydrolyze the organic titanium precursor was through the vapor
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phase. Thus, using water vapor as the hydrolysis agent and adjusting the ratio of the two
surfactants OA and OM, they were able to achieve an impressive control over NP mor-
phology, ranging from quasi-spherical, over rthombic, to dog-bone shapes.’® Although
OA and OM are the shape-directing additives, it is the fast hydrolysis through water
vapor that enables the facet-specific growth of the NPs in the first place.

The most versatile and advanced category of TiO, NP syntheses are the non-
aqueous, surfactant-assisted methods that are typically performed in conventional reac-
tion flasks at elevated temperatures and ambient pressure using standard Schlenk line
techniques. An early example was the synthesis of colloidally stable TiO, NPs via non-
hydrolytic condensation reactions between the two precursors titanium halide and tita-
nium alkoxide in the presence of TOPO as surfactant.'™ Using only titanium alkoxide

as precursor in combination with OA and OM as surfactants, Zhang et al.'®

synthesized
colloidal TiO; nanodots (of 2.3 nm diameter) and nanorods with tunable aspect ratio
and narrow size distribution.

A more elaborate synthesis for TiO, nanorods with tunable length was achieved

by Buonsanti et al.'®

through a seed-mediated growth approach. This is a two-step pro-
cess, where first, small TiO, anatase seeds were prepared from the reaction of TiCly
with OA and OM, which were then reacted with defined amounts of additional TiCly
precursor to produce TiO; nanorods of specific length. Interestingly enough, the authors
observed a phase transition from the anatase to the brookite structure for nanorods long-
er than 30 nm.'" Extending this seed-mediated growth approach to additional titanium
precursors and co-surfactants, Gordon et al.'®” achieved an unprecedented level of shape
control with narrow size distributions. Here, both titanium halides TiCl4 and TiF4 were
used as precursors, in conjunction with either oleyl amine or octadecanol as co-
surfactants. These combinations allowed the authors to precisely engineer the ratio of
{001} and {101} facets on the correspondingly shaped TiO, anatase NPs. The expec-
tionally narrow size distributions achieved in this seed-mediated growth approach are
attributed to the temporal separation of the nucleation (seed formation from initial pre-
cursor) and growth (conversion of additional precursor) stages during the

. 106,108
synthesis.
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1.2.3 Mechanistic Considerations

16

In most of the synthetic methods introduced in section 1.2.2, tetravalent titanium
precursors are used as starting materials for TiO, preparation, mainly titanium halides
and alkoxides, such as titanium tetrachloride TiCls and titanium tetraisopropoxide
Ti(O'Pr)4. All of these precursors have highly Lewis-acidic Ti(IV) centers that are sensi-
tive to nuclephilic attack by water and other oxygen-containing molecules. As a result
of the nucleophilic attack, the coordination geometry expands from tetrahedral (with
coordination number 4) to octahedral (with coordination number 6), thus saturating the
precursor’s electron deficiency.

The high reactivity is reflected in a fast hydrolysis of titanium alkoxide precursors
in aqueous environment, yielding a white precipitate of an amorphous, hydrated titania
phase.'”!'% The first steps of this conversion involve the actual hydrolysis of titanium
alkoxide (eq 1.1), followed by condensation reactions through oxolation (eq 1.2) and

alkoxolation (eq 1.3), thus forming oxo bridges between individual Ti(IV) centers.”>'"!

=Ti~OR + H,0 —  =Ti-OH + ROH (1.1)
=Ti-OH + HO-Ti= — =Ti-O-Ti= + H,0 (1.2)
=Ti-OR + HO-Ti= —  =Ti-O-Ti= + ROH (1.3)

Upon further condensation and concomitant expansion of the coordination sphere,
a polymeric network of hydrated, connected [TiOg] octahedra is formed. These poly-
meric structures have no long-range order, which is the reason for the poor crystallinity
of sol—gel-derived oxides.

Due to the high reaction rates of the hydrolysis step (eq 1.1), the active monomer-
ic species in titania NP formation are often postulated to be octahedral hydroxo—aquo

112-115
How-

complexes, which are expected to condense in a more or less linear fashion.
ever, extensive studies in the field of titanium oxo clusters (TOCs), also known as poly-
oxotitanates (POTs),'"*'"® have disclosed a plethora of stable, polynuclear titanium
compounds, ranging from low-molecular-weight Ti; complexes'” to large, elongated

Tis;—oxo nanoclusters with a length of 3.6 nm.'?

These studies suggest that TiO, NP
formation does not proceed through a continuous step-by-step growth via addition of

isolated octahedral building units, but rather through a staged process, where first, poly-
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nuclear TOCs are formed as active monomeric species, which then condense to generate
bigger structures. 121

This picture is further supported by the fact that TOCs are usually prepared under
synthetic conditions that are very similar to those of NP syntheses. Table 1.3 provides a
comparative representation of NP and cluster syntheses based on the two Ti precursors
TiCly and Ti(O'Pr); under both, aqueous and non-aqueous reaction conditions. It be-
comes evident that most of the NP synthesis methods from section 1.2.2 are suitable to
produce TOCs when the reaction conditions are adapted accordingly, i.e., lower temper-
atures, longer reaction durations, and controlled amounts of added water. Consequently,
many authors regard TOCs as prenucleation clusters or snapshots of intermediate struc-
tures during TiO, NP formation,!!*12%7125

The notion of polyoxometalate clusters as intermediates in NP formation is not
limited to TiO,, but has also been expressed for other transition metal oxides, such as
Zr,"*% Hf,'"*" and Fe'*® oxides. This picture is further supported by the observation that
polyoxometalate clusters increase in size when reaction temperatures are increased, thus
achieving higher degrees of condensation.'*'%’

Interestingly, some of the higher-nuclearity clusters have been reported to exhibit
structural units that strongly resemble the crystal structures of the TiO, polymorphs

122,130 122,124 131,132 :
’ ’ 77 (cf. section 1.2.1). Some authors have even

rutile, anatase, and brookite
claimed that the structure of the titanium precursor complex can influence the resulting
TiO, phase.''*"*! However, this is generally not the case, as many studies have shown
that the chemical environment has a much more pronounced effect on the phase compo-
sition, resulting from a complex interplay of several factors, such as pH, temperature
and presence of counterions or additives.”>''>'#*!3* Furthermore, phase transitions can
also occur during the growth of NPs, a process that is completely decoupled from the

106,135
precursor’s structure.
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Table 1.3. Parallels between NP and cluster syntheses.*”

Ti precursor

RM SP TiCl, Ti(O'Pr),

2 NP TiCl, in HCl(aq);'" Ti(OPr) in isopropanol + H,0;'*

8 90 °C, air atmosphere, 6 h; 250 °C, hydrothermal, 20 min;

% anatase crystallites, 10 nm anatase crystallites, 5 nm

cluster  TiCl, in H,O + TBAC;'** Ti(O'Pr), in isopropanol
ambient conditions, few days; + 1 equiv. H,0;"’
[TigOs(OH,)50]*" 100 °C, ambient pressure, 3 d;
Ti;20,6(OPr)6

(CCDC 1418040) (CCDC 1300021)

2 NP OM & OA in ODE Ti(O'Pr), in OA;"®

3 + TiCl, in ODE;'*!'?7 270 °C, ambient pressure, 2.5 h;

% 290 °C, ambient pressure, 30 min; anatase nanorods, 40 nm

& brookite nanorods, 50 nm

o .

= cluster propanoic acid in CCly Ti(O'Pr), in toluene + formic acid;'"

+ TiCly;"™®
70 °C, ambient pressure, 0.5 h;
Ti30,Cl3(0,CEt)s

room temperature, inert atmosphere,
12h;
TisO6(O'Pr)s(0,CH)s

(CCDC 225068)

(CCDC 1169959)

“Abbreviations: RM, reaction medium; SP, synthetic product; TBAC, tetrabutylammonium
chloride; ODE, 1-octadecene. “Color code: Ti, blue; O, red; Cl, green; C, brown; H, light pink.

Structures were plotted with VESTA 3.4.3.%
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1.2.4 TiO; Surface Chemistry

For most applications of TiO, NPs the surface structure and its interaction with
organic molecules is of utmost importance. Among the three polymorphs of TiO, (cf.
section 1.2.1), anatase is the the most frequently employed representative, especially
with regard to its photoreactivity (section 1.2.5). Using a Wulff construction, the equi-
librium shape of an anatase crystal was calculated to be a slightly truncated tetragonal
bipyramid (Figure 1.7a), limited by a majority of {101} facets (94% of the crystal sur-
face) and a minority of {001} facets (6%)."*! This shape corresponds well to the shape

of naturally occuring anatase minerals4*!'*

and has been reproduced in many TiO, NP
syntheses.”®'"'* The ideal atomic structure of the (001) anatase surface (Figure 1.7b,
top) is characterized by five-fold coordinated Ti surface sites (Tis.) and two- and three-
fold coordinated O sites (O, O3c), whereas the ideal (101) surface layer (Figure 1.7b,
bottom) is composed of both saturated Tig. and Oj;, sites and undercoordinated Tis. and

145,146

O, surface sites. Due to their low surface energy, the {101} facets are thermody-

namically the most stable among all TiO, anatase facets, while the {001} high energy
facets are significantly more reactive in most surface-related processes.'*”'**

All facets interact with organic and inorganic molecules in their specific manners
and reactivities, thus altering their catalytic activities. Many studies have investigated
the adsorption behavior of inorganic anions onto TiO; anatase surfaces, including car-
bonate (CO5”"),'* sulfate (SO47)," and phosphate (PO4°")"°"'** jons. Most of these
studies focus on how the adsorption of inorganic anions affects the NPs’ photocatalytic
acitivy."*!>* Apart from catalytic performance, inorganic anions also play a crucial role
in the synthesis of TiO, NPs as their adsorption characteristics can dramatically influ-
ence the size, shape, and phase of the resulting titania.”*'"! This is especially true for

halide ions, which have been used for shape tuning of anatase NPs.'?">*

In particular,
fluoride (F ) ions were found to selectively bind to {001} high energy facets, thus di-
recting the NP morphology towards platelet shape with astonishingly high percentages
of fluorine-terminated {001} facets.' " To retrieve the reactive nature of fluorine-
passivated {001} facets, the NPs are simply treated with aqueous NaOH solution,

whereupon fluoride is exchanged with hydroxide.m’15 8,159
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Figure 1.7. Surface structure of anatase TiO,. (a) Slightly truncated tetragonal bipyramid as the
equilibrium shape of an anatase crystal with the main facets {001} and {101}. (b) Ideal atomic
structures of the (001) (top) and (101) (bottom) anatase surfaces. Two- and three-fold coordi-
nated O atoms and five- and six-fold coordinated Ti atoms are denoted by Oy, O3, Tis. and Tig,
respectively. Color code: Ti, blue; O, red. Structures visualized with VESTA 3.43%

In analogy to the oxygen-containing inorganic ions, TiO, anatase surfaces have

160

also been subjected to organic molecules with carboxylate (—CO; ), ™ sulfonate

(—S057),'" and phosphonate (—PO5”")'%* binding groups. Most of those studies seek to

optimize the optoelectronic coupling at the TiO,—molecule interface'®' or to enhance

163.164 phosphonate was found to exhibit

161,165,166

dispersibility of TiO, NPs in various solvents.
the highest binding affinity among the three anchoring groups.

Numerous density functional theory (DFT) calculations revealed a higher reactivi-
ty of {001} facets towards chemisorption of organic molecules,'* such as trifluoroace-

1 .1 . . . . .
d'"7 or the nerve agent sarin.'® The difference in adsorption behavior of various

tic aci
Ti0,; facets can be exploited to differentiate Ti surface states by means of nuclear mag-

netic resonance (NMR) spectroscopy. Here, a phosphor-containing surface probe (tri-
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methylphosphine, TMP) produces distinctive signals in *'P NMR spectra that can be

attributed to specific surface adsorption sites on the {001} and {101} facets.'®"'"

Multiple studies have shown that adsorption onto TiO, NPs usually follows some

Langmuir-type adsorption model,'”" both for inorganic'*"'>?

158,172

and for organic adsorb-

ates.

Catechol Functionalization

Apart from the organic adsorbates described above, another anchoring group has
become very popular over the last 20 years: the catechol (1,2-dihydroxybenzene) group,
which is well-known for its versatile chemistry in mussel adhesive proteins.'” The cat-
echol moiety has three major advantages as an anchoring group for metal oxides in gen-
eral: (i) It allows for virtually irreversible surface binding due to its bidentate binding

174,175

geometry and remarkably high binding constants, which have their origin in an

enhanced orbital overlap between metal d-orbitals and ligand valence orbitals as com-

176,177

pared to carboxylate complexes. (i1) Catechol derivatives are redox-active com-

pounds that facilitate electron transfer processes across the ligand—metal interface.'”* '™
This property is crucial for catalytic processes, such as in the fields of bioinorganic'®’

and of synthetic organic chemistry.'®

(ii1) The catechol moiety can be easily modified
through ring substituents with desired chemical functionalities and can thus be incorpo-
rated into the sidechains of a polymer backbone.'®’

Similar to other adsorbates (vide supra), numerous studies of catechol chemisorp-
tion on TiO, NPs revealed Langmuirian adsorption behavior.'""**1318¢ Al of these
studies investigated catechol chemisorption on hydrophilic colloidal TiO, in aqueous
media, but the Langmuirian adsorption model also holds true for chemisorption on hy-
drophobic TiO, NPs in non-aqueous, organic media, as will be described in Chapter 2.

Due to the nanoscale nature of NP surfaces with their high curvatures and intrinsic
heterogeneities, it is extremely challenging to determine the exact binding modes of
chemisorbed catechol molecules. However, the true picture of the organic—inorganic
interface can be approximated by two different approaches that provide complementary
views on NP surface complexation: (i) Adsorption studies on extended, flat TiO, sur-
faces, such as the (001) and (101) anatase surfaces shown in Figure 1.7b, allow to de-
scribe the binding modes on pronounced crystal facets. (ii) Atomically precise X-ray

structures of catechol-containing TOCs can serve as model systems to describe the more
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complex binding situations on the edges and vertices of the NP, where crystal facets
meet, and on irregular surface sites in general.
The investigation of catechol adsorption on flat TiO, surfaces is usually per-

formed through a combination of several characterization techniques, most notably

187,188

scanning tunneling microsco STM), hotoelectron spectrosco PES ,189 and
g g Py p Y Py

near-edge X-ray absorption fine structure (NEXAFS) spectroscopy,*’ routinely sup-

191

ported by DFT calculations.” These studies have revealed that catechol binds onto

TiO, surfaces (both rutile and anatase) predominantly in a bridging bidentate configura-
tion, with the aromatic rings usually tilted by ~30° with respect to the surface normal,'*’
as represented in Figure 1.8 for catechol chemisorption onto the TiO, anatase (101) sur-

face. Furthermore, it was found that only bidentately bound catechol generates energy

states in the band gap of TiO,, thus boosting the potential for extended light absorption
189

and enhanced photoreactivity (cf. section 1.2.5.2).

Figure 1.8. Atomistic model of bridging bidentate catechol adsorption on (101) TiO, anatase
surfaces. Color code: Ti, blue; O, red; C, brown; H, light pink. Structures visualized with VES-
TA3.43%

Similar to the description of the organic—inorganic interface in section 1.1.3, pol-
ynuclear, catechol-containing TOCs can give an approximate picture of the true binding
situations of catechol at irregular surface sites, such as the edges and corners of TiO,
NPs. Over the last two decades, a large variety of catechol-containing TOCs have been

synthesized.''#3%19219 Apart from the commonly discussed catechol binding modes



1.2 Titania Nanoparticles

(bridging bidentate vs. chelate bidentate),”>'”

the great structural diversity of catechol-
containing TOCs allows for further, partly exotic binding modes (Table 1.4).
When titanium alkoxide precursors are reacted with an excess of catechol (molar

ratio catechol/Ti = 3),"3*!*

very small TOCs with Ti, core and catechol in monodentate
coordination mode are obtained (Table 1.4, entry 1). Monodentate catechol coordination
has also been discussed for the adsorption onto TiO, at high catechol surface coverag-
es.!™!% For reduced molar ratios, a variety of chelate binding modes is found (Table
1.4, entries 2+3). A molar ratio catechol/Ti of 2 still yields very small TOCs (with Ti, or
Tis core),"”>'”° but with bidentate chelate binding mode, where both oxygens bind sim-
ultaneously to the same Ti site (Table 1.4, entry 2). Further reduction of the molar ratio

towards 1 increases the cluster nuclearity (with Tig or Tijg cores)13 2192

and promotes the
formation of singly and doubly bridging chelate binding motifs, where one catecholato
ligand bridges two or even three Ti ions (Table 1.4, entry 3).

Although the bridging bidentate motif is the most accepted adsorption mode for
catechol on flat TiO, surfaces (cf. Figure 1.8), there are only few reports of catechol-
containing TOCs featuring this binding motif. One such rare example is the
Ti10012(cat)s(py)s (py = pyridine)'’ cluster depicted in Table 1.4 (entry 4), which is the
condensation product of the catechol-containing precursor complex Tiy(cat)s(DMA),
(DMA = dimethylacetamide)'®® in hot pyridine. The fact that this binding motif has only
been observed on a high-nuclearity cluster so far might be an indication that it preferen-
tially forms on extended structures, including flat surfaces and NP facets.

The chelate bidentate mode usually occurs on low-nuclearity clusters at terminal
positions (cf. Table 1.4, entry 2). However, this binding motif has also been observed on

132 after cate-

the vertices of a high-nuclearity cluster with Ti;; core (Table 1.4, entry 5)
chol ligand exchange of the preformed Ti17024(OiPr)20 cluster.'” Strikingly, the ligand
exchange only took place at undercoordinated Tis. sites, which were transformed into
saturated six-fold coordinated Tis upon chelate bidentate binding of catecholate. This
adsorption behavior is also highly conceivable for catechol functionalization of TiO;

NPs.
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Table 1.4. Catechol-containing TOCs and binding motifs.*”

entry CLN molecular structure catechol binding motif*
(CCDC)
1 2 Ti,(cat),(cat-H),(OMe),(HOMe), monodentate u;-(0)

(1489373)"*

2 2 Tiy(cat)s(HOPr), chelate bidentate u;-(0,0")
(284457)"%

3 6 TigO(cat)s(O'Pr);o singly bridging chelate
(779643)"* 12-(0,0',0")

doubly bridging chelate
13-(0,0,0",0")
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Table 1.4. Continued.

entry CLN molecular structure catechol binding motif®
(CCDC)
4 10 TiyOra(cat)s(py)s bridging bidentate z,-(0,0")

(953666)"7

5 17 Tis0s4(cat)s(O'Pr) chelate bidentate 1,-(0,0")
(779644)'*

“Abbreviations: CLN, cluster nuclearity; cat, catecholate dianion (C¢H40,)*"; cat-H, catecholate
monoanion (C¢Hs0,) ; py, pyridine. “Color code: Ti, blue; O, red; N, grey; C, brown; H, light
pink. Structures were plotted with VESTA 3.4.3% from the corresponding CIF data. H atoms are
omitted for clarity in the cases of the higher-nuclearity clusters. “Notations according to refer-
ences 192,199.

Considering the variety of binding sites on a NP surface, which is mainly gov-
erned by its facets and the interfacing edges and vertices, it appears more than likely
that several of the described binding motifs coexist at varying proportions on the same
TiO, NP. For instance, it is very plausible to assume that catechol functionalization
yields bridging bidentate binding on anatase (101) surfaces (cf. Figure 1.8), whereas the
vertices are coordinated in chelate bidentate mode (Table 1.4, entry 5). Furthermore,
increased ligand concentrations may also lead to monodentate catechol binding (Table

1.4, entry 1) in competition to the bidentate modes.
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Photoreactivity

1.2.5.1 Principles

26

TiO; is a semiconductor with a wide band gap separating the occupied energy
states in the valence band (VB) from the vacant states in the conduction band (CB). The
photoreactivity of TiO; is based on the fact that electrons can overcome the band gap by
absorption of UV radiation, thereby generating a quasiparticle with positive charge, also
known as a hole, in the VB (Figure 1.9). Both constituents of the generated elec-
tron—hole pair can move independently throughout the particle and to its surfaces before
finishing their lifetimes in one of several possible pathways of de-excitation (cf. Figure
1.9).%2% The most preferred options in terms of photocatalysis are pathways @ and @,
where the charge carriers are taking part in redox reactions on the NP surface: Here, the
electrons reduce an acceptor molecule A (pathway @), while the holes oxidize a donor
species D (pathway @). The undesired decay pathways are electron—hole recombina-
tions within the NP volume (pathway ©) or at its surfaces (pathway @). These funda-

mental processes are summarized by the following equations:

electron—hole pair formation TiO, + photon (hv) — e + hyg (1.4)
reduction ecg TA— A (1.5)
oxidation hyg +D — D" (1.6)
electron—hole recombination ecg + hyg — photon/phonon (1.7)

The valence band of TiO; is composed of overlapping 2p orbitals of the oxygen
atoms, whereas the lower section of the conduction band results from overlapping 3d

200201 Dye to their different crystal structures (cf. section

orbitals of the titanium atoms.
1.2.1), the three TiO, polymorphs rutile, anatase, and brookite differ significantly in
their electronic band structures, thus exhibiting different band gaps: 3.0 eV in rutile,
3.2 eV in anatase, and 3.4 ¢V in brookite.”">*”> Among these three polymorphs, anatase
has been found to show the highest activity in many photocatalytic reactions due to

2% To overcome its band gap of

lower recombination rates of electron—hole pairs.
3.2 eV, anatase particles have to be irradiated with UV light of wavelength 1 <

387 nm.>"!
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surface recombination

hv reduction

D+

oxidation

surface recombination

Figure 1.9. Electron—hole pair formation after photoexcitation in a semiconductor NP and sub-
sequent de-excitation pathways. (—), electron; (+), hole; Av, photon; CB, conduction band; VB,
valence band; A, electron acceptor; D, electron donor. Adapted from reference 80.

The reductive and oxidative power of photogenerated electrons and holes in a
semiconductor NP is determined by its band edge positions. Oxide semiconductor sur-
faces in contact with aqueous solutions typically exhibit Nernstian pH dependence of
their band edge positions, just like any other pH-dependent redox couple.*”*°® Accord-
ingly, the band edges at the surface shift to more cathodic, i.e. more negative potentials

with increasing pH value, with 59 mV per pH unit at 298 K (eq 1.8).
E°=E°(pH 0) —0.059 V - pH (1.8)

For TiO, anatase in neutral aqueous solution, the conduction band minimum
(CBM) is at —0.55 V against the normal hydrogen electrode (NHE), while the valence
band maximum (VBM) lies at +2.65 V vs. NHE (Figure 1.10, left).’” For the reduction
process (eq 1.5) to occur at the NP surface, the CBM has to be more negative than the
reduction potential of the acceptor, while on the other side, the VBM has to be more
positive than the reduction potential of the donor to cause its oxidation (eq 1.6). Due to

the wide band gap of the TiO, anatase modification and its favorable band edge posi-

27
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tions, photoexcited anatase is able to support a variety of redox processes (Figure 1.10,
right). Its CBM is sufficiently negative to reduce protons to hydrogen (E°(H'/H,) =
—0.41 V vs. NHE at pH 7) and its VBM has enough oxidative potential to generate O,

from water (E°(O,/H,0) = +0.81 V), thus making anatase a promising material for pho-

tocatalytic water splitting. 2 '°

Furthermore, in aerated solutions, the photoexcited electron can be transferred to
an oxygen molecule to generate the superoxide radical anion ‘O, (E%(0,/'0,) =
—0.33 V), while hole oxidation of adsorbed water promotes the formation of the hy-

droxyl radical ‘OH (E°(OH/H,0) = +2.32 V). Both radicals are well-known reactive

211,212

oxygen species (ROS) that are important reactants in the photocatalytic degrada-

tion of pollutants, with many applications in environmental remediation.>"* ">

Another heavily investigated application is the photocatalytic reduction of CO; in-
to solar fuels such as methane or methanol.****'® Apart from these traditional applica-
tions, the redox properties of photoexcited TiO, can also be used for selective organic

2177220 including reduction,”'*** oxidation’> % (cf. Chapter 3), and

226,227

transformations,

coupling reactions.
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Figure 1.10. Band edge positions of anatase TiO, and reduction potentials of common species
in aqueous photocatalysis. The redox potentials are presented relative to the normal hydrogen
electrode (NHE) at pH 7 and were calculated according to eq 1.8 from the corresponding values
at pH 0 from refs 207,228,229.
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1.2.5.2 Surface Sensitization
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Despite its superior properties in terms of photocatalytic activity and chemical
stability, one of the biggest drawbacks of TiO; is its wide band gap that only allows
high-energy excitation with UV light (cf. section 1.2.5.1). In order to extend the light
absorption of TiO; into the visible range of the solar spectrum, thus increasing its im-
pact for sustainable applications, two major approaches have been intensively pursued:
(1) band gap engineering via doping with other elements and (ii) surface sensitization

through visible-light-responsive adsorbates.*”’

The latter strategy has become particular-
ly popular with the introduction of dye-sensitized solar cells (DSSCs) by O’Regan and
Gritzel in 1991.%° Here, TiO, NPs are decorated with dye molecules, typically Ru-
containing complexes, that absorb light in the visible range.”®' The sensitization princi-
ple of DSSCs is depicted in Figure 1.11a: Upon light absorption, an electron is excited
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecu-
lar orbital (LUMO) within the dye molecule (step @). Due to the close proximity of the
semiconductor surface, the photoexcited electron can then be transferred to the TiO, NP
through injection into higher states of the CB (step ®). Eventually, the electron reaches
the CBM after relaxation via electron—phonon interactions (step ©).*> This two-step
photoinjection scheme is often referred to as type I sensitization.””

If the electronic coupling between the organic adsorbate and the TiO, CB is par-
ticularly strong, the electron dynamics change dramatically and the photoinjection oc-
curs directly from the adsorbate’s HOMO into the semiconductor’s CB edge (Figure
1.11b, step @). This one-step process is a direct consequence of ligand-to-metal charge
transfer (LMCT) and is usually classified as type II photosensitization.”**** The cate-
chol molecule (cf. section 1.2.4.1) is the most heavily investigated representative of this
class, as it is very strongly coupled to the TiO, CB, thus producing a pronounced LMCT
band in absorption spectra.”>>**® Interestingly, despite bearing a catechol moiety, the
anthraquinone dye alizarin does not exhibit the direct photoinjection characteristics of a
strongly coupled adsorbate, but is rather a type I sensitizer with indirect electron injec-

. 232237238
tion.” ™ 7,
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Figure 1.11. Types of surface sensitization of TiO, NPs. (a) Type I sensitization through indi-
rect photoinjection from weakly coupled dye molecules. (b) Type II sensititzation with direct
photoinjection from strongly coupled organic adsorbates. Numbered steps: @, photoexcitation;
@, clectron injection; ©, relaxation; @, direct photoinjection via LMCT. Abbreviations: HO-
MO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital; LMCT,
ligand-to-metal charge transfer.

Catechol-derived type II sensitizers have found little application in sensitized so-
lar cells because of their high recombination rates and correspondingly poor photocon-

version efficiencies as compared to their popular type I counterparts containing Ru

234,239

complexes. However, LMCT-mediated activation of titania is being increasingly

236,239

employed for visible light-driven photocatalysis, with special focus on organic

transformations. >4 %?
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2.1 Abstract

Abstract

Modifying the surfaces of metal oxide nanoparticles (NPs) with monolayers of
ligands provides a simple and direct method to generate multifunctional coatings by
altering their surface properties. This works best if the composition of the monolayers
can be controlled. Mussel-inspired, non-innocent catecholates stand out from other lig-
ands like carboxylates and amines, because they are redox-active and allow for highly
efficient surface binding and enhanced electron transfer to the surface. However, a
comprehensive understanding of their surface chemistry, including surface coverage
and displacement of the native ligand, is still lacking. Here, we unravel the displace-
ment of oleate (OA) ligands on hydrophobic, OA-stabilized TiO, NPs by catecholate
ligands using a combination of one- and two-dimensional nuclear magnetic resonance
(NMR) spectroscopy techniques. Conclusive pictures of the ligand shells before and
after surface modification with catecholate were obtained by 'H and '*C NMR spectros-
copy (the "*C chemical shift being more sensitive and with a broader range). The data
could be explained using a Langmuir-type approach. Gradual formation of a mixed lig-
and shell was observed, and the surface processes of catecholate adsorption and OA
desorption were quantified. Contrary to the prevailing view, catecholate displaces only a
minor fraction (~20%) of the native OA ligand shell. At the same time, the total ligand
density more than doubled from 2.3 nm > at native oleate coverage to 4.8 nm > at max-
imum catecholate loading. We conclude that the catecholate ligand adsorbs preferably
to unoccupied Ti surface sites rather than replacing native OA ligands. This unexpected
behavior, reminiscent of the Vroman effect for protein corona formation, appears to be a
fundamental feature in the widely used surface modification of hydrophobic metal oxide
NPs with catecholate ligands. Moreover, our findings show that ligand displacement on
OA-capped TiO, NPs is not suited for a full ligand shell refunctionalization because it
produces only mixed ligand shells. Therefore, our results contribute to a better under-
standing and performance of photocatalytic applications based on catecholate ligand-

sensitized TiO, NPs.
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Introduction

Metal oxide nanoparticles (NPs) are a subject of rapidly growing interest due to
their wide range of potential applications.'? What makes metal oxide NPs superior over
their bulk counterparts is their small size associated with excellent dispersibility in dif-
ferent solvents. Colloidal stability is a key requirement for the solution-based pro-
cessing of NPs for applications like superconductive films,* thermoelectric devices,**
photovoltaics,”* and hybrid organic—inorganic nanocomposites with tailored mechani-
cal properties.”****

There are two principal methods to ensure colloidal stability of NPs in solution:
(1) Steric stabilization by attaching long chain ligands to the NP surface with favorable
chain—solvent interactions in a given solvent (e.g., oleic acid in n-hexane). (ii) Alterna-
tively, NPs can be stabilized electrostatically by introducing surface charges, which are
effectively screened by a solvent of high dielectric constant (e.g., water or
formamide).*®’® Steric stabilization in hydrophobic media has proven to be the more
effective option in the synthesis of well-defined NPs because surface-active ligands
allow good control over facet growth. However, native ligands are usually lacking the
chemical functionalities needed for water solubility**® and bioconjugation'® for medical
applications.**’

Therefore, the hydrophobic NP surfaces must be modified in a suitable fashion.
One concept for metal oxide functionalization with surface ligands” has become partic-
ularly popular in the past few years: Inspired by the versatile chemistry of mussel adhe-
sive proteins, the catechol (1,2-dihydroxybenzene) group has found widespread applica-
tion as a surface ligand.'”* The bidentate binding geometry and the extraordinarily high

174,175,248

binding constants of catechol with transition metal ions allow for virtually irre-

252-254

250251 - .
> iron oxide, or

versible surface binding to metal oxides®* like zinc oxide,
titanjum dioxide (titania, TiO,).!-18¢-23%-22

Apart from its superior binding affinity, the catechol moiety has another intriguing
property: Catecholate anchors are redox-active ligands that behave “non-innocently” in
transition-metal complexes;>"**® i.e., they change their oxidation state easily because
the frontier orbitals of the redox-active ligands and metal ions have similar
energies.'”®!'” This non-innocent behavior enables efficient electron transfer at the lig-

and—metal interface, thereby facilitating catalytic processes, both in a biochemical con-
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text ~ and in synthetic organic chemistry. In previous work we have demonstrated

the non-innocent behavior of catecholate anchors on iron oxide*®® and TiO, NPs. !
Besides its importance as an industrial mass product, TiO; has become a heavily

investigated material for a wide range of emerging applications, all of which rely on its

262,263

semiconductor properties and the associated photoreactivity. The potential applica-

tions include biomedical,** environmental,”®® and energy-related technologies,”?°¢2¢
as well as selective organic synthesis.”'® To make these applications more efficient and
environmentally benign at the same time, much effort has been invested in the sensitiza-
tion of TiO; in order to extend its solar light harvesting capabilities from the ultraviolet
(UV) into the visible range.*® A promising approach is the surface modification of TiO,
with catecholic molecules, which produce a red-shifted absorption band upon
binding.*” This band is caused by ligand-to-metal charge transfer (LMCT) due to the
strong electronic coupling between catechol anchor and surface Ti sites.””

In order to assess the efficiency of photocatalytic applications, it is crucial to un-
derstand the catechol adsorption process on TiO, NPs. Catechol adsorption on colloidal

ILISOISEISS and theoretically.'”'** All studies so

TiO; has been studied experimentally
far focused on ‘“naked” hydrophilic TiO, surfaces, where refunctionalization is not
needed. We present a comprehensive study of catechol surface modification on TiO,
NPs, which are stabilized sterically by hydrophobic oleate ligands. The catechol-TiO;
combination was chosen as a prototypical model system that represents a wide range of
catecholic ligands used for surface modification of hydrophobic metal oxide NPs. Nu-
clear magnetic resonance (NMR) spectroscopy was employed as a powerful tool for

elucidating the NP surface chemistry.m_275

This model system is suited perfectly for an
NMR study of the surface chemistry because (i) TiO;, is a well-defined, stable, non-
magnetic, and therefore NMR-compatible material. (ii) The hydrophobic TiO, NPs ex-
hibit outstanding colloidal stability, thus enabling direct observation of particle-bound
ligands using solution NMR. (iii) OA and catechol have very different NMR signatures,
which facilitates their differentiation and reliable quantification.

The NMR toolbox approach enabled us to thoroughly characterize the organic lig-
and sphere of oleate-capped hydrophobic TiO, NPs before and after catechol adsorp-
tion. We performed systematic studies to quantify the extent of catechol adsorption and

concomitant OA desorption, thus gaining insight into the mechanism of these funda-

mental surface processes. Catechol adsorption could be rationalized with the Langmuir

37



2.3

38

2 Mixed Ligand Shell Formation upon Catechol Ligand Adsorption on Hydrophobic TiO,
Nanoparticles

adsorption model, while OA desorption followed an Arrhenius-type behavior. A mixed
ligand shell was formed in the first step, but different from the prevailing model, cate-
cholate displaces only a small fraction (20%) of the native oleate ligand shell. At the
same time, the total ligand density more than doubled from 2.3 nm * for native OA cov-
erage to 4.8 nm ~ at maximum catecholate loading. This shows that the catecholate lig-
and adsorbs preferably to empty Ti surface sites rather than replacing native oleate lig-
ands. This unexpected behavior, reminiscent of the Vroman effect for protein corona

276277 s likely to be a fundamental feature in the widely used surface modifi-

formation,
cation of hydrophobic metal oxide NPs with catecholate ligands. Our findings might
have important implications for the design of photocatalytic applications with ligand-
sensitized TiO, NPs, because ligand displacement on OA-capped TiO, NPs produces
mixed ligand shells, but is not suited for a full ligand shell refunctionalization. Finally,
the acquired knowledge has fundamental validity and may also apply to the catechol
modification of other hydrophobic metal oxide NPs, such as manganese®”® or iron ox-

ide.?*

Experimental Section

Materials. All chemicals and solvents were obtained from commercial suppliers
and used without further purification unless stated otherwise. Oleic acid (OA, technical
grade, 90%), catechol (Cat, >99%), and nitromethane (>98.5%) were purchased from
Sigma-Aldrich. Titanium(IV) n-butoxide (99%) and 4-fert-butylcatechol (tBuCat, 99%)
were obtained from Acros Organics. Oleylamine (>50.0% (GC)) and 2,3-
dihydroxynaphthalene (DHN, >97%) were acquired from TCI. The deuterated solvents
chloroform-d (CDCl;, 99.8 atom% D), acetone-ds (99.8 atom% D), and methanol-d,
(CD;0D, 99.8 atom% D) were obtained from Deutero GmbH.

General Considerations. In order to obtain reliable NMR spectra of NP and su-
pernatant solutions, it is of utmost importance to minimize contact of analyte solutions
with plastic surfaces, as there is a danger of contamination from numerous plastic addi-
tives, which either obscure the low-intensity signals of NP-bound ligands or lead to in-
correct results in the quantification of unbound ligands. Therefore, all laboratory tech-
niques described here were performed with non-plastic labware whenever possible. In

particular, screw top amber glass vials were used instead of plastic (micro)centrifuge
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tubes for the purification, handling, and storage of NP solutions. Also, liquids were
transferred with glass Pasteur pipettes and Hamilton syringes instead of their plastic
counterparts. Further details on the identification of contaminants from plastic labware
are provided in section 2.6.2 of the Supporting Information.

NMR tubes were cleaned thoroughly by manual scrubbing with soap water, soak-
ing in Piranha solution (3:1 (v/v) conc. H,SO4/35 wt% H,0;) for 1 h, multiple rinsing
with deionized water, and drying at moderate temperatures (<70 °C). Heavily soiled
NMR tubes with strongly adhering NP residues were presoaked in Piranha solution pri-
or to the standard cleaning procedure. NMR tubes were always sealed with new, unused
caps.

Synthesis of Oleate-Stabilized Titania Nanoparticles (TiO,—OA NPs).
Ti0,—OA NPs were prepared by solvothermal synthesis, following a previously report-

ed procedure,56 with slight modifications as described before. 22!

In brief, titani-
um(IV) butoxide was hydrolyzed in the presence of oleic acid and oleylamine as sur-
face-active reactants. Following the standard purification procedure of repeated cycles

of precipitation and dissolution (EtOH/n-hexane),”'

one part of the NPs (200 mg) was
purified further with deuterated solvents (acetone-ds/CDCIls3) to obtain a sample suitable
for NMR characterization (cf. Figure 2.3a, vide infra). 'H NMR (400 MHz, CDCly): ¢
[ppm] =5.7-5.0 (m, -CH=CH~-), 2.4-0.6 (m, “CH,— & —CH3).

Bipyramidal TiO,—OA NPs were obtained following the same synthetic proce-
dure, but using an oleic acid/oleylamine ratio of 4:6 instead of 6:4.°°

Surface Modification of Titania Nanoparticles with Catechol (TiO,—Cat
NPs), 4-tert-Butylcatechol (TiO,—tBuCat NPs), and 2,3-Dihydroxynaphthalene
(TiO,—DHN NPs). In a typical catechol functionalization reaction, an aliquot of the
Ti0,—OA stock solution in chloroform, corresponding to a NP amount of 200 mg, was
precipitated with excess CD3;0D, centrifuged (9000 rpm, 10 min), and re-dissolved in
CDCI; (0.8 mL). In a 15 mL glass centrifuge tube with screw top, the catechol deriva-
tive (0.91 mmol; 100 mg catechol or 151 mg 4-fert-butylcatechol or 146 mg 2,3-
dihydroxynaphthalene) was dissolved in CD;OD (0.1 mL), the NP solution was added,
and the reaction mixture was sonicated at 40 °C for 1 h. After precipitation with CD;0D
(2.0 mL), the NPs were separated by centrifugation (9000 rpm, 10 min), and the yellow
supernatant was discarded. The brownish-red pellet was re-dissolved in CDCl; (0.5 mL)

by vortexing and sonication, precipitated with CD;0D (1.5 mL), separated by centrifu-
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gation (9000 rpm, 10 min), and dried in rough vacuum (30 mbar, 5 min). The cate-
cholate-functionalized TiO, NPs were further purified by repeated cycles of dissolution,
precipitation, and drying as described above (4 iterations in total). Finally, the purified
and dried TiO; NPs were re-dissolved in CDCIl; (0.6 mL) to obtain a highly concentrat-
ed sample for '"H NMR spectroscopy (cf. Figure 2.3b and 2.7a, vide infra). "H NMR
(400 MHz, CDCl3): TiO,—Cat NPs. 6 [ppm] = 8.0-5.0 (br m, Ar—H), 5.8-5.0 (m,
—CH=CH-), 2.5-0.4 (m, —CH,— & —CH3). TiO,—tBuCat NPs. ¢ [ppm] = 7.6—-4.9 (br
m, Ar—H), 5.7-4.9 (m, -CH=CH-), 2.4—-0.2 (m, —CH,—, —CH3, —C(CH3)3). TiO,—DHN
NPs. 6 [ppm] = 8.5-4.8 (br m, Ar—H), 5.8-4.9 (m, -CH=CH-), 2.5-0.0 (m, —CH,— &
—CHa).

Systematic Surface Modification Studies. In a typical surface modification reac-
tion, a 200 uL aliquot of the titania stock solution, corresponding to a NP amount of
100 mg, was transferred into a 1.5 mL amber glass vial with screw top. An appropriate
amount of the catechol stock solution (cf. Table 2.1) was added to the NP solution, and
the reaction mixture was filled up with additional solvent to obtain a total acetone-ds
volume of 600 uL. After sonication at 40 °C for 1 h, the reaction mixture was centri-
fuged (9000 rpm, 10 min), and the supernatant was decanted into a separate vial and set
aside for later NMR characterization. The centrifugation residue was re-dissolved in
0.2 mL of CDCls, precipitated with 0.6 mL of acetone-ds, and the supernatant was re-
tained in a separate vial. This procedure was repeated until a set of 7 consecutive super-
natant solutions was obtained. For quantitative '"H NMR characterization, an internal

standard of 5 pL nitromethane was added to each of the samples.

Table 2.1. Compositions of reaction mixtures for surface modification studies.”

reaction no.

1 2 3 4 5 6
targeted catechol mass (mg) 2 5 10 20 50 100
volume catechol solution (uL)” 10 25 50 100 250 500
additional volume acetone-ds (uL) 590 575 550 500 350 100
catechol concentration (mol L™") 0.02 0.06 0.11 0.23 0.57 1.14

“Amount of TiO,—OA NPs employed in each reaction: 100 mg, added in 200 pL of a highly
concentrated NP stock solution (500 mg/mL in CDCls). “Catechol stock solution concentration:
200 mg/mL in acetone-ds.
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Additional surface modification studies with 4-tert-butylcatechol, catechol, and
2,3-dihydroxynaphthalene were performed on a second batch of TiO,—OA NPs (cf. Fig-
ure S2.15 and Table S2.3), using the same reaction conditions as for reaction no. 4 in
Table 2.1, i.e., at a ligand concentration of 0.2 mol L". Due to this low concentration
(as compared to the maximum catechol loading investigated in Table 2.1), 4 cycles of
purification by precipitation (instead of 7) were sufficient to retrieve a substantial por-
tion of the free ligands.

Characterization. Transmission Electron Microscopy (TEM). TEM images for
determining the size and morphology were acquired on a FEI Tecnai G2 Spirit micro-
scope operating at 120 kV (LaB¢ filament), equipped with a Gatan US1000 CCD-
camera (16-bit, 2048 x 2048 pixels), using the Gatan Digital Micrograph software.
Samples for TEM were prepared by placing one drop (10 uL) of a diluted NP solution
in chloroform (0.1 mg mL™") on a carbon-coated copper grid and letting it dry at room
temperature. Size evaluation of individual nanoparticles on the TEM images was per-
formed with ImageJ.

Thermogravimetric Analysis (TGA). TGA was performed on a Perkin Elmer
Pyris 6 instrument under oxygen atmosphere. A typical heat program was (i) to equili-
brate at 30 °C for 10 min, (ii) to heat from 30 °C to 750 °C at 5 °C min ', and (iii) to
hold at 750 °C for 10 min. Prior to the TGA, the samples were ground in a mortar and
dried in a vacuum drying chamber at 60 °C for several hours. The typical amount of
sample for the TGA analysis was in the range from 2 to 4 mg.

Powder X-Ray Diffraction (PXRD). PXRD patterns were obtained on a STOE
Stadi P diffractometer, equipped with a Dectris Mythen 1k detector in transmission
mode, using Mo Ka; radiation (A = 0.7093 A). The X-ray diffractograms were recorded
in the 26 range from 2° to 45° with a step size of 0.015°. The samples were dried thor-
oughly and ground before being applied as a thin layer between two stripes of 3M
Scotch® tape for X-ray measurement. Crystalline phases were identified according to
the Crystallography Open Database (COD) using the Match! software from Crystal Im-
pact.

UV=Vis Spectroscopy. Ultraviolet—visible (UV—vis) absorbance spectra ranging
from 250 to 800 nm were collected on a Cary 5G UV—vis—NIR spectrophotometer, us-
ing quartz cuvettes with a path length of 1 cm. Typically, the analyte solutions (NPs or

reference molecules) were used at concentrations of 50 pug mL ™" in THF.
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Nuclear Magnetic Resonance (NMR) Spectroscopy. All solution NMR spectra
were recorded at 295 K on a Bruker Avance DRX 400 spectrometer (Bruker Biospin
GmbH, Rheinstetten, Germany) operating at frequencies of 400.31 MHz for 'H and
100.67 MHz for "*C. NP-containing samples were measured at concentrations in the
range from 100 to 200 mg mL™" to obtain well-defined signal shapes in high enough
intensity of the particle-bound ligands, with the spectral width extended to 24 ppm to
capture the signals in their entire width. For quantitative 'H NMR measurements, ni-
tromethane was used as an internal standard. All 1D NMR spectra were processed with
the MestReNova or TopSpin software packages. NMR spectra used for quantifications
were all processed in the same way with manual phase correction and automatic base-
line correction using the ablative method. For nuclear Overhauser effect spectroscopy
(NOESY), the mixing time was set to 400 ms, and a recycle delay of 2 s was used. Sol-
id-state *C magic angle spinning (MAS) NMR spectra were acquired on a Bruker
Avance DSX 400 spectrometer (100.55 MHz Be frequency, 10 kHz spinning frequen-

cy).

Results and Discussion

Highly soluble, hydrophobic anatase TiO, NPs were synthesized by controlled
hydrolysis of titanium butoxide with water vapor in a solvothermal reaction, using oleic
acid and oleyl amine as capping agents.56 In order to obtain reliable information on the
surface chemistry of the NPs, it was crucial to thoroughly purify the crude NPs. This
was done by repeated cycles of dissolution and precipitation (with n-hexane and EtOH)
to remove excess capping agents, of which oleic acid is the more surface-active com-
pound because of its carboxylate functionality. The as-synthesized, oleate-stabilized
TiO, NPs are of spherical to elongated shape (Figure 2.1a+b) and can be described, on
average, as prolate spheroids with a major axis of 10.4 + 2.4 nm and a minor axis of 7.4
+ 1.1 nm (Figure 2.1c). PXRD confirmed the anatase modification of TiO, (Figure
S2.1), and TGA yielded an organic fraction of 17.4 wt% (Figure 2.1d). Combining the
organic fraction with the dimensions of the NPs, the native ligand density is calculated
as 2.3 = 1.1 molecules oleic acid per nm? of NP surface, adding up to 509 + 194 mole-
cules per NP (Table 2.2). This value is lower than most of the ligand densities reported

in the literature for other oleate-capped NPs.?”**** However, it has also been shown that
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Figure 2.1. Characterization of as-synthesized, OA-stabilized TiO, NPs. (a) Typical TEM over-
view image, revealing spherical to elongated morphology. (b) High resolution TEM image of
individual NPs, exhibiting continuous crystallinity and oval shape. (c) Size histogram over 600
individual particles, fitted as ellipses with major and minor axes, confirms the elongated shape
of the TiO, NPs. The solid lines (red and orange) were obtained by fitting the size distribution
histograms to the log-normal distribution. The values given are the mean values of the corre-
sponding histograms. (d) TGA profile of thoroughly washed and dried TiO,—OA NPs. The indi-
cated difference represents the mass fraction of the native ligand shell.

Table 2.2. Characteristics of as-synthesized TiO,—OA NPs.

quantity value
major axis (nm)* 104 +24
minor axis (nm)“ 74 £1.1
volume (nm’)” 298 £112
surface area (nm?)” 220 £+ 56
specific surface area (m” g ") 160 =73
organic fraction (%) 174 £1.0
ligands per particle 509 +19%4
ligand density (nm™?) 23 +1.1

“Mean values from TEM size evaluation after fitting individual particles as ellipses. “Values
calculated according to the formulae for prolate (elongated) spheroids.
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thorough purification of NPs with suitable solvents can drastically lower the organic
fraction obtained by TGA.**' Thus, the rather low ligand density of 2.3 nm * indicates a
successful purification procedure. To put this value in the context of a molecular per-
spective, the maximum packing densities at the ligand—NP interface must be consid-
ered. Typically, the maximum packing density of alkyl chains in a self-assembled mon-
olayer is limited to about 5 chains per nm”.?*? On the other side of the ligand—NP inter-
face, the theoretical surface density of Ti sites exposed on the three most common ana-
tase crystal faces (101), (001), and (100) ranges from 5.1 to 6.9 nm >.'* In comparison,
the native ligand density of TiO,—OA NPs is less than half of the possible maximum
ligand density, both from the surface site and the ligand packing point of view.

In order to obtain a first qualitative picture of the surface modification with cate-
chol, hydrophobic TiO,—OA NPs were reacted with a sevenfold excess of catechol with
respect to the amount of bound OA (Figure 2.2a). Performing this reaction in solution,
catechol adsorption onto the TiO; surface was immediately indicated by an intense red
coloration of the initially yellow solution (see digital photographs in Figure 2.2b). Alt-
hough the initial yellow color is also caused by a LMCT from OA to TiO,, catecholate
complexation of surface Ti atoms has a much more significant impact on the absorption
spectrum due to much stronger LMCT transitions between catecholate and TiO,.'" In-
deed, UV—vis spectroscopy revealed a broad LMCT band above 350 nm, where neither
the as-synthesized TiO,—OA NPs nor the pure catechol reference show significant ab-
sorptions (Figure 2.2b).

Although catechol modification is widely used to impart functionality to NP sur-

faces through ligand exchange,””

the efficiency of such surface reactions is only poorly
studied and understood. While UV—vis spectroscopy is an easy and quick qualitative
evidence of catechol adsorption, it cannot provide quantitative information concerning
the binding of the remaining oleate ligands. Here, nuclear magnetic resonance (NMR)
spectroscopy is a more suitable technique. Due to their small size and outstanding solu-
bility, TiO, NPs can be studied by solution NMR in order to analyze the ligand sphere
of the TiO, NPs. Figure 2.3a shows the '"H NMR spectrum of as-synthesized, oleate-

stabilized TiO, NPs in CDCl;.
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Figure 2.2. (a) Schematic representation of catechol adsorption on hydrophobic TiO, nanoparti-
cles. (b) Digital image of as-synthesized TiO,—OA NPs (left) and modified TiO,—Cat NPs
(right) in solution (50 mg/mL in THF, respectively) and corresponding UV—vis absorbance
spectra (middle) of a pure catechol reference (green line), TiO,—~OA NPs (blue line), and
TiO,—Cat NPs (red line). The inset shows an enlarged view of the spectral range where the
charge transfer in TiO,—Cat NPs takes place. For UV—vis spectroscopy, solutions of 50 pg/mL
analyte in THF were used.

The most apparent features of this spectrum are the greatly broadened signals of
particle-bound oleate. This resonance broadening is due to the fact that the ligands are
strongly restricted in their rotational mobility when bound to the NP’s surface.”™ A val-
uable advantage of solution NMR for NP analysis is the possibility to easily identify
impurities that are not associated with the NP as they produce much sharper signals.
The fact that the spectrum displays no sharp signals other than those of residual solvent
molecules confirms the successful purification of the NPs, with strongly bound oleic
acid as the only relevant species found in the NP solution. To obtain this grade of puri-

ty, the NPs had to go through at least five purification cycles (cf. Figure S2.2).
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The olefinic protons (Figure 2.3a, signal e) of surface-bound OA give rise to a
broad signal in the range 5.7—5.0 ppm, which is clearly separated from other signals and
therefore perfectly suited to monitor any ligand displacement from the NP surface. The
aliphatic protons are all cluttered in the range 2.4—0.6 ppm, with pronounced overlap-
ping of signals. Nevertheless, some groups can be assigned more precisely by compari-
son with the reference of free oleic acid in solution: The terminal methyl group (f) ap-
pears at 0.8 ppm, the methylene protons (d) adjacent to the double bond appear at
1.9 ppm, while the bulk of the methylene groups (¢) produce the very intense signal
around 1.2 ppm.

The "H NMR spectrum of TiO,—OA NPs displayed in Figure 2.3a is very similar
to the spectra of other OA-capped NPs reported in the literature, such as PbSe,*”’
CdSe, " or HfO,.****° One striking feature has not been observed so far: All signals
of TiO,-bound OA exhibit distinct shoulders, indicating that every signal contains two
overlapping components. The C solution NMR spectrum of as-synthesized TiO,—OA
NPs (Figure S2.3) shows very similar shoulders, albeit not quite as pronounced. A
"H-"3C heteronuclear single quantum correlation (HSQC) experiment was performed to
unravel the cluttered aliphatic signals of bound OA. As shown in Figure 2.4, every sin-
gle visible signal has a pronounced shoulder. We assume this to be the result of two
different packing motifs of OA on two major crystal facets of the pseudo-spherical TiO,
NPs. Indeed, anatase NPs of such morphology are usually described in the literature as
highly truncated tetragonal bipyramids, dominated by the {001} and {101} facets (cf.

143,169.286 The surface densities for five-fold coordinated Ti

Figure S2.4a for illustration).
atoms (which act as binding sites for OA) are reported to be 6.9 nm > for the (001) and
5.1 nm ? for the (101) anatase crystal surfaces.'* Correlating the surface densities with
the two-component signals of bound oleate as shown in Figures 2.3 and 2.4, it is plausi-
ble to attribute the lower-intensity, lower-field shoulder to the oleate species bound to
the {001} facets. These facets allow for a higher packing density of the oleate ligands,
which translates into a lower chain mobility and therefore a broader NMR resonance,
shifted to lower field. On the other hand, the less densely packed oleate species on the
{101} facets gives rise to a higher chain mobility with narrower, high-field shifted

NMR signals.
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Figure 2.3. 'H solution NMR spectra (400 MHz, CDCl;) of (a) as-synthesized TiO,—OA NPs
and (b) catechol-modified TiO,—Cat NPs, with corresponding reference spectra and assignment
of signals. Spectra of particle-bound ligands are drawn in brown, while the reference spectra of
free ligands are shown in teal. The reference spectrum of OA was shifted to higher field to ac-
count for a better alignment with the NP spectrum.
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Figure 2.4. '"H-""C HSQC spectra of as-synthesized TiO,—OA NPs (brown) and OA reference
(teal). (a) Overview spectrum of all relevant resonances. (b) Enlarged views of the aliphatic
(upper panel) and the olefinic (lower panel) correlations with corresponding assignment of sig-
nals. The superimposed correlations of free OA reveal that the methylene groups closest to the
NP surface (signals 2+3) are not detectable in solution NMR (cf. Figure S2.3). (¢) Three-
dimensional view of the aliphatic correlations to illustrate the composite structure of all visible

signals.
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To support the hypothesis of different crystal facets producing different NMR
resonances, we synthesized TiO, anatase NPs with only one major facet, namely the
{101} facets of slightly truncated bipyramids (cf. Figure S2.4b for illustration). Exploit-
ing the shape-controlled synthetic procedure by Dinh et al.,’® bipyramidal TiO, NPs
were obtained by using an oleic acid/oleylamine ratio of 4:6 instead of 6:4. TEM analy-
sis confirmed the bipyramidal morphology of the TiO, NPs and yielded a major axis
length in the range from 10 to 30 nm (Figure S2.5). The '"H NMR spectrum (Figure
S2.6) shows no such pronounced signal shoulders as observed in Figure 2.3, thus con-
firming that the signal shoulder arises from a second crystal facet with different Ti sur-
face density.

To obtain a '"H NMR spectrum as shown in Figure 2.3a, two essential require-
ments must be met: (i) The NMR sample must contain very large quantities of analyte
to account for sufficient intensities of the extremely broadened signals of particle-bound
ligands. In this case, 200 mg of TiO,—OA NPs were employed, whereas for usual
'H NMR experiments of free molecules in solution only 1% of this concentration is
sufficient to obtain reliable results. (i1) Due to the very low signal intensities, it is im-
portant to carefully remove excess ligands and solvents by repeated purification cycles
(as shown in Figure S2.2), since impurities can also be introduced from external sources
(contaminated or inappropriate labware). The risk of contamination is particularly high
when working with disposable plastic labware, which is, unfortunately, part of the
standard equipment for NP synthesis, purification, handling, and modification. Plastic
centrifuge tubes, which are usually used for purification purposes, are mostly made
from polypropylene (PP), a material that is not recommended by commercial suppliers
to be used in combination with most organic solvents, including chloroform.”®’ Chloro-
form in contact with PP tends to swell the polymer, thereby extracting a variety of pol-

ymer additives™

that contaminate the NP sample. Additionally, common laboratory
techniques, especially sonication and heating, have been shown to greatly intensify the
leaching of polymer additives.”® We observed that some of these contaminants can ac-
cumulate to such an extent that the low-intensity signals of NP-bound ligands are ob-
scured completely. Furthermore, some additives have almost identical NMR signatures
as oleic acid, which impedes a quantification of the native ligand. Further details on the
identification of these contaminants are provided in section 2.6.2 of the Supporting In-

formation (Figures S2.7—S2.9 and Table S2.1). The contamination problems were cir-
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cumvented by avoiding laboratory plasticware and using non-plastic labware instead. In
this way, the contact of the analyte solutions with plastic surfaces was kept as short as
possible. In the field of biosciences, researchers have developed an increased awareness
of this issue over the last 10 years, after reports emerged that bioactive leachates from

plastic labware may compromise the results of bioassays,”**>"* but

such concerns ap-
pear to be less common among nanoscientists who use NMR in their characterization
portfolio. Table S2.2 in the Supporting Information provides a critical examination of
NMR results published recently.

Despite the high quality of the 'H NMR spectrum shown in Figure 2.3a, we did
not use the signals of particle-bound ligands for ligand quantification, because we could
(1) not rule out the possibility of contaminations giving rise to higher integrals (vide
supra) and (ii) not ensure that the signals exhibit their full intensities due to the reduced
mobility of particle-bound ligands. Although there are examples of successful ligand

271,283

quantification by integration of the olefinic resonance, a recent study uncovered a

significant disproportion between the integrals of the olefinic and methyl signals,*”
confirming our reservations. Therefore, the native ligand density of TiO,—OA NPs was
determined gravimetrically from TGA data (Figure 2.1d).

After surface modification with catechol, the NPs remained perfectly soluble in
nonpolar solvents (Figure 2.2b), allowing NMR characterization. Figure 2.3b shows the
corresponding 'H NMR spectrum of TiO, NPs with catecholate surface ligands in
CDCls. Surprisingly, the spectrum did not change significantly: The prominent signals
of surface-bound oleate are still very present, while the catechol ligands add an ex-
tremely broad signal of low intensity, representing the aromatic protons, in the
8.0—5.0 ppm range. The observed smearing of the catecholate signal appears to be relat-
ed to the close proximity of the NP surface,”’* coupled with strongly hampered mobility
due to the rigidity of the bidentate coordination geometry. For the same reasons, it was
not possible to detect the aromatic carbon atoms through "*C solution NMR experiments
(Figure S2.10). However, magic angle spinning (MAS) solid state NMR spectroscopy
retrieved every single carbon signal, regardless of the groups’ proximity to the NP sur-
face (Figure 2.5). Additionally, the pronounced down-field shift of catecholate’s a-
carbons implies a strong binding to the TiO, surface.

Nuclear Overhauser effect spectroscopy (NOESY) was applied to study the inter-

actions between both constituents of the mixed ligand shell.””* The NOESY spectrum
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(Figure S2.11) exhibits only negative cross-peaks, thus confirming the strong attach-

ment of both ligands.*****

Moreover, the pronounced cross-peaks between the aromatic
and the aliphatic resonances reveal a close proximity of catecholate and oleate species
on the NP surface, i.e., catechol ligands are randomly distributed between the native
oleate ligands during adsorption.

A semi-quantitative evaluation of the 'H (Figure 2.3b) and Be spectra (Figure
2.5) indicated that the ligand exchange reaction did not proceed to completion. In con-
trast to the prevailing assumption that catecholates replace carboxylate groups quantita-
tively simply because of their higher binding constant,”> the NMR spectrum revealed
that substantial amounts of residual oleate remained attached to the NPs after surface
modification. Despite the wide-spread use of catechol anchors for surface modification,

there are only few reports®”> "

addressing incomplete ligand exchange reactions on
hydrophobic, oleate-stabilized NPs. However, none of them provided direct and obvious
evidence of a mixed ligand shell as shown in Figures 2.3b and 2.5.

Given the significance of catechol functionalization, we next set out to accurately
quantify the composition of the mixed ligand shell and to elucidate the surface process-
es. Because of the extreme broadening of the aromatic signals, the shortcomings dis-
cussed above become even more significant, and integration of the signals in Figure
2.3b would not lead to reliable results. Thus, we followed an ex situ approach to quanti-
fy the adsorbed catechol and the desorbed oleic acid from the supernatant of the reac-
tion mixture. For a thorough investigation of the surface processes, a systematic series
of surface modifications with increasing amounts of catechol was carried out. For each
reaction, the amount of TiO,—OA NPs was set to 100 mg, while the amount of catechol
was varied from 2 to 100 mg. The reactions were carried out in deuterated solvents.
This allowed all purification steps to be monitored and quantified by "H NMR spectros-
copy. Due to the poor solubility of catechol in CDCl3, a solvent mixture of CDCl; and
acetone-dg (1:3) was employed as reaction medium. To ensure consistent reaction con-
ditions throughout the series, stock solutions of the reactants were prepared in well-
defined concentrations (TiO,—OA: 500 mg/mL in CDClI;, Cat: 200 mg/mL in acetone-
de). The reactions mixtures were prepared by combining appropriate volumes of the
reactants’ stock solutions, along with further addition of acetone-ds to keep the NP con-
centrations constant throughout the reactions. The exact compositions of the reaction

mixtures are compiled in Table 2.1.
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Figure 2.5. °C solid state MAS-NMR spectra of catechol-modified TiO,—Cat NPs (brown),

catechol reference (green), and OA reference (blue). (a) Spectrum overview of all relevant reso-

nances. (b) Enlarged views of the aromatic (left panel) and the aliphatic (right panel) resonances
with corresponding assignments of signals.

The catecholate-coated TiO, NPs were separated from the respective reaction
mixtures by centrifugation. The supernatant was examined by 'H NMR spectroscopy to
determine the amount of excess catechol and free oleic acid after surface modification.
As free ligands could be trapped between precipitated NPs, six additional re-
dissolution—precipitation cycles were performed for every reaction to ensure complete
recovery of unbound surface ligands. Examination of the supernatant solutions showed

the necessity of repeated purification cycles to retrieve a substantial portion of the total
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amount of free catechol (Figure S2.12a). The extraction of unbound catechol followed

Nernst's distribution law (Figure $2.13),%®

which usually describes the distribution of a
solute between two phases during a liquid—liquid extraction. Furthermore, the examined
supernatant solutions confirmed the identity of the desorbed species as (protonated)
oleic acid (Figure S2.12b).

Once the total amount of catechol from the supernatant solutions was determined,
the amount of adsorbed catechol was calculated from the difference between starting
and recovered amounts of catechol. The amount of desorbed OA is simply the total
amount from the supernatant solutions. Performing this quantification for a reaction
series where the starting amount of catechol was increased, the processes of catechol
adsorption and OA desorption could be described as a function of catechol concentra-
tion (Figure 2.6a).

As has been shown for the binding of catechol on naked (i.e., non-functionalized),

hydrophilic TiO, surfaces,'™"'*

this process can be described in terms of a Langmuir
adsorption isotherm,””’ which is characterized by a steep increase of adsorbed species
for low ligand concentrations and a saturation in surface coverage for high concentra-
tions (Figure 2.6a and Table 2.3). TiO, surface complexation with catechol universally
shows a Langmuir behavior, regardless of the adsorbent’s macroscopic surface polarity.
We found a maximum adsorbate surface concentration of I'max = 4.9 x 10~® mol m_z,
which is significantly higher than the wvalues reported for hydrophilic TiO,
(1.0-1.25 x 10°® mol m™%)."*"'** This increased value is probably due to the higher lig-
and concentration employed in our study.

While catechol adsorption follows a Langmuir behavior, the desorption of oleic
acid can be described by an Arrhenius-type function,*®® which starts with low desorp-
tion for low catechol concentrations, but also converges to a saturation level for high
concentrations (Figure 2.6a and Table 2.3). When dealing with desorption processes, the
Arrhenius term is frequently encountered, as it is also a central part of the Po-
lanyi—Wigner equation,’®' which is used for describing thermal desorption processes.>**

The desorption curve in Figure 2.6a allows some fundamental conclusions to be
drawn about the catechol adsorption process: (i) For very low catechol concentrations,
virtually no oleic acid is desorbed while almost the entire amount of catechol is ad-
sorbed to the surface. Consequently, catechol adsorption must first occur at empty sur-

face sites that are not occupied by native oleate ligands. Given the fact that the native
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Figure 2.6. Quantification of surface processes on hydrophobic TiO,—OA NPs. (a) Adsorption
of catechol (red squares, left ordinate) onto the TiO, NP surface and desorption of oleic acid
(blue circles, right ordinate) from the NP surface as a function of catechol concentration in solu-
tion. The adsorption process was fitted with a Langmuir isotherm (green line), while the desorp-
tion process was described by an Arrhenius-type function (orange line). (b) Absolute surface
coverage of TiO,—OA NPs with catechol (red squares) and oleic acid (blue circles) as a function
of catechol concentration. The surface coverage is given in quantities of ligand density (left
ordinate) and ligand number per particle (right ordinate). The starting value for the native sur-
face coverage of as-synthesized TiO,—~OA NPs was adopted from Table 2.2.

Table 2.3. Fit functions for the theoretical description of the surface processes.

surface process

adsorption desorption
type of ligand catechol oleic acid
fit function y=a- bx Yy =a-exp (é)

1+ bx x
values for a 4.95 0.82
values for b 19.17 —0.09
associated equations . Langmuir™’ ' Arrhenius,” Polamyi—'Wigner301
(isothermal adsorption) (thermal desorption)

ligand density of TiO,—OA NPs was found to be less than half of the maximum ligand
density, this assumption appears very plausible. (ii) Our study yielded a maximum OA
desorption value of only 0.8 x 10°® mol m 2, while more than the 6-fold amount of cate-
chol is adsorbed. This finding reveals that the assumed ligand exchange process is far
away from a 1:1 substitution stoichiometry, as typically suggested in the literature.

This picture becomes even more conclusive, when adsorption and desorption data
are translated into ligand densities (Figure 2.6b), where the native ligand density of

Ti0,—OA NPs is adopted from the TGA results. In absolute values, it is possible to ad-
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sorb as much as 3.0 catechol ligands per nm? of TiO, surface, while at the same time the
OA ligand density decreases from 2.3 nm 2 to no less than 1.8 nm 2. This comparison
reveals that the actual ligand substitution at OA-coordinated surface sites plays only a
minor role because most of the native ligand density (~80%) is preserved during cate-
chol adsorption. Rather than replacing native OA ligands, catechol strongly prefers to
adsorb to empty surface sites. Altogether, the total ligand density increases from
2.3 nm 2 at a native OA coverage to 4.8 nm > at maximum catechol loading or, in other
terms, from 510 molecules of OA per nanoparticle to 1050 molecules of a mixed ligand
shell (1:1.6 OA/catechol). While the as-synthesized TiO,—OA NPs exhibited less than
half of the maximum ligand density possible (vide supra), the surface-modified
TiO,—Cat NPs approached the maximum level. The obtained grafting density of cate-
chol is consistent with values for other catecholic ligands reported in the literature.”’

The catechol appears to preferentially displace oleate from the {101} facets, as is
evidenced by the declining intensity of the narrower, higher-field signal with increasing
catechol concentration (Figure S2.14). This is probably due to the lower oleate chain
density on this facet (vide supra). Therefore, catechol can penetrate more easily through
the ligand shell and adsorb to the NP surface.

In order to explore the scope and general validity of the recent findings, the sur-
face modification was performed with two other catechol derivatives, 4-tert-
butylcatechol (tBuCat) and 2,3-dihydroxynaphthalene (DHN) (Table 2.4). These deriva-
tives share the common feature of an apolar backbone to ensure consistent NP behavior
in solution, i.e., dissolution in chloroform and precipitation with acetone or methanol.
However, they differ distinctly from the unsubstituted parent compound in two respects:
(1) 4-tert-butylcatechol is a sterically much more demanding catechol ligand due to its
bulky tert-butyl group. (ii) 2,3-Dihydroxynaphthalene displays an altered electronic
structure as a result of its extended z-conjugated aromatic system.

Furthermore, in order to examine the dependence of the surface processes on the
TiO, NP batch (cf. Figure 2.1), the reaction was performed on a second batch of
Ti0,—OA NPs with comparable dimensions (Figure S2.15 and Table S2.3). Surface
modification on nanoparticles may be complicated by the polydispersity of particle size.
Furthermore, the metal centers at the nanoparticle surface are not equivalent. Therefore,
the dynamics of the surface processes are dictated by the arrangement of the ligands on

the NP surface, in particular by the nature and accessibility of the metal sites, which can
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303,304

Table 2.4. Employed catechol ligands and corresponding pK, values.

. abbrevia- molecular struc-
ligand tion ture pKai pKa ref
_tort- _ OH
4-tert-butyl {BuCat 9.5 14.0 303
catechol
OH
OH
catechol Cat @[ 9.4 13.7 303
OH

. OH
2,3-dihydroxy- DHN 8.7 12.5 304
naphthalene OH

vary significantly from batch to batch. To allow for a consistent comparison of the
batches, the functionalization with the unsubstituted catechol was repeated as control.
Rather than examining the surface processes throughout the entire ligand concentration
range (as done for Figure 2.6), the additional ligands were investigated only at one me-
dium concentration of 0.2 mol L™ (corresponding to reaction no. 4 in Table 2.1) by way
of example. This concentration is high enough to yield significant amounts of adsorbed
and desorbed species and also small enough to retrieve all unbound catechol ligands
within four cycles of precipitation.

The 'H NMR spectra of the corresponding surface-modified TiO, NPs (Figure
2.7a) are in line with the semi-quantitative picture that was derived from the study using
the unsubstituted catechol parent ligand (cf. Figure 2.3b): Independent of the catechol
derivative, the spectra reveal substantial amounts of residual oleate remaining attached
to the TiO, NPs, while the adsorption of catecholic ligands is indicated by the typical
broad resonances in the aromatic regime. The quantitative study revealed slight, but still
significant differences in the adsorption and desorption processes (Figure 2.7b): Both
processes yielded increasing values in the order tBuCat < Cat < DHN. This trend can be
rationalized by an increasingly facilitated proton transfer from the catecholic ligand to
the oleate. This property is in turn reflected in the pK, values of the ligands (Table 2.4),
which decrease in the same order as the amounts of adsorbed and desorbed ligands in-

creasce.
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Figure 2.7. Surface modification of hydrophobic TiO,—OA NPs with the three different ligands
4-tert-butylcatechol (tBuCat), (unsubstituted) catechol (Cat), and 2,3-dihydroxynaphthalene
(DHN). (a) 'H solution NMR spectra (400 MHz) of the surface-modified TiO, NPs in CDCl;
and the corresponding reference spectra of the free ligands in acetone-ds. The left panel shows
the low-field regime of the aromatic and olefinic signals, while the right panel displays the high-
field region of the aliphatic groups. For better comparison, the two domains were scaled differ-
ently (cf. Figure 2.3b). Assignment of signals: open diamonds (<), hydroxyl protons; filled hex-
agons (@), aromatic protons; open triangle (A), aliphatic protons; asterisks (*), nitromethane
standard. (b) Quantification of ligands after surface modification with tBuCat, Cat, and DHN at
a ligand concentration of 0.2 mol L™".
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Small deviations of the binding of unsubstituted catechol (Figure 2.6a vs 2.7b) can
be related to the specific properties of individual TiO,—OA NP batches. Small variations
in particle size, morphology, and aspect ratio (Figure S2.15 and Table S2.3) translate
into slight changes of the surface chemistry. The general finding is that catechol deriva-
tives with apolar backbones display a similar adsorption behavior on hydrophobic TiO,
NPs. Small differences in their behavior are primarily governed by their proton-
donating ability (i.e., Bronsted acidity), expressed through their pK, values.

The processes of catecholate adsorption and OA desorption are most probably ac-
companied by proton transfer’ from catechol to surface-bound hydroxyl groups or
oleate to induce the cleavage of water and/or oleic acid (cf. Figure S2.12b). The exact
mechanism limiting the oleate displacement to 20% remains to be elaborated. We as-
sume the desorption of OA to be restricted to some species that are less strongly at-
tached to the NP surface, such as electrostatically associated or monodentately bonded
oleate.”” In both cases proton transfer from the catechol to the oleate and subsequent OA
desorption should be facilitated as compared to the more stable bidentate binding mode
of oleate. Additionally, the most easily displaced ligand species may be situated at par-
ticularly exposed binding sites, such as facet edges and vertices, which are easily ac-
cessed by the incoming ligands.*®

Ligand displacement on NP surfaces can be compared with ligand substitution re-
actions in metal complexes, whose mechanisms with a classification as associative (A),
dissociative (D), and interchange (I) mechanisms are well understood.**® The dissocia-
tive and associative mechanisms are characterized by the formation of reaction interme-
diates where the leaving ligands are dissociated, or where both, entering and leaving
ligands are coordinated, at the same time. The interchange mechanism I is a concerted,
one-step process without detectable intermediate. This classification is reminiscent of —
but not equivalent to — the Sy2/Sy1 mechanisms in organic chemistry.

The surface ligand displacement of OA by catechol-type ligands on TiO, NPs fol-
lows an associative mechanism characterized by the binding of the entering ligand. A
discrete, detectable intermediate with mixed ligand shell is formed. The subsequent pro-
ton transfer from the catechol to the oleate is the rate-determining step, which culmi-
nates in the desorption of OA.

Associative mechanisms have also been suggested for thiol ligand exchange reac-

tions in monolayer protected gold nanoclusters (Au NCs).>*?7% Both surface reac-



2.5

2.5 Conclusion

tions, catechols on TiO, NPs and thiols on Au NCs, have in common that only a limited
fraction of the native ligands is replaced by the incoming ligands. This behavior is at-

tributed to heterogeneities in the binding sites (e.g., facet edges and vertices) on the NP

> and has recently been described for CdSe NPs as well.**~'" Interestingly,

123,132

surface™
polyoxotitanate nanoclusters, composed of 17 or 22 Ti atoms and stabilized by
isopropoxide groups (O'Pr), were found to exhibit similar limited ligand displacement
upon catechol functionalization. Indeed, in the case of the former cluster
[Ti17024(0iPr)20], catechol functionalization resulted in the displacement of only 4
HO'Pr units."*? This accounts for 20% of the native ligand shell and coincides surpris-
ingly well with our findings. Furthermore, crystallographic characterization of these
clusters revealed that the ligand exchange took place only at the five-fold coordinated Ti

surface sites, thus restoring the preferred six-fold coordination after bidentate binding of

catecholate.'?

Conclusion

Using the catechol—TiO, combination as a model system for the surface modifica-
tion of hydrophobic metal oxide NPs, we have thoroughly investigated the surface
chemistry of oleate-stabilized TiO, NPs upon catechol ligand adsorption. In order to
gain direct insight into the ligand sphere, we utilized an NMR toolbox approach, com-
prising 1D and 2D, 'H and "*C, solution and solid state (MAS) NMR experiments. This
provided comprehensive pictures of the native ligand shell before and the mixed ligand
shell after catechol adsorption. The native ligand density was calculated to be 2.3 nm 2,
whereas the mixed ligand density increased more than twice to 4.8 nm > at maximum
catechol loading. Surprisingly, catechol displaced only 20% of the native OA ligand
shell. As a consequence, incoming catechol must predominantly adsorb to unoccupied
Ti surface sites. Therefore, we do not consider this process a ligand exchange, substitu-
tion, or replacement, but simply a surface modification. The adsorption process appears
to be irreversible due to the strong binding of the catechol ligand. Furthermore, we
could show that all catecholic ligands with apolar backbones display this kind of surface
chemistry, with only marginal differences that are governed by their Bronsted acidity.

In conclusion, catechol modification of hydrophobic TiO, NPs is a convenient

method to produce mixed ligand shells. However, it is not suited for a complete ligand
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shell refunctionalization. To achieve a complete ligand exchange, a two-step approach
would rather be needed: (i) First, the native ligands would have to be removed by reac-

tive stripping agents to yield cationic naked NPs.>''~"

(i1) Then, the surface would be
refunctionalized with the catecholic ligand.>''*"?

The model derived here bears resemblance to the Vroman effect postulated for the
formation of protein layers,”’® where highly abundant proteins adsorb only weakly dur-
ing the early state. These proteins are replaced subsequently by less abundant proteins,
which, however, bind with a higher affinity. This leads to a complex series of adsorp-
tion and displacement steps314 and to the concept of a dynamic protein corona evolu-
tion. 277315

Our study contributes to the fundamental understanding of the formation of a lay-
er of low molecular ligands. The unsubstituted catechol employed in this study is a valid
prototype molecule to elucidate the fundamental surface chemistry of hydrophobic TiO,
NPs. Here, “abundant” but less strongly bound OA ligands are displaced by catechol
ligands binding strongly on metal oxide NP surfaces. Because of their non-innocent
behavior catechol-sensitized TiO, NPs are of great interest for potential applications
involving electron transfer reactions, such as photocatalysis.**'

Further work is currently under way to investigate the effect of polar ring substit-
uents on the oleate displacement efficiency. A recent study revealed that the ligand
binding enthalpies of catechol derivatives depend on the electronic contributions of their
substituents.”' Similarly, we observed in an earlier study that a cationic catecholic an-

chor with an extended aromatic system is much more effective in the displacement of

native oleate ligands, while exhibiting a similar catechol ligand coverage.”®
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2.6.1 Additional Characterization of As-Synthesized TiO,—OA NPs

— TiOo—Cat NPs
— TiO,—OA NPs
— TiO, anatase reference

Intensity (a.u.)

I|I ‘ || || 1 In L T

10 20 30 40
26(°), Mo Ke

Figure S2.1. Powder X-ray diffractograms of TiO, NPs before (blue curve, TiO,—OA NPs) and
after catechol modification (red curve, TiO,—Cat NPs), both matching the bulk anatase TiO,
reference pattern (in orange, COD 96-500-0224).
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Figure S2.2. Purification of as-synthesized TiO,—OA NPs. (a) 'H solution NMR spectra
(400 MHz, CDCl;) after several precipitation—dissolution cycles. To remove residual solvents
and reactants, the NPs had to go through at least five purification cycles. (b) Molecular struc-
tures of ethyl oleate and oleyl oleamide, the two major condensation byproducts formed under
the high-temperature (solvothermal) conditions necessary for NP formation.'*>'®
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Figure S2.3. (a) °C solution NMR spectra (100 MHz, CDCl;) of as-synthesized TiO,—OA NPs

(brown) and OA reference (teal). (b) Enlarged views of the relevant resonances. The three car-

bon atoms 1, 2, and 3 nearest to the NP surface are not detectable in solution NMR due to their

highly restricted mobilities. All of the visible signals exhibit similar shoulders as observed for
the 'H resonances in Figure 2.3a.
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¢(Tis) = 6.9 nm~2

c(Tis.) = 5.1 nm~2
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Figure S2.4. Three-dimensional representations of the differently shaped TiO, NPs as (a) highly
and (b) slightly truncated bipyramids (red spheres: oxygen; blue spheres: titanium). The surface
densities for five-fold coordinated Ti sites (Tis.) exposed on the two most common anatase crys-
tal faces (101) and (001) are given as 5.1 nm > and 6.9 nm °, respectively. The oleate species
bound to the {001} facets (drawn in green) is assumed to give rise to the broader, lower-
intensity, lower-field shoulder signal due to the higher theoretical packing density of oleate
chains. Consequently, the narrower, higher-intensity, higher-field signal is attributed to the ole-
ate species bound to the {101} facets (shown in red), which allow for higher chain mobility due
to the lower packing density of oleate chains.
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Figure S2.5. TEM characterization of slightly truncated bipyramidal TiO,—OA NPs synthesized
with an oleic acid/oleylamine ratio of 4:6. (a) Overview image of a NP ensemble. (b) High reso-
Iution TEM image of individual NPs. The major axis length of the NPs ranges from 10 to
30 nm.

TiO2—-OA NPs

@ slightly truncated

highly truncated

7 6 5 4 3 2 1 0
'H & (ppm)

Figure S2.6. 'H solution NMR spectra (400 MHz, CDCl5) of slightly truncated (brown curve)
and highly truncated (teal curve) TiO,—OA NPs, synthesized with an oleic acid/oleylamine ratio
of 4:6 and 6:4, respectively. The slightly truncated TiO,—OA NPs with only one major crystal
facet show no pronounced signal shoulder (cf. olefinic signal in the range 5.5—5.0 ppm) as is the
case for the highly truncated, pseudo-spherical NPs.
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Identification and Discussion of Plastic Labware Contaminations

In order to identify some of the most prominent contaminations from common la-
boratory plasticware made from polypropylene (PP), the plastic containers were ex-
posed to CDCl; for several hours to allow for sufficient accumulation of contaminants
to be analyzed by NMR spectroscopy.

Figure S2.7a displays the NMR spectra of CDCl; extracts from a disposable sy-
ringe and a centrifuge tube. Both PP materials were found to leach considerable
amounts of contaminants with partly matching signals. In the context of this work, two
components were found to be the most hazardous for the NMR investigation of oleate-
stabilized nanoparticles: (i) The most pronounced contamination is a very intense set of
aliphatic signals in the range 1.8—0.7 ppm, where they can easily obscure the low-
intensity signals of NP-bound ligands. (ii) A contamination, which is only found in the
PP material of disposable syringes, exhibits a pronounced signal at 5.4 ppm, which is
identical to the olefinic resonance of oleic acid used for the quantification of the native
ligand.

Due to their high significance, efforts were made to identify the nature of these
major contaminations. The olefinic contamination from the syringe material was found
to arise from oleamide or its higher homologue erucamide (Figure S2.7b). These fatty
acid amides are commonly employed slip agents that reduce the friction between the
plunger and the barrel components of the syringe. They are usually added to the poly-
propylene composition before injection moulding of the polymer.*'**°

To gain further information about the contaminations shown in Figure S2.7a, a
diffusion-ordered spectroscopy (DOSY) experiment was carried out on the CDCl; ex-
tract from the PP centrifuge tube. The resulting DOSY spectrum (Figure S2.8) reveals a
broad mixture of species with various diffusion coefficients. Based on their diffusion
behavior, the contaminants are divided into three groups: (i) Fast-diffusing, low-
molecular-weight additives featuring signals over the entire chemical shift range, with
signatures typical for aromatic, olefinic, and aliphatic groups. These contaminations are
caused by a multitude of polymer additives, such as antioxidants, light stabilizers, anti-

static or nucleating agents.**!

(i) Some polymeric, aliphatic additives with a slightly
lower diffusion coefficient, giving rise to the most intense '"H NMR signals of all con-

taminations (cf. Figure S2.7a). (iii) A high-molecular-weight species with a significant-
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ly lower diffusion coefficient, caused by a resonance signal in the high-field region
(0.07 ppm) typical for organosilicon compounds. This contamination is a silicone oil
based on polydimethylsiloxane (PDMS) and used as a lubricant or mold-release agent in
the plastic manufacturing process.”**>**

To identify the polymeric additive responsible for the immense signals in the ali-
phatic region of the "H NMR spectrum (cf. Figure S2.7a), a "H—">C heteronuclear single
quantum correlation (HSQC) experiment was performed on the CDClI; extract from the
PP centrifuge tube. The corresponding HSQC spectrum (Figure S2.9) displays a com-
plex set of correlations in the aliphatic region. Besides the broad "H and "*C resonance
signals that are indicative of the polymeric species, the spectra also show a superim-
posed subset of sharp signals (marked with asterisks in Figure S2.9a), which arise from
the low-molecular-weight additives.

The most intense signal of the polymeric species (dy = 0.85 ppm) suggests that
this contamination is very rich in methyl groups. An obvious assumption would be the
presence of dissolved polypropylene, especially since both the 'H and >C NMR spectra
show some striking similarity to the corresponding spectra of atactic polypropylene.’**~
325 However, polypropylene alone cannot account for all of the polymeric correlations in
the HSQC spectrum in Figure S2.9a. An in-depth literature research allowed a more
thorough identification of the polymeric compound, which was found to be an eth-
ylene—propylene copolymer.****2® Thus, the additional correlations in the HSQC spec-
trum are attributed to various ethylene—propylene sequence placements and inverted
propylene structures (Figure S2.9b).****” Comparing the 'H and '>C NMR spectra of
the polymeric contamination with those reported in the literature for some ethylene-

323326328 1t i5 safe to assume an approximate ethylene content of

propylene copolymers,
10—20 mol%.

This rather unexpected additive is a usual constituent of so-called impact polypro-
pylene, which is the most common grade of industrial polypropylene.*” Impact poly-
propylene is produced in a two-stage polymerization process, where first the polypro-
pylene homopolymer is synthesized and then the ethylene—propylene copolymer is pol-
ymerized within the same batch, using a mixed monomer feed of ethylene and propyl-

321,330
ene.”

The resulting product is a blend of the homopolymer with the rubber-like eth-
ylene—propylene copolymer, which exists as a segregated phase of discrete droplets in a

continuous matrix of the homopolymer. This composite structure leads to enhanced
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impact strength of the otherwise brittle polypropylene homopolymer with inherently

321,329,331 oo
h.”“”“"77" However, due to its discrete nature and lower molecular

low impact strengt
weight compared to the homopolymer, the rubber-like ethylene—propylene copolymer is
easily extracted from the PP matrix with nonpolar solvents, such as xylene, hexane, or
CHCI5.*'%% As a result, this polymeric material tends to accumulate in NMR samples
that were subjected to PP surfaces, giving rise to the immense aliphatic signals shown in
Figure S2.7a.

To emphasize the risk of contaminations from plastic labware, Table S2.1 pro-
vides an overview of the polymer additives identified in this study. With this knowledge
in mind, we reviewed some NMR spectra from the recent literature where plastic con-

taminations might have compromised the reported NMR results. Table S2.2 gives some

examples.
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Figure S2.7. "H NMR spectra of contaminants extracted from polypropylene (PP) laboratory
consumables. (a) CDCl; extracts from a disposable 1 mL-syringe (brown curves in upper panel)
and a 50 mL-centrifuge tube (blue curves in lower panel). Enlarged views in the range
7.7—1.8 ppm are given as stacked spectra. (b) Reference spectrum of free oleic acid (green curve
in upper panel) in comparison with the CDCI; extract from the syringe material (brown curve in
lower panel). The comparison reveals that the major syringe contaminant must be a compound
closely related to oleic acid. Indeed, the signals can be clearly assigned to oleamide, the amide
derivative of oleic acid.
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Figure S2.8. DOSY spectrum of the CDCl; extract from the PP centrifuge tube. Apart from the
quickly diffusing solvent molecules, the contaminants are divided into three groups with signifi-
cantly different diffusion behaviors: (i) fast-diffusing, low-molecular-weight species caused by
a multitude of polymer additives, (ii) a polymeric, aliphatic species with a slightly lower diffu-
sion coefficient, and (iii) a high-molecular-weight silicone oil based on polydimethylsiloxane
(PDMS) with a significantly lower diffusion coefficient.
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Figure S2.9. Identification of the polymeric, aliphatic additive extracted from the PP centrifuge
tube. (a) HSQC spectrum of the aliphatic region, displaying a complex set of correlations
among the polymeric signals. On top of those signals is a subset of sharp signals (marked with
orange asterisks) that arise from the low-molecular-weight additives. (b) The polymeric correla-
tions can be assigned reliably to different monomer sequences in the ethylene—propylene copol-
ymer. The assignments were carried out according to Cheng et al.,’”****” using the nomenclature
of Carman et al.:** P, S, and T refer to primary (methyl), secondary (methylene), and tertiary
(methine) carbons, respectively; the Greek subscripts indicate the carbon’s position relative to
the nearest tertiary carbons in both directions along the polymer chain (e.g., Ty, denotes a me-
thine group whose nearest tertiary carbon neighbors are two bonds to the left and three bonds to
the right). The propylene sequences of the copolymer exhibit features of both isotactic and syn-
diotactic triads, thus rendering the polymer atactic.
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Table S2.1. Summary of the most promiment contaminations from PP labware.

kind of additive identity ou (ppm) log(D) (m*s™")
stabilizing additives several non-identified species, fea-
(antioxidants, light turing aromatic, olefinic, and ali- 7.5-0.9 -9.0
stabilizers, etc.) phatic signatures
nucleating/clarifying 1,3:2,4-bis(3,4-
agent dimethylbenzylidene)-D-sorbitol
(DMDBS)* 334
7.5-7.2,5.6, _
>\: o_>§0>_Q7 44-3.8,24 (=9.0)
O
O
+1OH
HO
slip agent oleamide
o 5.4-0.9 (-9.0)
H,N

(or erucamide)

impact modifier poly(propylene-co-ethylene)
y

/hﬁ/M 1.8-0.7 -9.2

x=0.8,y~=0.2

with vinylidene end group™ "’

\‘/demer 4.8-4.6,1.7

lubricant, polydimethylsiloxane
mold-release agent (PDMS)

\/
5o,

0.07 —10.1
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Table S2.2. Examples of recent literature with potentially compromised NMR results.

publication
year and
ref#

kind of NPs and
NMR measure-
ments

potentially compromised results

2008
ref 338

2015
ref 281

2015
ref 317

2017
ref 340
(SD
2018
ref 341

oleate-capped iron
oxide NPs + ligand
exchange;

high-resolution
magic-angle spin-
ning (HRMAS)

oleate-capped
NaYF, NPs;

'HNMR
oleate-capped iron

oxide and TiO,
NPs;

'"H NMR

Eu,(COs); clusters
coated with PCDA;

'"H NMR

oleyl amine-capped
Au NPs + ligand
exchange with oc-
tadecanethiol
(ODT);

'H NMR, DOSY

'H (MAS) NMR spectra of supposedly NP-bound ligands
(oleate and other carboxylates) showed pronounced aliphat-
ic signals with a methyl-rich component strongly resem-
bling the NMR signature of the ethylene—propylene copol-
ymer. In accordance with the non-polar nature of the co-
polymer, these signals were only observed, when benzene
was used as a solvent. Sharp signals of (presumably residu-
al) ligands were only obtained whenever polar solvents,
such as DMSO or MeOH, were employed. Also, the au-
thors were not able to retrieve the olefinic oleate signal in
non-polar solution, which is unusual for NMR spectra of
oleate-capped NPs (cf. main text of the manuscript).

Note: De Roo et al.** have already expressed concerns
about the validity of the reported methods.

No detectable signal from the olefinic protons (vide supra);
questionable integration of overlapping methyl signal.

'H NMR spectrum of TiO, NPs with sharp signals of resid-
ual oleyl oleamide (cf. Figure S2.2), which was erroneously
interpreted as the only capping agent. Most probably the
NP amount was too small to reveal the low-intensity sig-
nals of bound oleate ligands (see main text) lying below the
impurity signals of oleyl oleamide.

"HNMR spectrum of Euy(COs); clusters coated with 10,12-
pentacosadiynoic acid (PCDA) essentially displaying the
ethylene—propylene copolymer.

Previous work from our group with NMR spectra showing
contaminant signals from the ethylene—propylene copoly-
mer that was mistaken for the signals of NP-bound ODT
ligands.
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2.6.3 Additional Characterization of Catechol-Modified TiO,—Cat NPs

CHCI; dioxane acetone

TiO,—-Cat NPs
TiO,-OA NPs
reference: OA

ISR DS y

.

110 90 70 50 30 1
3C & (ppm)

<]

Figure S2.10. C solution NMR spectra (100 MHz, CDCl;) of catechol-modified TiO,—Cat
NPs (brown), as-synthesized TiO,—OA NPs (green), and OA reference (blue). Catechol carbons
are not detectable in "*C solution NMR experiments.
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Figure S2.11. 2D NOESY spectrum (400 ms mixing time) of catechol-modified TiO,—Cat NPs
in CDCl;. The pronounced negative cross-peaks between the aromatic and the aliphatic reso-
nances reveal the close proximity of catecholate and oleate ligands on the NP surface. The
cross-shaped disturbances are caused by solvent signals of acetone, dioxane, and CDCl;
(marked with orange asterisks).
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Figure S2.12. 'H solution NMR spectra (400 MHz, acetone-ds) of the supernatant solutions
collected during the NP purification process after surface modification with a nominal catechol
mass of 20 mg (reaction no. 4 in Table 2.1). (a) Superposition of the reaction supernatant and
the first 3 precipitation supernatants, confirming the necessity of repeated precipitation cycles to
remove excess catechol and desorbed OA. In addition, the spectra confirm that catechol remains
in its reduced form during surface modification. The spectra were adjusted to the same reso-
nance integral of the internal standard nitromethane. (b) Comparison of the reaction supernatant
(brown curve) with a reference of oleic acid in CDCl; (teal curve) to confirm the desorbed spe-
cies’ identity as (protonated) oleic acid. The resonances a and b nearest to the carboxyl group
are shifted slightly towards higher field due to the more polar nature of acetone-dq as compared
to CDCls;.
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Figure S2.13. Remaining amount of catechol retained within the precipitated NP residue after
several consecutive purification steps. The data was obtained from surface modification with a
nominal catechol mass of 20 mg (cf. Table 2.1). The first data point corresponds to the amount
of catechol retained within the NP residue after centrifugation of the reaction mixture, including
both irreversibly adsorbed and reversibly absorbed species of catechol. The subsequent purifica-
tion steps serve to remove the reversibly absorbed catechol molecules that are trapped between
the NPs. This process is comparable to the method of liquid—liquid extraction where the solute
concentrations in the two immiscible phases are governed by Nernst's distribution law.**® In-
deed, the declining amount of remaining catechol with increasing number of purification steps
can be described with a Nernst-type exponential decay function of the form

m X
— =a-F+c
mg

where
m = remaining mass (in mg),
x = number of purification steps,

a=1.608,
b=0.426,
c=7.199.

This type of function incorporates two important values for the employed purification process in
accordance with Nemnst's distribution law: (i) Setting the purification step number to x = 0 re-
turns the starting amount as my = a+c. (i) For high values of x, i.e., many purification cycles,
the function converges to the boundary value m.,, = ¢. Conveniently, this value corresponds to
the amount of catechol that is irreversibly adsorbed to the NP’s surface.
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2 mg catechol
5 mg catechol
10 mg catechol
20 mg catechol

acetone
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Figure S2.14. 'H solution NMR spectra (400 MHz, CDCl;) of catechol-functionalized
TiO,—Cat NPs with increasing amounts of catechol. The higher-field components of the oleate
signals decrease more pronouncedly than their lower-field counterparts as the amount of ad-
sorbed catechol and the corresponding aromatic resonance increase. Dioxane serves as an inter-
nal standard to align the spectra. These spectra exhibit less sharp signals than the spectrum of
TiO,—Cat NPs in Figure 2.3a due to the excessive washings performed in this reaction series to
retrieve as much unbound ligands as possible.
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Figure S2.15. Characterization of the second batch of as-synthesized, OA-stabilized TiO, NPs.
(a) Typical TEM overview image, revealing spherical to elongated morphology. (b) Size histo-
gram over 100 individual particles, fitted as ellipses with major and minor axes, confirming the
elongated shape of the TiO, NPs. The solid lines (red and orange) were obtained by fitting the
size distribution histograms to the log-normal distribution. The values given are the mean values
of the corresponding histograms.

Table S2.3. Characteristics of the second batch TiO,—OA NPs.

quantity value
major axis (nm)* 9.8 £2.4
minor axis (nm)“ 6.2 £0.8
volume (nm’)” 197 £70
surface area (nm?)” 170 =42
specific surface area (m” g ") 180 £78
organic fraction (%) 20.6 £1.0
ligands per particle 415 +£149
ligand density (nm™?) 24 +1.1

“Mean values from TEM size evaluation after fitting individual particles as ellipses. “Values
calculated according to the formulae for prolate (elongated) spheroids.
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3.1 Abstract

Abstract

Photosynthesis is an efficient mechanism for converting solar light energy into
chemical energy. We report on a strategy for the aerobic photocyanation of tertiary
amines with visible and near-infrared (NIR) light. Panchromatic sensitization was
achieved by functionalizing TiO, with a 2-methylisoquinolinium chromophore, which
captures essential features of the extended z-system of 2,7-diazapyrenium (DAP*") di-
cations or graphitic carbon nitride. Two phenolic hydroxy groups make this ligand high-
ly redox-active and allow for efficient surface binding and enhanced electron transfer to
the TiO, surface. Non-innocent ligands have energetically accessible levels that allow
redox reactions to change their charge state. Thus, the conduction band is sufficiently
high to allow photochemical reduction of molecular oxygen, even with NIR light. The
catalytic performance (up to 90% chemical yield for NIR excitation) of this panchro-
matic photocatalyst is superior to that of all photocatalysts known thus far, enabling
oxidative cyanation reactions to the corresponding a-cyanated amines to proceed with
high efficiency. The discovery that the surface-binding of redox-active ligands exhibits
enhanced light harvesting in the red and NIR region opens up the way to improve the
overall yields in heterogeneous photocatalytic reactions. Thus, this class of functional-
ized semiconductors provides the basis for the design of new photocatalysts containing
non-innocent donor ligands. This should increase the molar extinction coefficient, per-
mitting a reduction of nanoparticle catalyst concentration and an increase of the chemi-

cal yields in photocatalytic reactions.
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Introduction

Sunlight is an abundant source of energy which can drive chemical reactions in an
eco-friendly fashion and is most likely to play a key role in the global energy supply of
the future. Catalytic systems using visible (vis) or infrared (IR) light are highly attrac-
tive because ultraviolet (UV) radiation accounts only for a small fraction of the sun’s
energy spectrum.”**>* In fact, the maximum photon flux of the sun is centered around

346

880 nm, while its maximum power output is centered around 500 nm.”™ Most plants

depend on sunlight and use the visible portion of the solar spectrum with the aid of pho-
tosynthetic pigments (e.g. tetrapyrroles and carotenoids).**’

Chemists attempt to mimic the photosynthetic conversion of solar to chemical en-
ergy with photoredox systems and sensitizers. Irradiation leads to a photoexcited state
that serves as a source of electrochemical potential.**~**>*" The lifetime of the photo-
excited state, the quantum efficiency of its formation, and the chemical stabilities of
ground and excited states have been exploited in the design of systems for solar energy
conversion, either directly into electrical current or for electron-transfer reactions, where
substrates can be oxidized or reduced, depending on the conditions.

TiO, is a stable, non-toxic, low-cost material for photocatalysis,*®~>°

whose pho-
tocatalytic efficiency is dictated by the charge separation efficiency, surface area, and
exposed reactive facets.”” Photoreduction with unmodified TiO, nanoparticles (NPs)

requires UV light, which reduces the efficiency of unmodified TiO, in solar applica-

354-356 357,358

tions.” ' Therefore, transition metal complexes, organic dyes, and semi-
conductor NPs*° have been used as sensitizers in Ti0O,-based solar cells. These surface-
bound chromophores not only serve to shift the light absorption of unmodified TiO,
particles from the UV to the visible region, but also — in the case of “black dyes™** 2 —
achieve a panchromatic sensitization.’® Among the concepts of TiO, sensitization via
surface-bound chromophores, one particular approach has become popular in the past
few years: photosensitization through ligand-to-metal charge transfer (LMCT) on TiO,
surfaces,”” which has also been employed in dye-sensitized solar cells (DSSCs).?"**%
In inorganic photocatalysis, the semiconductors ZnO,**> ZnS 366 CdQ (Q =S, Se,
Te) quantum dots,367’368 carbon nitride,369 BiOBr,m and PbAO,X (A = Sb, Bi; X =Cl,
Br’’"), with absorption in the visible range, have been used to maximize the efficiency

223,372

of light utilization. Likewise, organic dyes and inorganic pigments®®’*” have been
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used to stretch the absorption into the visible range. Crucial for the TiO, catalyst per-
formance are light-absorbing chromophores, which (i) must be thermo-, photo- and
chemically stable. In addition, an efficient photocatalyst should (i1) absorb strongly in
the UV—vis region to produce electrons and holes, (iii) separate the electrons and holes
in space to prevent their recombination, (iv) carry robust anchor groups for surface
binding, (v) have a ground-state potential positive enough to facilitate hole transfer to
the catalyst and an excited-state potential more negative than the edge of the semicon-
ductor conduction band to allow interfacial electron transfer.’® It is difficult to fulfill all
criteria (1)—(v) simultaneously.

TiO, NPs sensitized with a variety of Ru(bpy)32+ dyes are prototypical heteroge-
neous photocatalysts.>*' %" Although organic dyes find wide application as pigments,
colorants, or photoreceptors, only a few have been utilized in photocatalysis, because

they suffer from photodegradation on TiO, under visible-light irradiation.”*"

378

Perylene
bisimides®”’ and metalated porphyrins®” fulfill the stability requirements as well as op-
tical and redox criteria®”* when surface-bound via different anchor groups (e.g., carbox-

ylic acids, phosphonic acids, hydroxamic acids, or silatranes).’”

However, these groups
are typically redox-inert and do not allow efficient charge transfer. Polymeric carbon
nitride (CN,)—TiO, organic—inorganic heterojunction photocatalysts have shown prom-
ising photocatalytic activity for the degradation of organic dyes*® or the photocatalytic
generation of H,.*®" However, their visible-light-harvesting capabilities are limited be-
cause they suffer from a weak interaction and poor electron transfer across the
TiO,—CN, interface.

Here, we demonstrate that a novel redox-active chromophore bound to TiO, NPs
through strong electronic coupling fulfills all performance criteria and permits pan-
chromatic TiO, sensitization for efficient aerobic photocyanation of tertiary amines. To
this end, we synthesized the 6,7-dihydroxy-2-methylisoquinolinium (DHMIQ) ligand
containing the 2-methylisoquinolinium chromophore equipped with a redox-active cate-
chol surface anchor group (Figure 3.1a). This new ligand combines the essential fea-
tures of two known chromophores: (i) quinolinium cations (e.g., N-methyl-quinolinium
(NMQ")) and (ii) 2,7-diazapyrenium dications (DAP*"). NMQ" cations are powerful
photocatalysts with strongly oxidizing and long-lived excited singlet states,”®>** but
their UV absorption range and their susceptibility to attack by nucleophiles in the 2- and

4-positions render them unsuitable for photocyanation. 2,7-Diazapyrenium dications
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(DAP*H)¥>* yith an extended isoquinolinium-type 7z-system absorb in the visible

range and do not suffer from nucleophilic attack on the chromophore. The catechol sur-

face anchor makes the ligand highly redox-active (“non-innocent™'’®%-3%¢

259,387

) by facilitat-
ing efficient electron transfer to/from the metal oxide surface.

Nature employs these non-innocent ligands in various metalloenzymes, where the
active site contains a redox-active ligand that works in synergy with a metal
center.'™?*® These ligands have more energetically accessible levels that allow redox
reactions to change their charge state. The functionalized TiO, NPs exhibit a substan-
tially improved vis—NIR spectral light-harvesting performance compared to pure CN,**
or unfunctionalized naked TiO, NPs. Neither unfunctionalized particles nor the sensitiz-
er itself show any appreciable light absorption in the visible spectral range. The surface-
functionalized particles, however, allow direct photocatalysis down to the NIR
region, 388389

The TiO,—~DHMIQ photocatalyst is particularly suited for several reasons: (i)
Amines and cyanides do not absorb visible light and therefore cannot be excited direct-
ly. (i1) Direct oxidation of organic substrates with molecular oxygen is kinetically unfa-

vored.>”

(i11) The redox potentials of functionalized TiO; particles are comparable to or
even higher than those of typical photoredox catalysts like Ru(bpy)32+.391 This enables
the use of oxygen as terminal oxidant and circumvents the use of stronger or kinetically
faster oxidants like C10,, H,O,, t~-BuOOH, or carbenium ions. (iv) The redox potential

392 of the amines

of the TiO,—~DHMIQ system is utilized for single-electron oxidations
and the subsequent addition of cyanide to the iminium ion resulting from hydrogen ab-
straction.

We have applied these new photocatalysts for the synthesis of a-aminonitriles by
oxidative cyanation of tertiary amines. a-Aminonitriles are an important class of com-
pounds for the synthesis of nitrogen-containing bioactive compounds like a-amino acids

and alkaloids or heterocycles.”” "

Their various modes of reactivity make them versa-
tile and widely applicable intermediates in organic chemistry®*® since the nitrile function
can either be transformed to a carboxy, amide, or aminomethyl function or be complete-
ly replaced by alkyl or aryl groups in a single operation.””’ This also makes o-
aminonitriles ideal intermediates in the post-functionalization of amines. In this paper,

we demonstrate the photocatalytic oxidative cyanation of tertiary amines using TiO»
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3.3 Results and Discussion

NPs functionalized with the novel redox-active chromophore DHMIQ, the scope of the

reaction, and the basic reaction mechanism.

Results and Discussion

First, the 6,7-dihydroxy-2-methylisoquinolinium chloride surface ligand (Figure
3.1a) was synthesized from homoveratrylamine (1), which was converted with formal-
dehyde in a combined Pictet—Spengler/Eschweiler—Clarke reaction to 6,7-dimethoxy-2-
methyl-1,2,3,4-tetrahydroisoquinoline (2) (Figure 3.1b).**® After oxidation with 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) to 6,7-dimethoxy-2-methylisoquinolinium
chloride (3), DHMIQ was obtained by acidic cleavage of the methyl ethers. In the sec-
ond step, TiO, NPs were prepared hydrothermally from titanium(IV) butoxide with ole-
ic acid and oleylamine in ethanol,’® yielding NPs of spherical to elongated shape and a
typical size on the order of 10 nm (Figure S3.1). Powder X-ray diffraction confirmed
that the particle cores consist of the anatase phase of TiO, (Figure S3.2). The as-
synthesized TiO, particles carry oleate capping ligands (TiO,—OA) and are perfectly
soluble in apolar solvents like CHCIl;, n-hexane, and tetrahydrofuran (THF). The out-
standing solubility allows for nuclear magnetic resonance (NMR) investigation of the
NP’s ligand sphere. Thus, the 'H NMR spectrum of as-synthesized TiO,—OA NPs (Fig-
ure S3.3) confirms the presence of oleic acid as surface ligand. The surface-bound lig-
ands give rise to signal broadening.”’* Re-functionalization of TiO,—OA with the posi-
tively charged DHMIQ ligand rendered the NPs water-soluble, inducing a polarity um-
polung of the NP’s ligand sphere (Figure 3.1¢). The DHMIQ-functionalized TiO, NPs
were purified by repeated cycles of dissolution, precipitation, and drying to remove dis-
placed OA and excess DHMIQ molecules. No significant change in size, shape, or
phase of the particles was observed after the ligand exchange (Figures S3.1 and S3.2).
'H NMR investigation of surface-modified TiO,—DHMIQ NPs in D,O (Figure S3.4)
revealed a virtually complete displacement of native OA ligands, indicated by the loss
of the aliphatic signal in the high-field regime of the spectrum. The spectrum is domi-
nated by two intense and rather broad signals, which can be assigned to the partially
coalesced signals of DHMIQ. The NMR data reveal that the ligand spheres of the parti-
cles consist predominantly of single-molecule species before and after surface modifica-

tion. Therefore, it is possible to estimate the surface coverage of the ligands simply by
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quantifying the organic fraction of the NPs via thermogravimetric analysis (TGA, Fig-
ure S3.5). By combining the TGA data with the particle dimensions (Figure S3.1), lig-
and densities of 2.4 = 1.0 nm * for TiO,~OA and 2.0 + 0.9 nm * for TiO,~DHMIQ NPs
were obtained (Table S3.1). The surface density of the OA ligand is lower than for other
oleate-stabilized NPs due to the purification (removal of unbound ligand) of the as-
synthesized TiO, NPs.**! The same applies for the DHMIQ-modified NPs since most

ligand exchange studies with catechol derivatives have yields usually twice as high.'”

| % HO “CH,
X CHs3
ol
CHj
DAPZ* NMQ* catechol DHMIQ
N J N _
Y
chromophore & complexing agent = photosensitive surface ligand
b Pictet-Spengler,

3 DDQ

Hscoj©/\/ Eschweiler-Clarke Hscom
HsCO 96% HsCO N-cH
2 CH4CN
CH N~
3

3 microwaves H3;CO CHs
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+ DHMIQ o o
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T|02 0 > T|02 OmiH
3
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Figure 3.1. Design and synthesis of DHMIQ-sensitized TiO, NPs. (a) Combination of the or-
ganic photocatalyst (N,N'-dimethyl-2,7-diazapyrenium (DAP*") or N-methylquinolinium
(NMQ")) and the complexing agent catechol to yield the photosensitive surface ligand DHMIQ.
(b) Synthetic route for the preparation of DHMIQ from homoveratrylamine (1). (¢) Sensitization
of TiO, NPs via postsynthetic ligand exchange of oleic acid (OA) with DHMIQ.
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The large specific surface area (~150 m°g”", Table S3.1) of the anatase NPs aids
in the formation of a photocurrent, similar as in DSSCs that operate based on similar
principles.”’**” The functionalized TiO, NPs show a substantially enhanced solar light
harvesting performance compared to that of “naked” TiO, NPs. Band gap excitation of
TiO; efficiently utilizes the optical spectrum (band gap of 3.2 eV for anatase TiO, with
the conduction band starting close to the redox potential of the normal hydrogen elec-
trode).*® A significant portion of the visible and even the NIR spectrum (Figure 3.2a) is
utilized with the TiO, surface-bound isoquinolinium ligand. Upon photo-excitation of
the ligand, electron transfer occurs from the ligand LUMO to the TiO, conduction band
(Figure 3.2b).

In order to demonstrate that the wide-ranging absorption of TiO,—DHMIQ NPs
arises specifically from the surface complexation, a reference batch of ligand-stripped,
water-soluble TiO, NPs was prepared by reacting TiO,—OA NPs with tetrame-
thylammonium hydroxide (TMAH).>*>*% As can be seen by NMR spectroscopy (Figure
S3.6), the hydroxide treatment displaced the native oleate ligand quantitatively, leaving
a negatively charged TiO, NP surface, stabilized electrostatically by the counterion tet-
ramethylammonium (TMA). Due to the non-coordinating nature of the TMA cation,
TiO,—TMA (Figure 3.2a) exhibits no charge-transfer band at ~360 nm, and strong ab-
sorption only occurs below 350 nm for TiO,—TMA, which is a typical feature of non-
sensitized TiO, NPs.'®® The unbound DHMIQ ligand has two absorption bands centered
at 251 and 351 nm. The DHMIQ-functionalized TiO, particles show absorption
throughout the visible range and tailing into the NIR, while non-sensitized TiO, parti-
cles and the unbound ligand show no significant absorption in the visible range (Figure
3.2a+c). The catechol group of the DHMIQ ligand acts as the docking site for binding to
the TiO, surface because the absorption spectrum is red-shifted after the binding of
DHMIQ, which indicates the electronic interaction of the chromophore with the TiO,
NPs. The broad absorption of the TiO,~DHMIQ NPs is attributed to diverse interactions
across the ligand—NP interface: (i) The non-innocent, redox-active nature of DHMIQ
allows for a multitude of electronic and associated redox states with diverse electronic
transitions. (ii) Multiple facets of the nanocrystals and a non-negligible density of in-
trinsic surface defects in hydrothermally synthesized TiO, NPs'*° lead to a multitude of

complexation geometries with different excitation energies.
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Figure 3.2. Light-absorbing properties of DHMIQ-sensitized TiO, NPs. (a) UV—vis absorbance
spectrum of TiO,—~DHMIQ NPs (red line) in comparison with ligand-stripped TiO, NPs (with
tetramethylammonium (TMA) counterions, blue line) and a pure DHMIQ reference (green line).
The inset shows the enlarged vis-NIR absorption range where the charge transfer in
TiO,—~DHMIQ NPs takes place. (b) Proposed excitation scheme for DHMIQ-sensitized TiO,
NPs (CB, conduction band; VB, valence band; LUMO, lowest unoccupied molecular orbital;
HOMO, highest occupied molecular orbital). (¢) Visual appearance of DHMIQ-sensitized TiO,
NPs (left), ligand-stripped TiO, NPs (middle), and DHMIQ reference (right) in aqueous solu-
tions. NP concentrations of TiO,—~DHMIQ and TiO,—TMA: 100 mg/mL, DHMIQ reference
concentration: 12 mg/mL.

The energy conferred by IR light excitation is limited by the energy of the ab-
sorbed photons. The energy of NIR photons (800 nm) of 1.6 eV (149 kJ/mol) is the
maximum theoretical energy threshold between the photocatalyst and the acceptor.
Since a part of this energy is lost due to intersystem crossing or reorganization of the

excited states of the photocatalyst by non-radiative pathways, the maximum available
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energy of TiO,—DHMIQ is in the order of 100 kJ/mol and still sufficient for oxidizing
tertiary amines. The a-cyanation of tertiary amines reported here is one of the few™>***
catalytic applications based on photoinduced interfacial electron transfer between a non-
innocent ligand covalently bound to a TiO, NP surface.

The catalytic activity for the oxidative cyanation of different amines in the pres-
ence of trimethylsilyl cyanide (TMSCN) was examined. In a typical reaction, an aliquot
of the aqueous catalyst solution was transferred into a reaction vial and freeze-dried.
The dried catalyst was suspended in acetonitrile, the amine substrate was added, and the
solution was saturated with oxygen. After addition of TMSCN as a cyanide source, the
solution was irradiated (Figure S3.7). The crude cyanation product was isolated by ex-
traction and purified by column chromatography. The minimum amount of catalyst re-
quired for nearly quantitative yield was determined by successively increasing the cata-
lyst loading in a series of otherwise identical reactions (Figure S3.8). A catalyst loading
of 2.5 mg TiO,—DHMIQ NPs, corresponding to 0.6 mol% of the catalytically active
LMCT complex with respect to the standard amount (0.24 mmol) of substrate, was
found to be sufficient. Trace amounts of water in the reaction mixture caused consider-
able losses in yield. A systematic study revealed that increasing amounts of water
caused an exponential decay in reaction yield, leveling out at 20% (Figure S3.9). The
most plausible explanation for this behavior is the formation of a hydration shell around
the polar NPs in the otherwise aprotic environment of acetonitrile which passivates the
surface and leads to an energy barrier for the surface reactions.*”' Since the hydration
shell has a finite maximum thickness, the conversion is not completely suppressed for
higher amounts of water (see section 3.6.4.2 of the Supporting Information for a more
thorough discussion).

Different excitation wavelengths were tested to excite the TiO,—DHMIQ photo-
catalyst. Nearly quantitative yields were achieved after 3 h reaction upon irradiation
with blue and green light (96% and 93%, see Table 3.1). The conversion decreased for
excitation with yellow, red, and NIR (730 nm) light. However, this could be compen-
sated by using longer irradiation times (90% yield after 62 h irradiation for NIR). It is
unusual and quite extraordinary that even IR radiation at 850 nm from a relatively weak
3.7 W LED module resulted in a conversion of 12% after a 16 h reaction period. This is
consistent with the very broad absorption spectrum of the TiO,—DHMIQ photocatalyst.

Controls with free DHMIQ gave much lower yields under identical conditions, and for
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Table 3.1. Yields of the photocatalytic oxidative cyanation of tributylamine, using as-
synthesized TiO,—OA NPs, ligand-stripped TiO,—TMA NPs, DHMIQ-sensitized TiO,
NPs, and unbound DHMIQ as photocatalysts for different excitation wavelengths (LED
source) and excitation powers.“

\/\ Catalyst, TMSCN \/\(CN

SN CHCN, O hy SN~
4 5
LED
light source blue green yellow red IR 1 IR 2

462 nm 520nm  592nm 635 nm 730 nm 850 nm

100 W 100W  52W 67 W 51W 37W
TiO,—OA 43%" 13%" <1%” x x n.t.
TiO,~TMA 4%" 2%° x x x n.t.
TiO,~DHMIQ  96%isomea  93%" 56%" 43%"  19%°161%"/90%°  2%"/12%"¢
DHMIQ 84%" 22%" 2%” <1%" x x
background 15%" 3%” x x x x

“Conditions: BusN (0.239 mmol, 1.0 equiv) and TiO,—~DHMIQ NPs (2.5 mg) were dissolved in
CH;CN (4.0 mL), the solution was saturated with O,, and TMSCN (3.0 equiv) was added. Un-
less stated otherwise, irradiation time was 3 h. Yield was determined by '"H NMR using 1,4-
bis(trimethylsilyl)benzene as an internal standard. n.t. = not tested, ¥ = no conversion. “Incom-
plete conversion. “14 h reaction time. “16 h reaction time. °62 h reaction time.

ligand-stripped TiO,—TMA NPs, the yields were almost zero. This demonstrates that
covalently functionalized TiO, NPs are essential for the oxidative cyanation reaction
under visible and NIR light. Finally, recyclability studies revealed that the heterogene-
ous photocatalyst could be recovered and reused several times, with the yield decreasing
only moderately from 95% to 82% after four cycles of photocatalysis (Figure S3.10).

To demonstrate the substrate scope of TiO,—DHMIQ), the catalyst was applied to a
variety of different tertiary amines (Figure 3.3). Besides simple aliphatic amines like
tributylamine, complex natural products like nicotine and atropine were also converted
into their corresponding a-aminonitriles and isolated in remarkable yields. The hydroxyl
group of atropine was TMS-protected due to the effect of TMSCN as a silylating agent.
Reactions with the TiO,~DHMIQ catalyst led to different cyanation products compared
to those using the organic dye rose bengal as photocatalyst. For nicotine, cyanation oc-
curred in the benzylic position with TiO,—DHMIQ while rose bengal favors a reaction

at the methyl group.”® For N,N-dimethyltetradecylamine, the unexpected formation of
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2-(dimethlyamino)pentadecannitrile was observed with TiO,—DHMIQ), and the yield of
the cyanation of the N-methyl groups of gramine was approximately 4.5 times higher
than that with rose bengal (89% vs. 20%).”>® This differential selectivity could prove
useful in further synthetic endeavors. In addition, reactions with the TiO,—DHMIQ cata-
lyst appeared to be milder than those with rose bengal, as the isolated crude products

were of superior purity.

R! N R1__CN
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Figure 3.3. Vis—NIR-induced oxidative cyanation of amines into a-aminonitriles with O, on
DHMIQ-sensitized TiO, NPs. Yields were isolated. Reaction conditions: “3 h. ’16 h. ©24 h.
Structures verified by 'H and *C NMR (Figures A.1-A.33 in Appendix A.1).

With the catalytic activities, the results of the control experiments, and the struc-
ture and properties of molecular Ti(IV) complexes*” and TiO, particles functionalized

493 a tentative mechanism of visible-NIR light photoredox cataly-

with catechol ligands,
sis with DHMIQ-sensitized TiO, NPs is proposed in Figure 3.4. The DHMIQ chromo-
phore is anchored on the TiO, particle surface with a catechol group to form a stable
LMCT complex. Upon irradiation, DHMIQ is excited and a charge transfer occurs to
the TiO, NP, which is associated with an injection of an electron into the TiO, conduc-
tion band. In the next step, the electron reacts with O, at the TiO, surface to form a hy-
peroxide radical anion 02“.263 The O," radical anion displaces CN~ from TMSCN to

form a TMS-peroxo species which then abstracts an H atom from the amine radical cat-

ion to generate an iminium ion.*"*%% To elucidate the fate of the TMS-peroxo species, a
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reaction mixture was investigated by ¥Si NMR spectroscopy after irradiation. The 3i
NMR spectrum (Figure S3.11) revealed the presence of four major Si-containing prod-
ucts, all of them different from TMSCN (Table S3.6). The two most prominent signals
can be safely assigned to trimethylsilanol (TMSOH) and its condensation product hex-
amethyldisiloxane (TMS),0. The other two species are most probably
bis(trimethylsilyl) peroxide (TMSO), and trimethylmethoxysilane (Table S3.6). As a
mechanistic alternative for iminium formation, a-amino radical intermediates are often
discussed in the literature.*”® These might be formed by a-deprotonation of the amine

407498 o1 through H atom transfer’®” from the parent amine. Since neither

radical cations
the addition of diethylsilane (whose Si—H bonds are slightly weaker than the C,—H
bonds of trialkylamines) nor the addition of ethyl acrylate as a known trap for a-amino

radicals*'% 12

interferes with the clean photocyanation of tributylamine (see section
3.6.5.2 of the Supporting Information for details), both alternatives appear unlikely.
Increasing the size of the silyl group from TMS to tert-butyldimethylsilyl (TBDMS)
slows down the photocyanation, but only leads to minor changes in the regioselectivity
(16/17 and 19/20, Table S3.7). Further experimental and theoretical work is needed to

obtain a deeper mechanistic insight.

o
CB: conduction band
VB: valence band
(0]
IV:Ti”’e’O
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Figure 3.4. Proposed mechanism for the visible-light-induced oxidative cyanation of tertiary
amines with O,, catalyzed by DHMIQ-sensitized TiO, NPs.
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3.4 Conclusion

From a mechanistic point of view, the TiO,—DHMIQ system is not only responsi-
ble for visible light harvesting, but is also driving the oxidative transformation. Com-
pared to similar aerobic oxidation reactions, this double functionality obviates the need
for an additional redox mediator such as (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEM-

PO)**** or a radical initiator such as azobis(isobutyronitrile) (AIBN).*"

Furthermore,
the heterogeneous nature of the catalyst enables an easy recovery, which makes the
Ti0,—~DHMIQ system a superior photocatalyst for oxidative cyanation and a promising

candidate for other oxidative transformations.

Conclusion

A redox-active DHMIQ ligand was prepared for surface sensitization of TiO,
NPs. It allows panchromatic sensitization for photocatalytic oxidative cyanation reac-
tions using molecular oxygen as oxidant. This photo-active DHMIQ ligand was ad-
sorbed onto TiO, NPs via postsynthetic quantitative ligand exchange of oleic acid,
yielding a DHMIQ ligand density of 2.0 = 0.9 nm 2. The ligand, when anchored to TiO,
NPs, achieves very efficient sensitization over the whole visible range extending into
the NIR region down to 800 nm. The spectral response in the red and NIR regions is
greatly enhanced compared to that of chemically stable standard
semiconductors.”*****!> On the basis of its catalytic performance (up to 90% chemical
yield for NIR excitation), this panchromatic photocatalyst is superior to all photocata-
lysts known thus far. It enables oxidative cyanation reactions to the corresponding a-
aminonitriles to proceed with high efficiency. a-Aminonitriles are useful intermediates
for synthesis of a wide variety of compound classes. The reaction formally represents a

photoassisted cross-dehydrogenative coupling (CDC)*"*

of amines and HCN through
sp> C—H bond activation adjacent to nitrogen followed by carbon—carbon bond for-
mation under oxidative conditions. The discovery of enhanced light harvesting in the
red and NIR regions through surface-binding of redox-active ligands opens up the way
to improve the overall yields in photocatalytic reactions. Thus, this class of functional-
ized semiconductors provides the conceptual basis for the design of new photocatalysts
containing non-innocent donor ligands. This increases the molar extinction coefficient,

permitting a reduction of NP catalyst concentration and an increase of the overall yields

in photocatalytic reactions. Further improvements could be achieved by the use of mi-
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croflow technology or through immobilized TiO, surfaces in continuous-flow opera-

tions.*!°

Experimental Section

Materials. Unless otherwise stated, all chemicals and solvents were obtained
from commercial suppliers and used without further purification. Oleic acid (technical
grade, 90%) was obtained from Sigma-Aldrich. Titanium(IV) n-butoxide (99%) was
purchased from Acros Organics. Oleylamine (>50.0% (GC)) was acquired from TCI.
Deionized water (18.2 MQ-cm) was obtained from a Milli-Q water purification system
(Millipore Synergy 185).

Synthesis of Oleic Acid-Stabilized TiO, Nanoparticles (TiO,—OA). TiO, NPs
were synthesized according to a previously reported procedure.’® Titanium(IV) butoxide
(2.89 g, 2.89 mL, 8.5 mmol, 1.0 equiv) was added to a mixture of oleic acid (14.41 g,
16.24 mL, 51 mmol, 6.0 equiv), oleylamine (9.09 g, 11.19 mL, 34 mmol, 4.0 equiv) and
ethanol (7.83 g, 9.93 mL, 170 mmol, 20.0 equiv, absolute grade). The mixture was
stirred for 15 min and transferred into a 50 mL Teflon vessel. This vessel was placed
into a 250 mL Teflon-lined stainless steel autoclave, already containing 34 mL of the
hydrolysis solution of ethanol and water (96:4 v/v). The sealed autoclave was then heat-
ed at 180 °C for 18 h. After the cooled autoclave was opened, the content of the inner
vessel was decanted into a 50 mL centrifuge tube, and the crude solid product was iso-
lated by centrifugation (9000 rpm, 10 min) and dissolved in n-hexane (10 mL). The
white solid residue at the bottom of the inner vessel was also dissolved in n-hexane
(10—15 mL), transferred into a 50 mL centrifuge tube, and precipitated by addition of
ethanol (30—35 mL, technical grade). The white precipitate was isolated by centrifuga-
tion (9000 rpm, 10 min) and re-dissolved in n-hexane (5 mL).The combined NP solu-
tions were further purified by repeated cycles of precipitation and dissolution (3 X
30/5 mL EtOH/n-hexane). The last dissolution step was usually carried out in CHCl;
(3 mL) to obtain a concentrated stock solution in a solvent that can be easily displaced
for further reactions. The stock solution was stored in a tightly sealed amber glass vial
with screw top, protected from sunlight, to extend its shelf life (stable solutions for at
least up to a year). The exact concentration of the NP solution was determined from the

remaining mass of an evaporated 100 pL aliquot (after several hours of drying at 80 °C).
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'H NMR (400 MHz, CDCl3): ¢ [ppm] = 5.7-5.0 (m, 2H, -CH=CH-), 2.4-0.6 (m, 31H,
—CH,— & —CH3).

Synthesis of 6,7-Dimethoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline (2).
Homoveratrylamine (10.0 g, 55.2 mmol, 1.0 equiv), formic acid (16.5 g, 20.8 mL,
552 mmol, 10 equiv), and aqueous formaldehyde solution (37 wt%, 20.5 mL, 5.0 equiv)
were combined and heated for 6 h to 100 °C. The solution was made alkaline with sodi-
um hydroxide solution (2 M) and extracted with ethyl acetate (3 x 50 mL). The com-
bined organic layers were dried over sodium sulfate and concentrated in vacuo to yield
the crude product. After purification by column chromatography (ethyl ace-
tate/methanol = 2:1) the product was isolated as slightly yellow solid (11.0 g,
52.9 mmol, 96%). Mp: 75.9-78.2°C. Lit.: 78-90°C.**® Ry = 0.23 (ethyl ace-
tate/methanol = 2:1). IR (ATR): v [ecm '] = 2936 (s), 2834 (m), 2768 (m), 1518 (vs),
1463 (s), 1374 (s), 1258 (vs), 1228 (vs), 1138 (vs), 1104 (s), 1013 (m). '"H NMR, COSY
(300 MHz, CDCls): 6 [ppm] = 6.59 (s, 1H, H-5), 6.51 (s, 1H, H-8), 3.84 (s, 3H, OCH3),
3.83 (s, 3H, OCH3). 3.50 (s, 2H, H-1), 2.84 (t, *Ji4, u3 = 5.9 Hz, 2H, H-4), 2.66 (t, *Jus,
n4 = 5.9 Hz, 2H, H-3), 2.45 (s, 3H, NCH;3). °C NMR, HMBC, HSQC (75 MHz,
CDCl): ¢ [ppm] = 147.6, 147.3 (C-6, C-7), 126.7 (C-8a), 125.8 (C-4a), 111.5 (C-5),
109.4 (C-8), 57.7 (C-1), 56.1, 56.0 (2 x OCH3), 53.1 (C-3), 46.2 (NCHs), 29.0 (C-4).
ESI-MS: m/z = 207.0 (([M+H'], 100%). The spectral data match those reported in the
literature.*%41®

Synthesis of 6,7-Dimethoxy-2-methylisoquinolinium Chloride (3). 6,7-
Dimethoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline (1.00 g, 4.83 mmol, 1.0 equiv) was
dissolved in acetonitrile (80 mL), and DDQ was added (2.19 g, 9.65 mmol, 2.0 equiv).
The reaction mixture was refluxed and every 24 h additional DDQ (2.0 equiv) was add-
ed. After 4 d and 8.0 equiv of DDQ added, LC-MS indicated full conversion. The sol-
vent was evaporated in vacuo and the solid residue was dissolved in diluted hydrochlo-
ric acid (2 M, 50 mL). The aqueous solution was extracted with diethyl ether in a
Kutscher—Steudel apparatus for 2 d (note: ethyl acetate, chloroform, and dichlorome-
than are not suitable in this case). The organic extract was dried over sodium sulfate and
concentrated in vacuo to yield the pure iminium salt (1.04 g, 4.35 mmol, 90%). Mp:
301-311 °C (decomposition). Lit. (iodide salt): 235-238 °C.*'” 'H NMR, COSY (300
MHz, D,0): § [ppm] = 9.14 (s, 1H, H-1), 8.21 (dd, *Ji13, 1.4 = 6.8 Hz, *Jiy3, 111 = 1.4 Hz,
1H, H-3), 8.03 (d, *Ji4, u3 = 6.8 Hz, 1H, H-4), 7.48 (s, 1H, H-8), 7.40 (s, 1H, H-5), 4.37
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(s, 3H, NCH3), 4.00 (s, 3H, C-6-OCHj3), 3.97 (s, 3H, C-7-OCH3). *C NMR, HMBC,
HSQC (75 MHz, D;0): 6 [ppm] = 157.0 (C-6), 152.1 (C-7), 145.1 (C-1), 135.3 (C-4a),
133.7 (C-3), 124.0 (C-8a), 123.5 (C-4), 106.6 (C-8), 105.4 (C-5), 56.6 (C-6—OCHa),
56.2 (C-7-OCHj), 47.1 (NCH3). ESI-MS: m/z = 204.1 ([M"], 100%). The spectral data
match those reported in the literature.*'®

Synthesis of 6,7-Dihydroxy-2-methylisoquinolinium Chloride (DHMIQ). 6,7-
Dimethoxy-2-methylisoquinolinium chloride (890 mg, 3.71 mmol, 1.0 equiv) was dis-
solved in conc. hydrochloric acid (20 mL) and heated in a monomode microwave reac-
tor (8 h, 140 °C, 20 bar, 45 W; ramp: 20 min). The solution was concentrated into dry-
ness in vacuo to yield DHMIQ (786 mg, 3.71 mmol, quant.). Mp: 265-271 °C (decom-
position). IR (ATR): v [em '] = 2970 (br w), 1624 (w), 1529 (w), 1483 (m), 1436 (m),
1391 (w), 1371 (w), 1298 (s), 1173 (s), 1156 (s), 871 (s), 628 (m), 576 (m), 471 (vs). 'H
NMR, COSY (300 MHz, D,0): 6 [ppm] = 8.96 (s, 1H, H-1), 8.04 (dd, *Ji3 4 = 6.8
Hz, *Jus, n1 = 1.3 Hz, 1H, H-3), 7.84 (d, *Jy4, 13 = 6.8 Hz, 1H, H-4), 7.30 (s, 1H, H-8),
7.18 (s, 1H, H-5), 4.30 (s, 3H, NCH3). °C NMR, HMBC, HSQC (75 MHz, D,0): ¢
[ppm] = 155.2 (C-6), 149.3 (C-7), 144.7 (C-1), 134.5 (C-4a), 132.6 (C-3), 123.6 (C-8a),
1229 (C-4), 110.5 (C-8), 108.7 (C-5), 46.9 (NCH;). ESI-HRMS: calcd for
[C1oHo0NO,]": m/z = 176.0706, found: 176.0711.

Synthesis of TiO,—DHMIQ Nanoparticles. First, an aliquot of the titania stock
solution, corresponding to a NP amount of 100 mg, was transferred into a 2 mL micro-
centrifuge tube, precipitated with excess acetone, centrifuged (14800 rpm, 3 min), and
re-dissolved in THF (1.0 mL). The DHMIQ ligand (50 mg, 0.24 mmol) was dissolved
in a ternary solvent mixture of water (1.0 mL), MeOH (0.5 mL), and THF (1.5 mL).
The NP solution was added to the ligand solution, forming an opaque suspension, which
was then sonicated (280 W) at 40 °C for 1 h. The reaction mixture was centrifuged
(9000 rpm, 15 min), the yellow supernatant was discarded, and the brownish-red pellet
was dried in rough vacuum (30 mbar, 10 min). The dried NPs were re-dissolved in a
minimum amount of water (0.2 mL) with the aid of vortexing and sonication. After pre-
cipitation with excess THF (3.0 mL), the NPs were separated by centrifugation
(9000 rpm, 10 min) and dried in low vacuum. The DHMIQ-functionalized TiO, NPs
were further purified by repeated cycles of dissolution, precipitation, and drying as de-
scribed above (6 iterations in total). To obtain a '"H NMR spectrum of the DHMIQ-

functionalized TiO, NPs that is not obscured by large residual signals of the undeuterat-
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ed solvents, the penultimate dissolution step was performed in D,0, followed by the
ultimate precipitation step with acetone-ds and re-dissolution of the dried NPs in D,O.
'H NMR (400 MHz, D,0): d [ppm] = 9.4-5.2 (m, 5H, Ar—H), 5.2-2.5 (m, 3H, NCH3).

Synthesis of Ligand-Stripped TiO, Nanoparticles (TiO,—TMA). First, an ali-
quot of the titania stock solution, corresponding to a NP amount of 200 mg, was precipi-
tated with excess acetone, centrifuged (14800 rpm, 3 min), and re-dissolved in THF
(1.0 mL). Tetramethylammonium hydroxide pentahydrate (TMAH-5H,0O, 1.0 g,
5.5 mmol) was dissolved in 1.0 mL H,O and added to the NP solution. The combined
solution was shaken and sonicated (280 W) at 40 °C for 1 h to afford a biphasic clear
mixture. Addition of MeOH (2.0 mL) caused the phases to merge and the NPs were
then precipitated with excess THF (15 mL). The mixture was centrifuged (9000 rpm,
10 min), the yellow supernatant was discarded, and the whitish pellet was dried in rough
vacuum (30 mbar, 10 min). The dried NPs were re-dissolved in a minimum amount of
water (0.2 mL) with the aid of vortexing and sonication. After precipitation with excess
THF (3.0 mL), the NPs were again separated by centrifugation (9000 rpm, 10 min) and
dried in rough vacuum. The ligand-stripped TiO,—TMA NPs were further purified by
repeated cycles of dissolution, precipitation and drying as described above (4 iterations
in total). To obtain a 'H NMR spectrum of the TiO,~TMA NPs that is not obscured by
large residual signals of the undeuterated solvents, the penultimate dissolution step was
performed in D,0, followed by the ultimate precipitation step with acetone-ds and re-
dissolution of the dried NPs in D,O. "H NMR (400 MHz, D,0): J [ppm] = 3.6-2.8 (s,
12H, N(CH3)4).

General Procedure for the Photocyanation of Amines. An aliquot of the
Ti0,—DHMIQ solution (2.5 mg catalyst) was transferred in a reaction vial and freeze-
dried. The dried catalyst was suspended with acetonitrile (4.0 mL) and the substrate
(0.239 mmol, 1.0 equiv) was added. Oxygen was bubbled through the solution for 1 min
to saturate the solution. Trimethylsilyl cyanide (3.0 equiv) was added and the vial was
closed tightly. The solution was irradiated, if not stated otherwise, for 3 h, poured into
concentrated NaHCO3 solution (30 mL), and extracted with CH,Cl, (3 x 20 mL). The
combined organic layers were dried over Na,SOy4 and the solvent was evaporated under
reduced pressure to obtain the crude product. The pure product was isolated by filtration
through a plug of aluminum oxide (basic) using CH,Cl, as the eluent or by column

chromatography.
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Further details of the experimental setup and substrate-specific procedures are

provided in sections 3.6.2 and 3.6.3 of the Supporting Information.

3.6 Supporting Information

3.6.1 NP Characterization
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Figure S3.1. TEM images (upper panel) and size distributions (lower panel) of (a, c) as-
synthesized oleic acid-stabilized TiO, NPs and (b, d) DHMIQ-functionalized TiO, NPs. Due to
their elongated shape, the NPs were fitted as ellipses with major and minor axes. Size evalua-
tions were performed on 200 single particles before (a, ¢) and after (b, d) refunctionalization

with DHMIQ, respectively. Surface modification with DHMIQ did not cause any changes in
size or shape of the NPs.
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——TiO,-DHMIQ NP
——TiO,-OA NP
—— TiO, anatase reference
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Figure S3.2. Powder X-ray diffractograms of TiO, NPs before (blue curve, TiO,—OA NPs) and

after DHMIQ modification (red curve, TiO,—DHMIQ NPs), both matching the bulk anatase
TiO, reference pattern (in orange, COD 96-500-0224).

TiO,-OA NP
reference: oleic acid

1M 10 9 8 7 6 5 4 3 2 1 0 -
o/ ppm

Figure S3.3. "H NMR spectra (400 MHz, CDCl;) of TiO,—OA NPs (maroon) and OA reference
(blue).
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TiO.-DHMIQ NP H.0 acetone
reference: DHMIQ
reference: sodium oleate
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Figure S3.4. 'H NMR spectra (400 MHz, D,0) of TiO,~DHMIQ NPs (maroon) and references
of DHMIQ (green) and sodium oleate (blue).
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Figure S3.5. TGA profiles of TiO, NPs before (blue curve, TiO,—OA NPs) and after DHMIQ
modification (red curve, TiO,—DHMIQ NPs). The initial drop observed for the TiO,—DHMIQ
sample is presumably due to strongly adsorbed impurity species, such as H,O.
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Table S3.1. Characteristics of as-synthesized and DHMIQ-modified TiO, NPs.

NP type TiO,—OA TiO,—DHMIQ
major axis (nm)* 109 +24 11.0 +24
minor axis (nm)* 7.8 £1.0 7.6 £1.0
volume (nm®)’ 347 £117 333 +114
surface area (nm?)” 243 £56 238 +56
specific surface area (m” g ') 153 £63 166 + 69
organic fraction (%) 173 £1.0 119 +£1.0
ligands per particle 588 +£202 486 +171
ligand density (nm ™) 24 +£1.0 2.0 £0.9

“Mean values from TEM size evaluation after fitting individual particles as ellipses. "Values
calculated according to the formulae for prolate (elongated) spheroids.

TiO,-TMA NP H,O
reference: sodium oleate

TMA*

)\JL
1M 10 9 8 7 6 5 4 3 2 1 0 -
o/ ppm

Figure S3.6. "H NMR spectra (400 MHz, D,0) of TiO,~TMA NPs (maroon) and sodium oleate
reference (blue).
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3.6.2 Experimental Setup

104

Light sources used in the photocyanation studies:

HPR40E-48K100BG from Huey Jann Electronics Industry Co.:

blue LED, power: 100 W, voltage: max. 36 V, light intensity: 2880 Im,
A =459-465 nm (Amax = 462 nm).

HPR40E-43K100G from Huey Jann Electronics Industry Co.:

green LED, power: 100 W, voltage: max. 36 V, light intensity: 6200 Im,
A=1515-525 nm (Amax = 520 nm).

Flood COB 50 Amber from Deko-Light Elektronik Vertriebs GmbH:
yellow LED, power: 52 W, voltage: max. 230 V, light intensity: 1820 Im,
light efficiency: 34.85 Im/W, angle of radiation: 120°, A = 590—595 nm
(Amax = 592 nm).

RGB LED strips from LED-Konzept:

red LED, power: 67 W, voltage: max. 24 V, Anax = 635 nm.

730 nm Infrared IR High Power LED Light:

NIR-LED, power: 55 W, 4 =720-740 nm (Ayax = 730 nm).
(https://www.ebay.com/itm/690nm-730nm-760nm-790nm-8 1 0nm-850nm-
940nm-100W-Infrared-IR-High-Power-LED-Light-/362216849137).

Case: Himanjie 100 W LED Outdoor Flutlicht
(https://www.amazon.de/gp/product/B06Y4IMGXQ/ref=oh_aui_detailpag
e 002 s00?ie=UTF8&psc=1).

IR-LED from Sygonix:

IR-LED, power: 3.6 W, angle of radiation: 45°, Anax = 850 nm.
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Figure S3.7. Photocyanation reactions with TiO,—~DHMIQ under (a) NIR light (730 nm,
~15 cm distance between radiation source and reaction vessel) and (b) IR light (850 nm, ~7 cm
distance between radiation source and reaction vessel).
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Substrate-Specific Procedures and Analytical Data

!

\/\/NW

CN

2-(Dibutylamino)-pentanenitrile (5):

The title compound was prepared according to the general procedure described
above from N-butylamine (0.239 mmol, 1.0 equiv). After purification by filtration
through a plug of aluminum oxide (basic) using CH,Cl, as the eluent, the product
(48.2 mg, 0.229 mmol, 96%) was isolated as a colorless oil.

R;=0.70 (cyclohexane/ethyl acetate = 7:1).

IR (ATR): v [em '] = 2959 (vs), 2932 (s), 2873 (m), 2221 (w), 1756 (w),
1467 (m), 1379 (w), 1173 (w), 1091 (w), 799 (w), 742 (w).

"H NMR, COSY (300 MHz, CDCls): 6 [ppm] = 3.58 (t, *Ji.10.12=7.7 Hz, 1H, H-
la), 2.63—2.50 (m, 2H, H-1a’), 2.39-2.28 (m, 2H, H-1b’), 1.77-1.64 (m, 2H, H-2),
1.52—-1.23 (m, 10H, H-3, H-2', H-3"), 0.99-0.82 (m, 9H, H-4, H-4").

3C NMR, HMBC, HSQC (75 MHz, CDCL): 6 [ppm] = 54.5 (C-1), 51.6 (C-1"),
34.1(C-2), 30.4(C-2"), 20.6(C-3"), 19.5(C-3), 14.1(C-4"), 13.6(C-4).

ESI-MS: m/z = 184.3 ((M—CN ], 18%), 211.2 ([M+H"], 100%).

The spectral data match those reported in the literature.*"”

2-Phenyl-1,2,3,4-tetrahydroisoquinoline (6):
: :NO

To a stirred suspension of degassed 2-propanol (375 mL), ethylene glycol
(42.0 mL, 46.6g, 75.1 mmol, 4.0equiv), copper(I) iodide (3.58 g, 18.8 mmol,
0.1 equiv) and tribasic potassium phosphate (79.7 g, 375 mmol, 2.0 equiv), 1,2,3,4-
tetrahydroisoquinoline (25.0 g, 188 mmol, 1.0 equiv) and iodobenzene (38.3 g, 188
mmol, 1.0 equiv) were added. The mixture was heated to 90 °C for 24 h. After cooling
the suspension to room temperature, the solvent was removed by rotary evaporation.
The residue was diluted with water (280 mL) and extracted five times with dichloro-

methane (50 mL). The combined organic layers were washed with brine, dried over
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sodium sulfate and evaporated into dryness. The crude product was purified by column
chromatography on silica gel (cyclohexane/ethyl acetate = 50:1) to yield the product
(28.9 g, 138 mmol, 73%) as a slightly yellow solid.

Mp: 41.4-42.9 °C. Lit.: 44—46 °C.**°

R¢=0.19 (cyclohexane/ethyl acetate = 50:1).

IR (ATR): v [cm '] = 3062 (m), 3024 (m), 2901 (m), 2817 (m), 1598 (vs),
1502 (vs), 1463 (m), 1388 (m), 1225 (m), 931 (w), 752 (vs), 692 (s).

'"H NMR, COSY (300 MHz, CDCLy): 6 [ppm] = 7.51-7.44 (m, 2H, H-3',5"),
7.38-7.28 (m, 4H, H-5, H-6, H-7, H-8), 7.18-7.13 (m, 2H, H-2",6"), 7.03 (tt, *Jpp4. pn-3/5
= 7.2 Hz, *Jpha, phoss = 1.1 Hz, 1H, H-4"), 4.56 (s, 2H, H-1), 3.70 (t, *Ji3, us = 5.9 Hz,
2H, H-3), 3.13 (t, *Jia, 13 = 5.9 Hz, 2H, H-4).

BC NMR, HMBC, HSQC (75 MHz, CDCl;): ¢ [ppm] = 150.4 (C-1'), 134.8,
134.4 (C-4a, C-8a), 129.2 (C-3,5"), 128.5, 126.5, 126.3, 126.0 (C-5, C-6, C-7, C8),
118.7 (C-4"), 115.1 (C-2",6"), 50.7 (C-1), 46.5 (C-3), 29.1 (C-4).

ESI-MS: m/z =210.1 ((M+H'], 100%), 208.1 ((M—H ], 39%).

The spectral data match those reported in the literature.**

2-Phenyl-1,2,3,4-tetrahydroisoquinoline-1-carbonitrile (14):

ve
L

The title compound was prepared according to the general procedure described
above from 2-phenyl-1,2,3,4-tetrahydroisoquinoline (44 mg, 0.21 mmol, 1.0 equiv).
After column chromatography (cyclohexane/ethyl acetate = 20:1) the product (42.8 mg,
0.183 mmol, 87%) was isolated as a colorless solid.

Mp: 98.1-99.5 °C. Lit.: 95-96 °C.**!

R¢=0.27 (cyclohexane/ethyl acetate = 20:1).

IR (ATR): v [em '] = 3064 (w), 3028 (w), 2828 (W), 2834 (w), 1598 (s), 1502 (s),
1427 (m), 1222 (m), 1202 (m), 938 (m), 741 (s), 693 (m).

"H NMR, COSY (300 MHz, CDCl): d [ppm] = 7.41-7.22 (m, 6H, Ar-H, H-3',
5", 7.13=7.07 (m, 2H, H-2', 6"), 7.06—6.99 (m, 1H, H-4"), 5.53 (s, 1H, H-1), 3.79 (dddd,
Jiiza, 13b = 12.4 Hz, *Jiuza s = 5.9, 3.0 Hz, *Ji3. w1 = 1.1 Hz, 1H, H-3a), 3.50 (ddd,
2Jisb, w3a = 124 Hz, *Tuap, s = 10.6, 4.1 Hz, 1H, H-3y), 3.18 (ddd, *Jia, nao =
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16.4 Hz, *Jiy4a 13 = 10.6, 5.9 Hz, 1H, H-4a), 2.98 (dt, “Jisap, t4a =16.4 Hz, *Jyap p3 =
3.6 Hz, 1H, H-4b).

B3C NMR, HMBC, HSQC (75 MHz, CDCls): § [ppm] = 148.5 (C-1'), 134.8 (C-
4a, C-8a), 129.7 (C-3', 5"), 129.5 (C-5), 128.9, 127.2, 127.0 (C-6, C-7, C8), 122.0 (C-
4", 117.9 (CN), 117.7 (C-2', 6"), 53.4 (C-1), 44.3 (C-3), 28.7 (C-4).

ESI-MS: m/z =208.1 ((M—CN ], 100%), 235.2 ((M+H], 52%).

The spectral data match those reported in the literature.***

2-Methyl-1,2,3,4-tetrahydroisoquinoline (7):

A
“CH

At 0 °C, formic acid (17.28 g, 375 mmol, 14.16 mL, 2.0 equiv), formaldehyde so-
lution (16.77 mL, 207 mmol, 1.1 equiv) and 1,2,3,4-tetrahydroisoquinoline (25.00 g,
188 mmol, 23.81 mL, 1.0 equiv) were combined and heated to 80 °C for 24 h. After

3

cooling to 0 °C, the solution was poured in half concentrated hydrochloric acid
(100 mL) and extracted with diethyl ether (3 x 100 mL). The aqueous solution was basi-
fied with sodium hydroxide solution (2 M) and extracted with diethyl ether (3 x
100 mL). The combined organic layers were dried over sodium sulfate and concentrated
in vacuo to yield the crude product. The purification was performed by Kugelrohr distil-
lation (121 °C, 23 mbar) under vacuum to yield the title product (19.17 g, 130.3 mmol,
69%).

Bp: 121 °C (23 mbar).

R; = 0.65 (cyclohexane/ethyl acetate/triethylamine = 2:4:1).

IR (ATR): v [cm '] = 2919 (m), 2779 (m), 1498 (m), 1427 (m), 1347 (m), 1290
(m), 1099 (m), 936 (m), 738 (vs).

'"H NMR, COSY (300 MHz, CDCL): ¢ [ppm] = 7.14-7.09 (m, 3H, Ar—H),
7.03=7.01 (m, 1H, Ar—H), 3.60 (s, 2H, H-1), 2.94 (t, *Jus3 14 = 5.9 Hz, 2H, H-3), 2.70
(t, *Jus. 1wa= 5.9 Hz, 2H, H-4), 2.47 (s, 3H, N-CH3).

3C NMR, HMBC, HSQC (75 MHz, CDCls): 6 [ppm] = 134.7 (C-4a), 133.8 (C-
8a), 128.7 (C-5), 126.5 (C-6), 126.2 (C-8), 125.7 (C-7), 58.0 (C-1), 52.99 (C-3), 46.2
(N-CH3), 26.2 (C-4).

ESI-MS: m/z = 148.2 ((M—H'], 100%).

The spectral data match those reported in the literature.**
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2-Methyl-1,2,3,4-tetrahydroisoquinoline-1-carbonitrile (15):

: ;N\CH3

CN

The title compound was prepared according to the general procedure described
above from 2-methyl-1,2,3,4-tetrahydroisoquinoline (0.239 mmol, 1.0 equiv). After
purification by filtration through a plug of aluminum oxide (basic) using CH,Cl, as the
eluent, the product (33.4 mg, 0.227 mmol, 95%) was isolated as a colorless oil.

R = 0.56 (cyclohexane/ethyl acetate/triethylamine = 1:3:0.1).

IR (ATR): v [em '] = 2981 (s), 2857 (s), 2809 (s), 2225 (w), 1498 (m), 1455 (m),
1148 (m), 1102 (m), 1067 (w), 945 (w), 853 (m).

"H NMR, COSY (300 MHz, CDCls): 6 [ppm] = 7.29-7.13 (m, 4H, H-5, H-6, H-
7, H-8), 4.73 (s, 1H, H-1), 3.12-2.97 (m, 1H, H-4a), 2.94-2.75 (m, 3H, H-3, H-4b),
2.60 (s, 3H, CH3).

3C NMR, HMBC, HSQC (75 MHz, CDCls): 6 [ppm] = 133.9 (C-4a), 129.6 (C-
8a), 129.4, 128.5, 126.5 (C-5, C-6, C-7), 127.1 (C-8), 116.5 (CN), 56.9 (C-1), 48.4 (C-
3), 43.7 (CH3), 27.4 (C-4).

ESI-MS: m/z = 173.1 ((M+H'], 100%), 146.1 ((M—CN ], 78%).

The spectral data match those reported in the literature.***

[Tetradecyl(methyl)amino]acetonitrile and 2-(dimethylamino)pentadecanenitrile
(16, 17):

ch ch
Cy3Ha7 N _CN C13H27YN N
CH,
CN

The title compound was prepared according to the general procedure described
above from N,N-dimethyl-tetradecylamine (0.239 mmol, 1.0 equiv). After purification
by filtration through a plug of aluminum oxide (basic) using CH,Cl, as the eluent, the
product (48.2 mg, 0.229 mmol, 96%) was isolated as a colorless oil as a mixture of
[tetradecyl(methyl)amino]acetonitrile and 2-(dimethylamino)pentadecanenitrile with a
ratio of 29:71.

R¢=0.81 (CH,Cl,/MeOH = 10:1).

IR (ATR): v [em '] = 2923 (s), 2850 (s), 2812 (m), 2213 (w), 1475 (m), 1369 (w),
1326 (m), 1039 (m).
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ESI-MS: m/z = 267.2 ((M+H'], 100%), 240.3 ((M—CN ], 43%).
[ Tetradecyl(methyl)amino]acetonitrile:

"H NMR, COSY (300 MHz, CDCls): 6 [ppm] = 3.53 (s, 2H, H-1), 2.43 (t, *Jiv.1,
n2 = 7.2 Hz, 1H, H-2), 2.34 (s, 3H, H-1"), 1.50—1.36 (m, 2H, H-2"), 1.35-1.19 (m,
22H, H-3', H-4', H-5', H-6', H-7', H-8', H-9’, H-10’, H-11', H-12', H-13"), 0.87 (s, 3H,
H-14").

3C NMR, HMBC, HSQC (75 MHz, CDCl;): 6 [ppm] = 114.8 (CN), 56.0 (C-1"),
45.3 (C-1), 42.2 (C-1"), 27.6 (C-2"), 31.1, 29.9-29.4, 27.2, 22.8 (C-3', C-4', C-5', C-6/,
C-7, C-8', C-9', C-10’, C-11", C-12', C-13'), 14.3 (C-14").
2-(Dimethylamino)pentadecanenitrile:

"H NMR, COSY (300 MHz, CDCLs): J [ppm] = 3.46 (t, *Ju. 3 = 7.4 Hz, 1H, H-
2), 2.30 (s, 6H, H-1', H-1"), 1.78-1.66 (m, 2H, H-3), 1.50—1.36 (m, 2H, H-4),
1.35-1.19 (m, 20H, H-5, H-6, H-7, H-8, H-9, H-10, H-11, H-12, H-13, H-14), 0.87 (s,
3H, H-15).

3C NMR, HMBC, HSQC (75 MHz, CDCl3): d [ppm] = 117.0 (C-1), 58.9 (C-2),
41.9 (C-1', C-1"), 31.8 (C-3), 26.1 (C-4), 29.9-29.4, 29.1 (C-5, C-6, C-7, C-8, C-9, C-
10, C-11, C-12, C-13, C-14), 14.3 (C-15).

The spectral data match those reported in the literature.’**"

[(1H-indol-3-ylmethyl)(methyl)amino]acetonitrile (18):

CHs
N
\—CN
A\
N
H

The title compound was prepared according to the general procedure described
above from Gramine (0.239 mmol, 1.0 equiv). After column chromatography by flash
chromatography on silica gel (CH,Cl,/MeOH, 20:1) the product was isolated as a color-
less oil (42.4 mg, 0.213 mmol, 8§9%).

R;=0.65 (CH,Cl,/MeOH = 10:1).

IR (ATR): v [em '] = 3405 (s), 2951 (s), 2788 (m), 2222 (w), 1670 (m), 1450 (m),
1342 (m), 844 (m), 741 (w).

"H NMR, COSY (300 MHz, CDCl;): 6 [ppm] = 8.12 (br s, 1H, NH), 7.74 (d, *Ji..
4115 ="7.7 Hz, 1H, H-4), 7.39 (d, *Ju.7, us =7.4 Hz, 1H, H-7), 7.25-7.19 (m, 2H, H-2, H-
6), 7.14 (m, 1H, H-5) 3.81 (s, 2H, H-8), 3.46 (s, 2H, H-9), 2.50 (s, 3H, H-10).
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3C NMR, HMBC, HSQC (75 MHz, CDCls): 6 [ppm] = 136.5 (C-7a), 127.2 (C-
3a), 124.0 (C-2), 122.5 (C-6), 119.9 (C-5), 119.5 (C-4), 114.8 (CN), 111.9 (C-3), 111.2
(C-7), 51.2 (C-8), 43.7 (C-9), 42.4 (C-10).

ESI-MS: m/z = 173.0 ((M—CN], 100%).

The spectral data match those reported in the literature.’®

1-Methyl-5-(pyridin-3-yl)pyrrolidine-2-carbonitrile and 1-methyl-2-(pyridin-3-
yDpyrrolidine-2-carbonitrile (19, 20):

The title compound was prepared according to the general procedure described
above from nicotine (0.239 mmol, 1.0 equiv). After purification by filtration through a
plug of aluminum oxide (basic) using CH,Cl, as the eluent, the product (38.1 mg,
0.203 mmol, 85%) was isolated as a colorless oil as a mixture of 1-methyl-2-(pyridin-3-
yl)pyrrolidine-2-carbonitrile and both diastereomeres of 1-methyl-5-(pyridin-3-
yl)pyrrolidine-2-carbonitrile with a ratio of 56:28:16.

Ry = 0.39 (ethyl acetate).

ESI-MS: m/z = 188.0 ((M+H'], 100%), 161.1 ((M—CN ], 49%).
1-Methyl-2-(pyridin-3-yl)pyrrolidine-2-carbonitrile:

"H NMR, COSY (300 MHz, CDCl3): 0 [ppm] = 8.84 (dd, *Ji.o. na = 2.5 Hz, “Up.
2 e = 0.9 Hz, 1H, H-2'), 8.60 (dd, *Ji¢, u.s = 4.8 Hz, *Jie. e = 1.6 Hz, 1H, H-6"),
7.88 (ddd, *Jua. ns = 8.0Hz, *Juu. no = 2.5Hz, “Jus ne = 1.6 Hz, 1H, H-4"),
7.35-7.24 (m, 1H, H-5"), 3.41-3.28 (m, 1H, H-5a), 2.76-2.62 (m, 1H, H-5b), 2.61-2.52
(m, 1H, H-3a), 2.23 (s, 3H, CH3), 2.14-1.99 (m, 3H, H-3b, H-4).

3C NMR, HMBC, HSQC (75 MHz, CDCl3): ¢ [ppm] = 150.1 (C-6'), 148.1 (C-
2", 134.1 (C-4'), 133.9 (C-2"), 123.6 (C-5"), 117.0 (CN), 69.8 (C-2), 53.9 (C-5),43.2 (C-
3), 36.3 (CH3), 21.2 (C-4).
1-Methyl-5-(pyridin-3-yl)pyrrolidine-2-carbonitrile — major diastereomer:

"H NMR, COSY (300 MHz, CDCl): 6 [ppm] = 8.56-8.50 (m, 2H, H-2', H-6"),
7.64 (dt, *Jia ws = 7.8 Hz, *Jua nome = 2.0 Hz, 1H, H-4"), 7.35-7.24 (m, 1H, H-5"),
4.18-4.10 (m, 1H, H-2), 3.57 (t, *Jius, s = 8.0 Hz, 1H, H-5), 2.48-2.43 (m, 1H, H-4a),
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2.41-2.27 (m, 1H, H-3a), 2.31 (s, 3H, CHj3), 2.23-2.13 (m, 1H, H-3b), 1.83—1.75 (m,
1H, H-4b).

BC NMR, HMBC, HSQC (75 MHz, CDCl3): d [ppm] = 149.4 (C-6'), 149.3 (C-
2", 137.5 (C-3"), 134.9 (C-4"), 123.9 (C-5'), 117.5 (CN), 65.2 (C-5), 56.8 (C-2), 39.0
(CHs), 33.3 (C-4), 28.5 (C-3).
1-Methyl-5-(pyridin-3-yl)pyrrolidine-2-carbonitrile — minor diastereomer:

"H NMR, COSY (300 MHz, CDCl;): d [ppm] = 8.56-8.50 (m, 2H, H-2, H-6"),
7.73 (dt, *Jua s = 7.91 Hz, *Jig nome = 2.0 Hz, 1H, H-4"), 7.35-7.24 (m, 1H, H-5"),
3.41-3.28 (m, 3H, H-2, H-5), 2.41-2.27 (m, 1H, H-3a), 2.30-2.23 (m, 1H, H-4a), 2.29
(s, 3H, CH3), 2.23-2.13 (m, 1H, H-3b), 1.92—1.80 (m, 1H, H-4b).

BC NMR, HMBC, HSQC (75 MHz, CDCl3): d [ppm] = 149.5 (C-6'), 149.4 (C-
2", 137.0 (C-3"), 134.7 (C-4"), 123.8 (C-5'), 120.2 (CN), 68.2 (C-5), 55.9 (C-2), 36.6
(CHs), 34.3 (C-4), 28.7 (C-3).

The spectral data match those reported in the literature.’®

8-(Cyanomethyl)-8-azabicyclo[3.2.1]oct-3-yl 2-phenyl-3-[(trimethylsilyl)oxy]propa-
noate (21):
CN

N

N
O\ﬂ)iPh
0]

Atropine base was isolated from Atropine sulfate monohydrate as described in the
literature.*”® The atropine base (60.8 mg, 0.21 mmol, 1.0 equiv) was cyanated according
to the general procedure described above. The crude product was purified by column
chromatography on silica gel (chloroform/methanol = 20:1) and the product (51.0 mg,
0.132 mmol, 63%) was isolated as a slightly yellow oil. The product decomposes on
the column by deprotection.

R; = 0.62 (chloroform/methanol = 20:1).

IR (ATR): v [em '] = 2950 (w), 2878 (w), 2245 (w), 1727 (s), 1667 (w), 1251 (s),
1201 (s), 1170 (s), 1155 (s), 1102 (s), 1080 (m), 1065 (s), 1034 (s), 894 (m), 839 (s),
779 (m), 699 (s).
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"H NMR, COSY (400 MHz, CDCls): é [ppm] = 7.33-7.23 (m, 5H, Ar—H), 4.98
(t, *Jii3, Hooa & Heda = 5.5 Hz, 1H, H-3), 4.20—4.12 (m, 1H, H-3a’), 3.78-3.70 (m, 2H, H-
2', H-3b"), 3.27-3.13 (m, 2H, H-1, H-5), 3.23 (s, 2H, N-CH,—CN), 2.15-1.56 (m, 8H,
H-2, H-4, H-6, H-7), 0.07 (s, 9H, TMS).

3C NMR, HMBC, HSQC (100 MHz, CDCl3): 6 [ppm] = 171.5 (CO), 135.6 (Ph-
1), 128.6, 127.9 (Ph-2, Ph-3, Ph-5, Ph-6), 127.5 (Ph-4), 117.3 (CN), 67.3 (C-3), 64.5 (C-
3"), 58.7, 58,6 (C-1, C-5), 54.7 (C-2'), 40.8 (N-CH,—CN), 36.7, 36.4 (C-2, C-4), 25.2,
24.9 (C-6, C-7),—0.75 (TMS).

ESI-MS: m/z = 387.2 ((M+H'], 100%).

The spectral data match those reported in the literature.’®

1-Phenylpiperidine-2-carbonitrile (22):

o'

The title compound was prepared according to the general procedure described
above from 1-phenylpiperidine (0.239 mmol, 1.0 equiv). After column chromatography
on silica gel (cyclohexane/ethyl acetate = 5:1), the product was isolated as a brown oil
(37.8 mg, 0.203 mmol, 85%).

R;=0.35 (cyclohexane/ethyl acetate = 7:1).

IR (ATR): v [cm '] =.

"H NMR, COSY (300 MHz, CDCl):  [ppm] = 7.33—7.25 (m, 2H, H-3', H-5"),
7.01-6.89 (m, 3H, H-2', H-4', H-6"), 4.62 (t, *Ju2. u3 = 3.5 Hz, 1H, H-2), 3.48-3.38 (m,
1H, H-6a), 3.03—2.93 (m, 1H, H-6b), 2.03—1.89 (m, 2H, H-3), 1.87-1.60 (m, 4H, H-4,
H-5).

3C NMR, HMBC, HSQC (75 MHz, CDCls): ¢ [ppm] = 149.5 (C-1"), 129.1 (C-
3, C-5), 122.0 (C-4"), 118.3 (C-2', 5"), 117.2 (CN), 51.7 (C-2), 46.2 (C-6), 29.3 (C-3),
24.9 (C-4), 20.0 (C-5).

ESI-MS: m/z =160.1 ((M—CN ], 100%).

The spectral data match those reported in the literature.**
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3.6.4 Reaction Screening

Reaction screening with the cyanation of tributylamine:

ANSNNATN TI0RDHMIQ TMSCN 7 N NN

CH4CN, O hv NC)\/\

3.6.4.1 Catalyst Loading

Table S3.2. Influence of the catalyst loading on the reaction yield.”

ezl Lozl g 25 10 05 02 01 005 002 00l 000
(mg)
yield (%) 95 59 51 47 41 30 27 25 14

“Reaction conditions: BusN (0.239 mmol, 1.0 equiv) and dry TiO,—~DHMIQ were mixed in ace-
tonitrile (4.0 mL). The suspension was saturated with oxygen and TMSCN (3.0 equiv) was add-
ed. The reaction vial was closed and irradiated with blue light for 3 h. The crude product was

isolated by extraction and the yield was determined by 'H NMR spectroscopy with 1,4-
bis(trimethylsilyl)benzene as internal standard.
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Figure S3.8. Effect of catalyst loading on reaction yield.
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The effect of catalyst loading on reaction yield (Figure S3.8) was fitted with a

power-type function:

where

r = reaction yield (in %),
m = catalyst mass (in mg),
a=68.51,

b =0.26.

This type of function is a widely used expression in the field of catalysis to de-
scribe adsorption processes on solid surfaces (cf. Freundlich adsorption isotherm).'”" It
should be noted, however, that this is only a simplistic mathematical approximation of a

complex correlation, which has not been studied in detail.

3.6.4.2 Influence of Water

Table S3.3. Influence of water on the catalysis efficiency of TiO,—~DHMIQ."

water addition (uL) 0 1 5 10 20 40

yield (%) 95 61 27 19 19 20

“Reaction conditions: BusN (0.239 mmol, 1.0 equiv), dry TiO,—DHMIQ (2.5 mg), and water
were mixed in acetonitrile (4.0 mL). The suspension was saturated with oxygen and TMSCN
(3.0 equiv) was added. The reaction vial was closed and irradiated with blue light for 3 h. The
crude product was isolated by extraction and the yield was determined by "H NMR spectrosco-
py with 1,4-bis(trimethylsilyl)benzene as internal standard.

The effect of water on reaction yield (Figure S3.9) was fitted with an exponential

decay function:

r 4
% =a-exp(—bu—L> +c

where

r = reaction yield (in %),
V= water volume (in pL),
a=174.52,

b =10.56,

c=19.89.
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Figure S3.9. Effect of water addition on reaction yield.

The use of an exponential decay function is justified by the observation that the
conversion dropped much faster for small amounts of water than for higher amounts.
The most plausible explanation for this behavior is the formation of a hydration shell
around the polar nanoparticles, thus passivating the surface and preventing the substrate
molecules from approaching the reactive sites. Since the hydration shell has a finite
maximum thickness, the conversion is not completely suppressed for higher amounts of
water, but levels off to a conversion rate of approximately 20%.

This assumption is supported by the fact that 1 uL of added water corresponds to
a hydration shell thickness of 2—3 nm (vide infra for details on the calculation).* This
value is in accordance with experimental results, where hydration layer thicknesses of
up to 4 nm were observed on alumina nanoparticles.**® Given the fact that the un-
charged substrate molecules (such as tributylamine) have only a moderate polarity, a
hydration layer of several nm thickness constitutes a considerable energy barrier for the
molecules to approach the nanoparticle surface. This is why such a small amount as
1 uL of water is sufficient to reduce the reaction yield by 34%. Eventually, the reaction
yield levels off at approximately 20% beyond 5 uL of water added. This volume corre-
sponds to a hydration layer of ~12 nm, which is a plausible maximum value for a highly
charged surface in the otherwise apolar environment of acetonitrile. Consequently, fur-
ther addition of water has little effect on reaction yield as it does not add to the hydra-

tion shell anymore, but instead mixes with acetonitrile.
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Although hydrolysis of TMSCN will certainly occur, it is not likely the main rea-
son for the observed decrease of the reaction yield. Addition of 1 pL of water
(0.06 mmol) would only cause 8 mol% of the employed TMSCN (0.72 mmol) to hydro-
lyze while at the same time the reaction yield drops by 34%.

*The hydration shell thickness was calculated as follows:

voor 1070 m? i
d=—= = —— =24-10 "m=24nm
4 As-m  166m2g!'-25-107 g

where

d = hydration shell thickness,

V = water volume (1 pL = 10" m’),

A = surface area,

As = specific surface area (see Table S3.1: 166 m’g '),
m = catalyst mass (2.5 mg).

3.6.4.3 Catalyst Recovery

Table S3.4. Recovery and reuse of the catalyst.”

cycle number 1 2 3 4
yield (%) 95 92 87 82

“Reaction conditions: BusN (0.239 mmol, 1.0 equiv) and dry TiO,—~DHMIQ (2.5 mg) were
mixed in acetonitrile (4.0 mL). The suspension was saturated with oxygen and TMSCN
(3.0 equiv) was added. The reaction vial was closed and irradiated with blue light for 3 h. The
catalyst was precipitated, isolated by centrifugation (4700 rpm, 10 min, —9 °C) and suspended in
acetonitrile (4.0 mL). This washing procedure was repeated twice before the catalyst was re-
used. The crude product was isolated by extraction from all combined acetonitrile phases and
the yield was determined by 'H NMR spectroscopy with 1,4-bis(trimethylsilyl)benzene as inter-
nal standard.

The effect of catalyst recycling on reaction yield (Figure S3.10) was fitted with a

linear function:

r
v A +b
where
r =reaction yield (in %),
x = cycle number,
a=-44,
b =100.
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Figure S3.10. Effect of catalyst recycling on reaction yield.

The decrease in catalytic performance follows a linear decay function, presumably

due to gradual degradation of the photocatalyst, such as self-oxidation.

3.6.4.4 Additional Screenings
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Table S3.5. Addional screening reactions.”

entry # screening conditions yield
1 no light” <1%
2 no light’, 16 h 6%
3 no light’, 50 °C 2%
4 no light’, 100 °C 9%
5 no light” & no catalyst, 50 °C 2%
6 no light” & no catalyst, 100 °C 12%
7 2.00 mg DHMIQ (= 4.0 mol%)* 53%
8 0.29 mg DHMIQ (= 0.57 mol%) 84%
9 0.06 mg DHMIQ (= 0.12 mol%) 80%
10 0.29 mg DHMIQ (= 0.57 mol%) + TiO,—TMA (2.2 mg) 62%

“General reaction conditions: Bu;N (0.239 mmol, 1.0 equiv) and dry TiO,~DHMIQ were mixed
in acetonitrile (4.0 mL). The suspension was saturated with oxygen and TMSCN (3.0 equiv)
was added. The reaction vial was closed and irradiated with blue light for 3 h. The crude prod-
uct was isolated by extraction and the yield was determined by 'H NMR spectroscopy with 1,4-
bis(trimethylsilyl)benzene as internal standard. “The reaction vial was wrapped in aluminum foil
and placed in front of the light source. “Suspension (DHMIQ not totally dissolved).
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3.6.5 Mechanistic Studies

3.6.5.1 #°Si NMR Spectroscopic Investigation

Reaction conditions: BuszN (0.239 mmol, 1.0 equiv) and dry TiO,—DHMIQ

(2.5 mg catalyst, 0.6 mol%) were mixed in acetonitrile-d; (4.0 mL). The suspension was

saturated with oxygen and TMSCN (3.0 equiv) was added. The reaction vial was closed
and irradiated with blue light for 3 h. Finally, an aliquot of the irradiated reaction mix-

ture was used for 2’Si NMR spectroscopic investigation.

This reaction in deuterated solvent was performed in order to elucidate the fate of
the TMS-peroxo species via 2°Si solution NMR spectroscopy (Figure S3.11). Four ma-

jor Si-containing products were identified (Table S3.6).

—27.36
—18.63
—13.93

—7.59

. T S 1

i, J A
30 25 20 15 10 5 0 5 10 5
S/ ppm

Figure S3.11. *Si NMR spectrum (80 MHz, CD;CN) of a reaction mixture after irradiation.
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Table S3.6. Assignment of *’Si NMR shifts from Figure S3.11.

found ¥Si NMR shift

assumed Si species (80 MHz, CD:CN) literature values

Bis(trimethylsilyl) peroxide

Me;Si-0-0O-SiMe; 736 27.86 (100 MHz, CDCl;)*’
- o. /\s(\ ' 27.60 (80 MHz, CDCl;)**®
A °
Trimethylmethoxysilane
Me;Si-OMe 18.63 18.41 (80 MHz, CD;CN)*
~gi O~ ' 17.64 (80 MHz, C¢Dg)*°
/ \
Trimethylsilanol
Me;Si-OH 13.93 14.97 (80 MHz, C¢D¢)*!
~g;-OH : 12.57 (60 MHz, acetone-dg)***
/A
Hexamethyldisiloxane
Me;Si-O-SiMe; 750 7.60 (80 MHz, CsDg)**
~gi O~ ' 7.41 (80 MHz, CD,CN)**
VANV

3.6.5.2 Control Experiments
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Screening of alternative pathways

Reaction conditions: BusN (0.239 mmol, 1.0 equiv), dry TiO,—DHMIQ (2.5 mg)

and diethylsilane or ethyl acrylate (0.239 mmol, 1.0 equiv) were mixed in acetonitrile
(4.0 mL). The suspension was saturated with oxygen and TMSCN (3.0 equiv) was add-
ed. The reaction vial was closed and irradiated with blue light for 3 h. The crude prod-
uct was isolated by extraction and the yield was determined by '"H NMR spectroscopy

with 1,4-bis(trimethylsilyl)benzene as internal standard.

These control experiments were conceived to investigate the possibility of alterna-
tive pathways in the reaction mechanism. Apart from our proposed mechanism, a-
amino radical intermediates are often discussed in the literature*®® as a mechanistic al-
ternative for iminium formation (Figure S3.12). The a-amino radical intermediate might
be formed in two ways: either by direct H-abstraction from the neutral parent amine

(pathway I) or by a-deprotonation of the amine radical cation (pathway II).
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Figure S3.12. Alternative pathways in the reaction mechanism (pathway I: direct H-abstraction
from the neutral parent amine; pathway II: a-deprotonation of the amine radical cation) and
applied screening reactions (reaction A: addition of diethylsilane for competitive H-abstraction;
reaction B: addition of ethyl acrylate for trapping of a-amino radicals).

To investigate pathway I, we performed a control experiment with addition of
equimolar amounts of diethylsilane, whose Si—H bond is slightly weaker than the
C,—H-bond of trialkylamines (374 vs. 381 kJ mol™").***° If pathway I was the main
mechanistic route, addition of diethylsilane would induce competitive H-abstraction,
resulting in a reduced yield of the a-aminonitrile product. Since, however, the usual
quantitative conversion to the desired product was observed, the presence of dieth-
ylsilane does not interfere with the photocyanation of tributylamine. Consequently, the
direct H-abstraction from the neutral parent amine (as described by pathway I) appears
less likely and a prior oxidation is suggested, which weakens the C,—H-bonds to facili-
tate the H-abstraction (proposed mechanism).

To investigate pathway Il as an alternative route for the generation of a-amino
radicals, another control experiment was performed with the addition of ethyl acrylate,
an electron-deficient olefin that is known to react with a-amino radicals.*'"*'? If o-

amino radicals were generated (in any way), addition of ethyl acrylate would produce

trapping products which would be easily detectable by NMR. However, no trapping
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products were observed in this reaction. Instead, the desired photocyanation product
was obtained in quantitative yield.

In sum, a-amino radicals appear less likely to be intermediates in the photocya-
nation reaction. The combined results support the reaction mechanism as proposed in

Figure 3.4.

Reactions with zert-butyldimethylsilyl cyanide (TBDMSCN)

Reaction conditions: The photocyanation reactions of N,N-dimethyltetra-

decylamine (8) and nicotine (10) were repeated using the same procedures as described
above, with the only exception that the cyanide source TMSCN was replaced with

equimolar amounts of TBDMSCN.

Table S3.7. Regioselectivity for different cyanide sources TMSCN and TBDMSCN.

TMSCN TBDMSCN
cyanated products
G
Cq3Ho7 N CN
Y 71:29 69:31
CN
16,17
1
O 56:(28:16) 50:(32:18)
H3C
19,20

To gain more mechanistic insight into the regioselectivity of the photocyanation,
the reactions of N,N-dimethyl-tetradecylamine (8) and nicotine (10) were repeated with
the altered silyl species TBDMSCN instead of TMSCN.

The photocyanation reactions with TBDMSCN showed somewhat slower conver-
sion rates, while in both cases, the regioselectivity varied only slightly (Table S3.7). We
interpret this as a result of an accelerating effect of the silylation of superoxide, which is
known to be a less efficient H-abstractor due to its electronic stabilization. With

TBDMSCN, the formation of the silylperoxy radical is slowed down due to steric hin-
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drance on Si. We did not expect to see a large difference in regioselectivity as the steric
bulk for the H-abstraction changes three atoms away from the reaction center, while the

nucleophilic substitution at silicon through superoxide should be much more affected.
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4,1 Abstract

Abstract

Metal oxide based polymer nanocomposites find diverse applications as function-
al materials, and in particular thiol—ene (TE)/TiO, nanocomposites are promising can-
didates for dental restorative materials. The important mechanical and thermal proper-
ties of the nanocomposites, however, are still not well understood. In this study, the
elastic modulus and thermal conductivity of thiol—ene/TiO, nanocomposite thin films
with varying weight fractions of TiO, nanoparticles (NPs) are investigated by using
Brillouin light scattering (BLS) spectroscopy and 3w measurements, respectively. As
the TiO, weight fraction increases from 0 to 90%, the effective elastic longitudinal
modulus of the films increases from 6.2 to 37.5 GPa, and the effective thermal conduc-
tivity from 0.04 to 0.76 W/m-K. The former increase could be attributed to the covalent
cross-linking of the nanocomposite constituents. The latter one could be ascribed to the
addition of high thermal conductivity TiO, NPs and the formation of possible conduc-
tive channels at high TiO, weight fractions. The linear dependence of the thermal con-
ductivity on the sound velocity, reported for amorphous polymers, is not observed in the

present nanocomposite system.
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Introduction

Polymer nanocomposites are hybrid materials that integrate selected properties of
both polymers and nanocolloids. It is currently a topic of intensive interest for both fun-
damental materials science and technology.***’ However, polymers and NPs are hard-
ly miscible in the absence of specific interactions due to depletion forces, leading to
interesting non-equilibrium morphologies.”* One strategy to obtain stable dispersions
involves polymer grafts that results in matrix-free, one-component hybrid materials with
novel mechanical, dielectric, thermal, or phononic properties.*****!' A similar platform
to fabricate homogeneous hybrid materials works by creating strong attachment of the
NPs to a network.**? The elastic modulus and thermal conductivity are two properties of
paramount importance for material functions in a range of technologies. Polymers are
low modulus (a few gigapascals)*' and low thermal conductivity (0.1-0.3 W
m 'K ')* materials compared with the inorganic counterparts. A promising strategy to
increase these values is adding NPs into the polymers — the design of polymer nano-
composites. While the elastic modulus depends mainly on the efficient packing and co-

444446

hesive forces, engineering of the thermal conductivity presents major

challenges.**”*** Besides the state of the dispersion, it is essential to have control over
interfacial thermal resistance, which involves different characteristic length scales™’
and intermolecular interactions.*”® As for the latter issue, increasing the bonding
strength of surfactants to the inorganic surface led to a strong increase of interfacial

' A more recent work on thermal conduction in surfac-

thermal conductance.”
tant/semiconductor nanocrystals has further revealed the sensitivity of the effective
thermal conductivity to the bonding strength of the molecular ligands.** The role of the
polymeric tethers on the thermal conductivity has been recently addressed in the case of
polymer/particle brush nanocomposites.453 Favored enthalpic interactions between teth-
ered and matrix polymer chains seem to be more relevant than the conceivable confor-
mational non-uniformity of the tethered chains. However, there is limited literature on
the mechanical and thermal properties of hybrid nanocomposites, and solid phenome-
nology necessary to develop theoretical concepts is also lacking.

In this work, we utilized a system that bridges the few molecular and polymer

nanocomposites investigated so far. It is based on titanium dioxide (TiO,, titania) NPs,

dispersed in a cross-linked organic matrix. Titania was chosen for the inorganic phase
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because of its use in a wide range of existing and emerging applications. It is not only
an industrially important mass product (with numerous applications in health care),”
but also the subject of current research on photovoltaics** and photocatalysis.”****® For
most applications of NPs in hybrid composites, it is beneficial to avoid particle agglom-
eration. To account for uniform dispersion and solid anchoring of the TiO, NPs, the
organic phase requires to be a cross-linked polymer matrix. These requirements can be
readily met by thiol—-ene (TE) click chemistry, which has proved to be a valuable plat-
form in materials science, owing to its good adaptability and easy practicability.*>*°
Photoinitiated TE polymerizations neither require high curing temperatures, as epoxy
resins do, nor suffer from oxygen inhibition or insufficient curing, which are common
for photopolymerized acrylate-based resins.*”** Photopolymerized TE networks have
already been used to fabricate hybrid nanocomposites by incorporating inorganic fillers
like silicate clay minerals,™ gold NPs,***! and TiO, particle powders.*®> However,
none of these studies investigated nanocomposites with inorganic filler fractions ex-
ceeding 7 wt%. Due to the excellent dispersability of the NPs used, the present ap-
proach allows fabrication of hybrid nanocomposites with inorganic filler fractions over
the entire composition range (i.e., 0—100 wt% TiO, NPs).

In this paper, we report on the effective elastic longitudinal moduli and thermal

conductivities of TE/TiO, nanocomposite films at different NP weight fractions. The
former are calculated as My o= p g ci, off» Where per 1s the effective density of the

films and ¢ is the effective longitudinal sound velocity obtained from Brillouin light

463465

scattering (BLS) measurements; the latter are measured with the 3w

method.*****7 To our knowledge, there are few reports on the relation between the

sound velocity and thermal conductivity,***4*

which are limited to bulk amorphous
polymers and have demonstrated a linear dependence of the minimum thermal conduc-
tivity on the sound velocity. This work extends this investigation of the relation to pol-
ymer nanocomposite thin films. The results suggest that the covalent cross-linking of
the nanocomposite constituents had a synergistic effect on sound propagation, yielding
effective sound velocities of the nanocomposites that exceeded the value of the soft
constituent (i.e., the TE network). The effective elastic longitudinal modulus increased
monotonically from 6.2 to 37.5 GPa, as the weight fraction of TiO, NPs increased from

0 to 90%. On the other hand, the corresponding effective thermal conductivity increased

from 0.04 to 0.76 W/m-K (by a factor of 18), due to the addition of high thermal con-
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ductivity TiO, NPs and the formation of possible conductive channels at high TiO,
weight fractions. These findings are potentially applicable for the development of im-
proved dental resin composites, which require high inorganic filler loadings with strong
anchoring of the NPs to the polymer matrix to prevent loss of material to the human
body. Indeed, both TiO, NPs and TE resins have already been discussed as potential

dental restorative materials in the literature.*’%*"!

Experimental Section

Materials and Substrates. Unless otherwise stated, all chemicals were obtained
from commercial suppliers and used without further purification. Sulfuric acid (H,SOy,
conc.), hydrogen peroxide solution (H,O,, 35 wt%), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, >95%), 2,4,6-triallyloxy-1,3,5-triazine (TAOTA, 97%),
and 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99%) were obtained from Sigma-
Aldrich. 4-Allylcatechol*” and TiO, NPs* were synthesized according to previously
reported procedures with various modifications. The as-synthesized, OA-stabilized TiO,
NPs were mostly of a spherical shape with a mean diameter of 6.5 + 1.3 nm (see Figure
S4.1a,b in the Supporting Information). The crystallinity of the NPs was confirmed by
PXRD, revealing the prominent diffraction lines of the anatase phase (see Figure S4.2 in
the Supporting Information). The OA-stabilized TiO, NPs were re-functionalized with
4-allylcatechol in a biphasic reaction mixture. Details of the synthetic procedures can be
found in section 4.6.3 of the Supporting Information.

Glass substrates of a size 13 x 13 mm” were cut from standard-sized microscope
slides (75 x 26 mm?), pre-cleaned with soap and water, and placed vertically into a sub-
strate holder, which was subsequently immersed in Piranha solution (3:1 (v/v) conc.
H,S04/35 wt% H,0,) at 80 °C for 30 min. After removal, adhering Piranha solution
was washed off by dipping the substrates into five consecutive baths of deionized water
(Milli-Q, 18.2 MQ-cm). To minimize salt stains and other evaporation residues, residual
water was blown off the substrates by means of controlled blasts of nitrogen gas di-
rected parallel to the substrates. After placing the substrates in a dust-free petri dish,
final drying was accomplished in an oven at 120 °C for several hours. The same clean-

ing procedure was applied to the silicon substrates.
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Film Preparation. Nanocomposite films were prepared by repeated spin coating
of pre-mixed solutions of TiO, NPs and TE monomers. Prior to the spin coating, the
allylcatechol-funtionalized TiO, NPs were filtered through a series of syringe filters
(3.1 um glass fiber, 0.45 um PET, and 0.2 um PTFE) to remove dust particles and large
aggregates from the solution. The filtered solution was stored in a dust-free amber glass
vial with a screw cap. The exact concentration of the filtered solution was calculated
from the remaining mass of an evaporated 100 puL aliquot (after several hours of drying
at 80 °C). The concentration was found to be ¢ = 84 mg/mL. A thiol-ene monomer
stock solution was prepared by mixing PETMP (2.4433 g, 5.00 mmol, 1.00 equiv),
TAOTA (1.6626 g, 6.67 mmol, 1.33 equiv), and DMPA (0.0128 g, 0.05 mmol,
0.01 equiv) with toluene (40.0 mL). This mixture yielded a similar weight concentration
as the NP solution (¢ = 90 mg/mL). The TE monomer stock solution was also filtered
through a 0.2 um PTFE syringe filter. TE/TiO, nanocomposites with varying TiO, con-
tents were realized by mixing the NP and monomer stock solutions in different ratios.
For example, for a sample with 70 wt% TiO, content, a volume ratio of 7:3 (TiO, NP
solution/TE monomer solution) was applied. The premixed solutions were then spin-
coated to form nanocomposite films. Spin coating was performed using the dynamic
dispense technique: first, the substrate was set to spin (acceleration: 5000 rpm/s) and
allowed to reach a maximum speed of 5000 rpm; then, 30 puL of pre-mixed solution was
quickly dispensed from a 200 pL pipette into the center of the substrate (spinning dura-
tion: 40 s). After spin coating, the samples were placed in a dust-free Petri dish and
heated in an oven at 150 °C for 20 min to evaporate residual solvent. Subsequently, the
Petri dish was placed under a UV lamp (366 nm, 8 W) for 5 min to ensure complete
polymerization of the TE monomers. Each sequence of spin coating and post-treatment
resulted in a film layer of ~100 nm thickness. The sequence was repeated multiple times
to produce films of varying thicknesses to satisfy the requirements of the corresponding
characterization techniques. For BLS characterization, which requires a film thickness
of about 1 um on a glass substrate, the nanocomposite films were fabricated by spin
coating a total of 8 layers on top of each other. For the 3w technique, which works fine
with thin films on silicon substrates, a pair of samples, consisting of one and two layers,
respectively, were fabricated for each composition.

Brillouin Light Spectroscopy. The sound velocities of the nanocomposite films

were experimentally characterized by the Brillouin light scattering (BLS) spectroscopy.
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BLS is a non-destructive and powerful tool to probe the hypersonic phonon propaga-
tion, which utilizes the scattering of an incident probing laser beam by phonons in a
specific direction. The phonon wave vector, q, is determined by the scattering geometry
as q = ks — ki, where ks and k; are the wave vectors of the scattered and incident light,
respectively. All BLS measurements in this study are conducted in the transmission

geometry. In this geometry, the probing phonons propagate in the film plane, and the

. . . . 47 . 0
wavenumber, being independent of the refractive index, can be expressed as g = —sin,

where 4 is the wavelength of the incident beam (i.e., 532 nm) and @ is the scatter-
ing angle. The inelastic interactions of the incident light with the activated phonons are
represented by the frequency shift, f{g), of the BLS spectra, which are resolved by a six-
pass tandem Fabry—Pérot interferometer at the hypersonic frequency range. The longi-
tudinal (VV) and transverse (VH) displacements are selected by the polarizations,
where VV and VH represent vertically and horizontally polarized lasers with respect to
the scattering plane, respectively.

3w Method. A thin Cr/Au (5 nm/50 nm) electrode, 50 um wide and 1 mm long,
was deposited onto each TE/TiO, film using a metal mask and thermal evaporation. To
carry out the 3w measurement, an alternating current (AC) with a frequency of 1w was
applied to the Cr/Au electrode, which introduces a fluctuation of the temperature and
consequently the electrical resistance of the electrode with a frequency of 2w, when the

temperature increase is sufficiently small. The temperature increase of the electrode can

dT R . . )
be calculated as 75, = 251/— V3., Where R is the average electrical resistance of the
lo

Cr/Au electrode, dR/dT is the temperature coefficient of the resistance, and V3, and V3,
are the measured 1w and 3w voltages on the electrodes, respectively. To measure the
out-of-plane thermal conductivity of the TE/TiO; film, a differential 3w measurement
was carried out. Two films with different thicknesses were used (see the inset of Figure
4.4a). When the half-width of the electrode is much larger than the thickness of the
TE/Ti0; film, but much smaller than the heat penetration depth, the heat transfer from
the electrode, across the sample film, and into the Si substrate can be reasonably ap-

proximated as one-dimensional (1D). As a result, the thermal conductivity, k, of the

P-h
ATy A

TE/TiO; film can be calculated as k= , where P is the heating power, 4 is the

thickness deference between thin and thick films, 4. is the cross-sectional area of the

heat path, and AT>,, is the temperature difference between the thin and thick films.
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4.4 Results and Discussion

4.4.1

Nanocomposite Films

The nanocomposite films were prepared on glass or silicon substrates by repeated
spin coating of premixed solutions of TiO, NPs and TE monomers in the desired ratios.
To chemically link the TiO, NPs to the TE polymer matrix, short bifunctional cate-
cholic anchors (derived from eugenol, a natural odorant found in clove 0il)*? were first
attached to the TiO, NPs, as illustrated in Figure 4.1a. This treatment is similar to the
versatile catechol chemistry, which enables marine organisms (e.g., mussels) to adhere
to virtually any surface.*””*”> The terminal double bonds at the other ends of the anchor
molecules serve as connection points to the cross-linked TE network (see Figure
4.1b).*" After spin coating and drying, the nanocomposite films were exposed to UV
radiation (366 nm, 8 W) for 5 min. As the thermal diffusion time of each spin coating
layer can be estimated to be on the order of 10—100 ns, the duration of UV exposure
should be sufficient to ensure complete polymerization of the TE monomers.

The nanocomposite films were characterized by using scanning electron micros-
copy (SEM). Figure 4.1c,d shows two thick films supported on glass substrates and
used in the BLS measurements. They contain 30 and 90 wt% of TiO, NPs, respectively,
and both of them have a thickness around 1 pm. Figure 4.1e,f shows two thin films sup-
ported on Si substrates and used in the 3w measurements. They contain 80 and 100 wt%
of TiO, NPs, respectively. At a low weight fraction of TiO, NPs, the interfaces between
consecutive spin-coated layers are discernible (see Figure 4.1c,e). At a large weight
fraction of TiO, NPs, the interfaces become indistinguishable (see Figure 4.1d,f), lead-
ing to a homogeneous film. All nanocomposite films show some degree of surface
roughness, especially for the thin films with a low weight fraction of TiO, NPs. Addi-
tional SEM images can be found in section 4.6.2 of the Supporting Information. Besides
being used to check the uniformity and homogeneity of the nanocomposite films, the
SEM images were also used to determine the film thicknesses.

We point out that some of the thin nanocomposite films have a relatively high
level of roughness (see Figures 4.1e, S4.3b, S4.4c), which could be caused by the evap-
oration of the solvent in the drying process. Further studies are needed to understand the

mechanisms and to optimize the fabrication parameters (e.g., UV light intensity, oven
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Figure 4.1. (a) Schematic of a pure TiO, NP film, where the surface-refunctionalized TiO, NPs
are not cross-linked. (b) Schematic of a TE/Ti0O, nanocomposite film, where the surface re-
functionalized TiO, NPs are covalently attached to the TE polymer network. (c) An eight-layer
TE/TiO, nanocomposite film containing 30 wt% TiO, NPs. (d) An eight-layer TE/TiO, nano-
composite film containing 90 wt% TiO, NPs. (e) A two-layer TE/TiO, nanocomposite film
containing 40 wt% TiO, NPs. (f) A two-layer TiO, NP film containing 100 wt% TiO, NPs. (c)
and (d) are supported on glass substrates and used in the BLS measurements. (e) and (f) are

supported on Si substrates and used in the 3w measurements. The scale bars are (¢) 1 um, (d)
2 pm, (e) 500 nm, and (f) 100 nm.

temperature) to achieve a lower level of roughness. Nevertheless, in the thermal con-
ductivity measurements, the roughness effect should be insignificant, as we always used
two films with different thicknesses (see Figure 4.4a); for the BLS experiments, thick

films were employed.
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4.4.2 Elastic Longitudinal Modulus

All films used in the BLS experiments consisted of 8 consecutive layers to
achieve thicknesses about 1 pm, except for the thick bulk TE films used for depolarized
BLS measurements. This thickness is required to ensure a linear acoustic behavior*’” for
in-plane phonon propagation by fulfilling the condition, g-4# >> 1, where g is the wave-
number and /4 is the film thickness. As the elastic properties of the bulk TE and TiO,
NPs are necessary information for understanding the mechanical behaviors of the nano-
composites, the bulk TE and TiO, NP films were first examined. The BLS spectra of
these films were recorded at a given ¢ = 0.01355 nm ' in the polarized (for both the
bulk TE and TiO, NP films) and depolarized light polarizations (for the bulk TE film
only), as shown in Figure 4.2a. The single Lorentzian representation of the BLS spectra
indicated a homogeneous medium in both the bulk TE and TiO, NP films prepared by
the spin coating method, as also confirmed by the SEM images in Figure 4.1f for the
latter. Note that for spatially inhomogeneous polymer nanocomposites, two acoustic
phonons at a given ¢ can be observed.””® Due to the cross-linked TE network, the bulk
TE film displays measurable depolarized BLS spectra, allowing for the measurement of
the transverse sound velocity, cr. This transverse mode in the depolarized spectra is
only measured in the thick bulk TE films, as the mode is too weak to be detected in the
other thin nanocomposite films. The frequency, f, obtained from the Lorentzian peaks
increases linearly with the wavenumber, ¢, as seen in Figure 4.2b and expected for

acoustic phonon propagation.

The sound velocities, ¢ = %} = Zg—;v, obtained from the slope of the linear relations,
fq) ~ q, are ¢ g = 2480 = 12 m/s and ¢y g = 1000 = 15 m/s for the pure TE thin film,
and ¢ Tip, = 3070 + 30 m/s for the pure TiO, NP thin film; the subscripts, L and T,

stand for longitudinal and transverse modes, respectively. Based on the ¢ 1g and ¢t g,

CL, TE

2
) ) -2 .
the Poisson’s ratio, v = —— with x = ( ) , turns out to be about 0.4, and thus sug-

2x = 1) CT, TE

gests a weakly cross-linked and soften matrix. The relatively low ¢, 1o, compared with
the value for bulk crystalline anatase TiO, film (with a longitudinal sound velocity of
around 8880 m/s)*”’ could be attributed to the granular structure of the TiO, NP film.
Similar to the BLS spectra of the bulk TE and TiO, NP films, the BLS spectra of the

nanocomposite film with 30 wt% of TiO, NPs show a single longitudinal mode (see
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Figure 4.2. (a) Brillouin light scattering (BLS) spectra for in-plane phonon propagation at g =
0.01355 nm™'. The polarized spectra (in the range of —8 to 8 GHz) are represented by single
Lorentzian peaks for the bulk TE polymer (black line), a TE/Ti0, nanocomposite with 30 wt%
TiO, NPs (red line), and the pure TiO, NP film (blue line). The depolarized BLS spectrum of
the bulk TE (in the range of —4 to 4 GHz) is also represented by a single Lorentzian peak (gray
line), indicating a weak cross-linked structure of the TE matrix. (b) The phonon dispersion
relations for these three compositions (shown with the same colors) are linear, f(g) ~ ¢, as indi-
cated by the four black lines.

Figure 4.2a), suggesting a homogeneous medium.*’® The corresponding longitudinal
effective medium sound velocity, ¢| s, estimated from the linear dispersion relation
(see Figure 4.2b) of the film, is 2820 £+ 20 m/s, which falls between the sound velocities
of the pure TE and TiO, NP films.

480,481

To gain more insights, the sound velocities were represented by Wood’s law
as

[ P10, N 1 =910,

My o Mito, Mie (4.1)

which can be combined with M; =pc?, Posr = pTi02¢Ti02+ PrE (1 — ¢Ti02), and

Prio,~ (Prewrio,)/ (PTEWT102 +/)T102(1 - WTiOZ)) to give
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CL, Ti0, CL, TE [pTEWTiOZ +pTioz(1 - WTiOZ)]

CL, eff = 4.2)

0.5
2 2 . 2 2 — .
[pTE cL, TE WT102 + pTiOz CL, T102(1 WT102)]

Here, M is the longitudinal modulus, and ¢TiOz and wrjo, are the volume and

weight fractions of the TiO, NPs, respectively. In the least-squares fitting with eq 4.2,

which expresses ¢y ¢ as a function of ¢Ti02, the following materials properties were
fixed: prg = 1000 kg/m® and cL, te = 2480 m/s, whereas Prio, and ¢y, 1o, were treated

as fitting parameters. The experimental c| ¢ data are shown in Figure 4.3a, which also

includes the best fit with Prio, = 870 kg/m’ and cL, Tio, = 3650 m/s, and another fit with
the bulk TiO, film values, Prio, = 3900 kg/m’ and cL, tio, = 8880 m/s. It is surprising
that such a low Prio, (even lower than prg) is needed to capture the experimental com-

position dependence of the effective medium sound velocity with Wood’s law. To
check whether the TiO, NPs are porous, XRD measurements were conducted to analyze
their crystallinity. The X-ray diffraction pattern shown in Figure S4.2, however, con-
firms that the TiO, NPs are indeed crystalline, without pores inside. We note that in a

previous report on the sound velocity of PMMA/BaTiO; nanocomposites,*** a CL, eff

trend in better agreement with Wood’s law was observed. If Prio, is fixed at 3900 kg/m’

and cr Tio, at 8880 m/s, the trend of the fitted curve deviates from the experimental
data, but shows a similar trend with the results for the PMMA/BaTiO;
nanocomposites.*** The surprisingly low PTio,> required to represent the experimental
cL, eff» could be attributed to the specific interfacial effects (i.e., covalent cross-linking)
in this polymer nanocomposite. Figure 4.3b shows the variation of the effective elastic
longitudinal modulus with the weight fraction of TiO, NPs. It is seen that M| . in-
creases monotonically from 6.2 to 37.5 GPa, as the weight fraction of TiO, NPs in-

creases from 0 to 90%. Note that Prio, = 3900 kg/m® was used to calculate py in the

calculations of My .
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Figure 4.3. (a) Effective longitudinal sound velocity of the TE/TiO, nanocomposites at varying
weight fractions of TiO, NPs. The Wood’s law fitting based on eq 4.2 was conducted with two
sets of adjustable values of the density and sound velocity of TiO, (red line: Prio, = 870 kg/m’

and ¢ 1o, = 3650 m/s; blue line: Prio, = 3900 kg/m® and cL, Tio, = 8880 m/s). (b) Computed

effective elastic longitudinal modulus of the TE/TiO, nanocomposites as a function of the
weight fraction of TiO, NPs (see text).

Thermal Conductivity

The cross-plane thermal conductivities of the TE/Ti0, nanocomposite films were

d.*® To eliminate the effects of the interfacial

measured with the differential 3w metho
thermal resistances (i.e., between the Cr/Au electrode and TE/TiO, film, and between
the TE/Ti10; film and the silicon wafer) and the thermal resistance of the silicon sub-
strate, two TE/Ti0, samples with different thicknesses (e.g., 4, and hy; hy < hy) were
fabricated (see Figure 4.4a). The temperature vs. AC frequency responses of the two
samples can be used to calculate the thermal conductivity corresponding to a film of
thickness (4, — &) (refer to the Methods section 4.3 for more details). The experimental
thermal conductivities are shown in Figure 4.4b, as a function of the TiO, NP weight
fraction. For the pure TE film, the measured thermal conductivity (0.04 W/m-'K) is low-
er than the typical values (0.1-0.3 W/m‘K)*** of amorphous polymers. With increasing
fraction of the TiO, NPs, the thermal conductivity of the nanocomposite increases mon-
otonically and for the 100 wt% TiO, NP film, it reaches 1.0 = 0.3 W/m'K, comparable
to that of amorphous TiO; thin films and TiO; NPg, 82483



4.4 Results and Discussion
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Figure 4.4. Effective thermal conductivity of TE/Ti0, nanocomposites at varying weight frac-
tions of TiO, NPs. The experimental data from the 3w measurements (solid circles) are repre-
sented (blue solid line) by a modified Bruggeman model (eq 4.3).

The thermal conductivities were fitted with a modified Bruggeman model*®***° as

a —a 3 —a
(1-¢ )3 = ("T_E)(HZ VO (= oy (1 = )77 (4.3)
Ti0, ket krg — krio,(1 — @)

where a =2krg/(Dh,) is a parameter depending on the thermal conductivity of
the TE matrix (krg), the diameter of the TiO, NPs (D), and the interfacial thermal con-
ductance (/,.) between the TiO, NPs and the TE matrix. This model by definition takes
into account the interactions between the NPs and the matrix, as well as the effect of the
interfacial thermal resistance. In the fitting, the following parameters were adopted:*** D
= 6.5 nm, krg = 0.2 W/m'K, and krip, = 2.0 W/m-K. Note that the thermal conductivity
of the TE matrix is set as that of a typical polymer, instead of the experimentally meas-
ured value for the pure TE film. Based on the representation of the experimental data
shown in Figure 4.4b, the thermal conductivity trend is well captured, confirming the
good predictability of the model for the thermal conductivity of composites with high
particle filling fractions.*****> From the best fit, the interfacial thermal conductance was
determined to be 164 MW/m*K, which falls in the range of 10’~10® W/m*K for typical

interfacial thermal conductances between organic/inorganic interfaces.***** Since the
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TiO, NPs are covalently linked to the TE polymer matrix, this relatively high interfacial
thermal conductance is expected.

By comparing the relative increases of the sound velocities in Figure 4.3a and the
thermal conductivities in Figure 4.4b, it is seen that as the weight fraction of the TiO,
NPs increases from 0 to 90%, the ¢ ¢ increases by around 40%, but the kg increases

by a factor of 18. From the kinetic theory of thermal conductivity, it is known that
1 . :
kotr = gceff Vg off Nefr, Where Cepr, Vg o » and Aggy are the effective specific heat, phonon

group velocity, and phonon mean free path, respectively. Since the specific heat of pol-
ymers is typically around 1000 J/kg'K*’ and the heat capacity of TiO, NPs with a di-
ameter of 6.5 nm is 850 J/kg-K488 (obtained from extrapolation), the change in the effec-
tive specific heat caused by increasing the weight fraction of TiO, NPs is expected to be
insignificant. For the effective phonon group velocity, it can be reasonably assumed to
be equal to the sound velocity and thus increases by 42% as the weight fraction of the
TiO, NPs increases from 0 to 90%. Therefore, the increase of the thermal conductivity
with the increasing TiO, NP weight fraction is primarily due to the increase in the effec-
tive mean free path. In fact, it has been shown that at high filling fractions, conductive
channels could be formed by the NPs to allow for effective thermal transport (the so-

called percolation phenomenon).**>**

Conclusion

This study investigates the elastic modulus and thermal conductivity of thiol-
ene/Ti0, nanocomposite thin films with varying weight fractions of TiO, NPs by using
Brillouin light spectroscopy and 3w measurements, respectively. The effective elastic
longitudinal moduli of the films are found to increase with the weight fraction of the
TiO, NPs, from 6.2 GPa at 0 wt% of TiO, NPs to 37.5 GPa at 90 wt% of TiO, NPs. The
corresponding effective thermal conductivity shows a much more significant increase,
from 0.04 to 0.76 W/m-K (by a factor of 18). The increase of the modulus is not pre-
dicted by the effective medium model, probably due to the specific interactions between
the components of the nanocomposite. The strong composition dependence of the effec-
tive thermal conductivity can be captured by the effective medium model by using a

physically meaningful interfacial thermal conductance. However, the relation between



4.5 Conclusion

the thermal conductivity and sound velocity is found to be nonlinear, in contrast to the
linear relation observed in amorphous polymers. The pronounced enhancement of the
effective thermal conductivity could be ascribed to the addition of high thermal conduc-
tivity TiO, NPs and the formation of possible conductive channels at high TiO, NP

weight fractions.
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4.6 Supporting Information

4.6.1 NP Characterization

0.4 1 b

Mean = 6.5 nm
Stdev =1.3 nm

0.3 4

0.24

Probability

3 4 5 6 7 8 9 10 11
Nanoparticle diameter (nm)

Figure S4.1. (a) A representative TEM image and (b) the corresponding diameter distribution of
the as-synthesized TiO, NPs.
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Figure S4.2. X-ray powder diffractogram of TiO, NPs (black curve), matching the standard
TiO, anatase diffraction lines (in red).
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4.6.2 Additional SEM Images of Nanocomposite Films

Figure S4.3. (a) An eight-layer TE/TiO, nanocomposite film containing 30 wt% TiO, NPs. (b)
A close-up view of (a). (c) An eight-layer TE/TiO, nanocomposite film containing 90 wt% TiO,
NPs. (d) A close-up view of (c). The films are supported on glass substrates and used in the
BLS measurements. The scale bars are (a) 1 um, (b) 200 nm, (¢) 2 pm, and (d) 400 nm.
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Figure S4.4. (a) A two-layer TE/Ti0, nanocomposite film containing 40 wt% TiO, NPs. (b) A
close-up view of (a). (c) A two-layer TE/TiO, nanocomposite film containing 80 wt% TiO,
NPs. (d) A close-up view of (c). (d) A two-layer TiO, nanoparticle film containing 100 wt%
TiO, NPs. (f) A close-up view of (e). The films are supported on Si substrates and used in the
3w measurements. The scale bars are (a) 500 nm, (b) 100 nm, (c) 200 nm, (d) 100 nm, (e)
100 nm, and (f) 40 nm.
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4.6.3 Synthetic Procedures

Materials. Unless otherwise stated, all chemicals were obtained from commercial
suppliers and used without further purification. All solvents (N,N-dimethylformamide
(DMF), diethyl ether (Et,0O), methanol (MeOH), n-hexane, toluene) and standard rea-
gents (hydrochloric acid (HCI, 37 wt%), sodium chloride (NaCl)) were purchased from
Sigma-Aldrich and Fisher Scientific. Eugenol (99%) and lithium chloride (LiCl, 99%)
were obtained from Sigma-Aldrich.

Synthesis of 4-Allylcatechol. 4-Allylcatechol was synthesized as previously re-
ported in the literature,*’? but with strongly modified work-up procedure. A 1 L three-
necked round-bottom flask, fitted with a reflux condenser and a large magnetic stirring
bar, was charged with DMF (400 mL), eugenol (37.0 mL, 39.6 g, 0.24 mol, 1 equiv),
and LiCl (30 g, 0.71 mol, 3 equiv). The mixture was heated at reflux, yielding a yellow
solution. Reflux was maintained for a total of 39 h, while additional portions of LiCl
(30 g, 0.71 mol, 3 equiv) were added after 3 h, 19 h, and 26 h, eventually yielding a
brown solution, which solidified upon cooling to room temperature. The crude product
was then hydrolyzed by addition of diluted HCI (370 mL of distilled water and 110 mL
of concentrated (37 wt%) HCI), while the mixture was cooled in an ice bath and stirred
until a homogeneous solution was obtained. The aqueous solution was transferred to a
1 L separatory funnel and extracted with Et,O (3 x 300 mL). The combined organic
layers were concentrated by rotary evaporation to a volume of about 100 mL. Residual
DMF was removed by repeated cycles of extraction with half-saturated NaCl solution (4
x 50 mL). The solvent was removed under reduced pressure with a rotary evaporator to
afford a crude brown oil. The crude oil was then diluted in a mixture of distilled water
(75 mL) and MeOH (25 mL) and extracted many times with n-hexane (10 x 50 mL) to
remove residual, unreacted eugenol. The solvent was again removed under reduced
pressure with a rotary evaporator to afford a crude brown oil. Finally, the crude oil was
distilled under high vacuum using a short-path distillation head. The pure colorless
product distilled at 80 °C (1 x 10~* mbar), yielding a total amount of 18.5 g (53%) of 4-
allylcatechol. The liquid product crystallized in the receiving flask during distillation
(Mp: 48 °C).

Refunctionalization of TiO, NPs. To a solution of TiO, NPs (370 mg) in n-
hexane (15mL, ¢ = 25 mg/mL) was added a solution of 4-allylcatechol (1.0 g,

145



146

4 Elastic Modulus and Thermal Conductivity of Thiol-Ene/TiO, Nanocomposites

6.7 mmol) in MeOH (10 mL). The biphasic reaction mixture was sonicated at 40 °C for
15 min. After cooling to room temperature, the allylcatechol-functionalized NPs accu-
mulated in the red-colored upper hexane phase. The lower (methanolic) phase was dis-
carded and the NPs in the hexane phase were precipitated by addition of an excess
amount of MeOH. The brown precipitate was isolated by centrifugation (9000 rpm,
10 min) and redissolved in toluene (3 mL). The NPs were further purified by repeated
precipitation and dissolution steps (3 x 40:3 mL of MeOH/toluene).



Conclusions and Outlook

Showing great potential for sustainable applications, while being readily available
and non-toxic, TiO, has been one of the most studied oxide nanomaterials in the past
few decades. In order to tailor TiO, NPs to their potential applications, a thorough un-
derstanding and control of their surface chemistry is required. One promiment approach
to extend the surface functionality of TiO, NPs is their modification with strongly bind-
ing and photo-sensitive catechol anchor molecules.

It was the aim of this thesis to use the TiO,/catechol system to unravel the basic
surface chemistry and to exploit this knowledge in applications of photocatalysis and
nanocomposites.

The first part of the thesis was fully devoted to the investigation of the surface
processes taking place, when hydrophobic oleate-stabilized TiO, NPs are reacted with
pyrocatechol, the unsubstituted prototype of all catecholic molecules. A broad set of
NMR tools (1D and 2D, 'H and "C, solution and solid state) was utilized in order to
gain direct insight into the ligand spheres of native, oleate-stabilized TiO, NPs and their
catechol-modified counterparts. The main objective of this study was to quantify the
surface coverage of the incoming catechol ligand and the displacement of the native
oleate ligand. It came as a surprise that catechol was not able to displace more than 20%
of the native oleate ligand shell. In sum, the ligand density increased from the native
value of 2.3 oleate molecules per nm” to 4.8 molecules per nm? of a mixed ligand shell.
Consequently, incoming catechol must preferably adsorb to unoccupied Ti surface sites
before displacing a minor part of the native ligand shell. The adsorption of catechol was

successfully described by a Langmuir isotherm, while the desorption of oleate exhibited
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Arrhenius-like behavior. An extension of this study to other catecholic ligands with apo-
lar backbones, such as 4-fert-butylcatechol and 2,3-dihydroxynaphthalene, revealed
very similar pictures of mixed ligand shells. The three catechol species showed only
small differences in their adsorption behaviors which correlated well with their
Bronsted acidity. Due to the incomplete displacement of the native ligand shell, this
kind of surface reaction should not be referred to as ligand exchange, substitution, or
replacement, but simply as surface modification. In general, surface modification of
hydrophobic TiO, NPs with catecholic ligands exhibiting apolar backbones results in
the formation of mixed ligand shells. The effect of polar ring substituents (such as the
nitro moiety or charged groups) on displacement of oleate remains to be investigated in
further quantitative studies.

The second part of the thesis gives a preview on how the displacement character-
istics on hydrophobic TiO, NPs change when a charged group in introduced into the
catecholic anchor molecule. Here, a special molecule, 6,7-dihydroxy-2-
methylisoquinolinium chloride (DHMIQ), was specifically designed to incorporate the
essential features of a group of powerful homogeneous photocatalysts. These features
include (i) an extended aromatic system and (ii) a cationic quaternary ammonium group.
The objective of this study was to combine the photocatalytic benefits of organic and
inorganic components for synergistic effects in photocatalyzed reactions. Contrary to
the formation of mixed ligand shells with apolar catecholic molecules, the cationic spe-
cies succeeded in displacing the native ligand shell entirely, thus rendering the resulting
TiO,—~DHMIQ NPs soluble in water. The ligand density was found to be 2.0 DHMIQ
molecules per nm”. Due to the strong electronic coupling between the catecholic anchor
and surface Ti sites, the attachment of DHMIQ causes sensitization of the TiO, NPs
over the whole visible range and even extending into the NIR region. To exploit this
extended spectral response for photocatalysis, TiO,~DHMIQ NPs were employed as a
panchromatic photocatalyst in the oxidative photocyanation of tertiary amines. Using
tributylamine as a model substrate, the cyanated product was obtained in nearly quanti-
tative yield upon irradiation with blue light of 462 nm wavelength for a few hours. The
conversion decreased with increasing excitation wavelength (green, yellow, red), but the
TiO,—~DHMIQ photocatalyst was still able to promote the reaction even under NIR exci-
tation at 730 nm. At such low excitation energies neither the native TiO, NPs nor the

DHMIQ photosensitizer showed any conversion on their own. The lower conversion



5 Conclusions

efficiencies at higher excitation wavelengths could be compensated for by using longer
irradiation times. The results from the TiO,—~DHMIQ photocatalyst system confirm that
catechol sensitization of TiO, NPs is a promising way to enhance solar light harvesting
capabilities, thus improving the overall yield in photocatalytic reactions. Furthermore,
this study may serve as a blueprint for further photocatalyzed oxidative transformations.

In the third part of the thesis, TiO, NPs were equipped with 4-allylcatechol, a cat-
echolic anchor bearing a terminal double bond that allowed covalent attachment of the
NPs into thiol—ene polymer matrices. The resulting thiol—ene/TiO, nanocomposite ma-
terials were fabricated as thin films with varying inorganic filler fraction in order to in-
vestigate its effect on mechanical and thermal properties of the nanocomposite. These
two properties were characterized in terms of the elastic modulus and thermal conduc-
tivity of the thin film composites, which in turn were determined by Brillouin light scat-
tering spectroscopy and 3w measurements, respectively. It was found that both quanti-
ties, elastic modulus and thermal conductivity, increased with increasing TiO, mass
fraction. The effective elastic longitudinal moduli of the films increased from 6.2 GPa at
0 wt% of TiO, NPs to 37.5 GPa at 90 wt% of TiO, NPs (by a factor of 6). In the same
range, the effective thermal conductivity increased even more significantly, from 0.04
to 0.76 W/m-K (by a factor of 18). The increase in elastic modulus is attributed to cova-
lent cross-linking of the nanocomposite constituents, while the increase in thermal con-
ductivity can be rationalized by the addition of a high-conductivity filler in the form of
nanoparticulate TiO,. Unlike blends of amorphous polymers, which show a linear rela-
tion between thermal conductivity and sound velocity, thiol-ene/TiO, nanocomposites
exhibit a nonlinear relation. Hybrid nanocomposites, such as the present thiol—ene/TiO,
system, find diverse applications as functional materials. By tailoring their mechanical
properties, thiol—ene/T10, nanocomposites are promising candidates for dental restora-
tive materials. Due to their tunable thermal conductivity, they might also be useful in
thermal applications, e.g. for heat removal purposes.

In conclusion, catechol-functionalized TiO, NPs have served as a versatile plat-
form for the study of their fundamental surface chemistry and their benefits in promis-
ing applications in the fields of photocatalysis and nanocomposites. The general find-
ings from these studies may also prove valuable in related research topics, such as dye-

sensitized solar cells or photocatalytic degradation of pollutants.
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Appendix

A.1 Additional NMR Spectra
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Figure A.l1. 'H NMR spectrum (300 MHz, CDCl;) of 6,7-dimethoxy-2-methyl-1,2,3,4-
tetrahydroisoquinoline (2).
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Figure A.2. C NMR spectrum (75 MHz, CDCl;) of 6,7-dimethoxy-2-methyl-1,2,3,4-

tetrahydroisoquinoline (2).
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Figure A.6. 'H NMR spectrum (300 MHz, D,0) of 6,7-dimethoxy-2-methylisoquinolinium
chloride (3).
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Figure A.7. "C NMR spectrum (75 MHz, D,0) of 6,7-dimethoxy-2-methylisoquinolinium
chloride (3).
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Figure A.8. COSY spectrum (D,0) of 6,7-dimethoxy-2-methylisoquinolinium chloride (3).
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Figure A.10. HMBC spectrum (D,0) of 6,7-dimethoxy-2-methylisoquinolinium chloride (3).
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Figure A.11. '"H NMR spectrum (300 MHz, D,0) of 6,7-dihydroxy-2-methylisoquinolinium
chloride (DHMIQ).
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Figure A.12. ®C NMR spectrum (75 MHz, D,0) of 6,7-dihydroxy-2-methylisoquinolinium
chloride (DHMIQ).
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Figure A.14. HSQC spectrum (D,0) of 6,7-dihydroxy-2-methylisoquinolinium chloride
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Figure A.16. "H NMR spectrum (300 MHz, CDCl;) of 2-(dibutylamino)-pentanenitrile (5).
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Figure A.18. '"H NMR spectrum (300 MHz, CDCl;) of N-phenyl-1,2,3,4-tetrahydroisoquinoline
(6).
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Figure A.19. °C NMR spectrum (75 MHz, CDCl;) of N-phenyl-1,2,3,4-tetrahydroisoquinoline
(6).
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Figure A.20. 'H NMR spectrum (300 MHz, CDCl;y) of N-phenyl-1,2,3,4-
tetrahydroisoquinoline-1-carbonitrile (14).
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Figure A.21. "C NMR spectrum (75 MHz, CDCl;) of N-phenyl-1,2,3,4-tetrahydroisoquinoline-
1-carbonitrile (14).
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Figure A.23. °C NMR spectrum (75 MHz, CDCl;) of N-methyl-1,2,3,4-tetrahydroisoquinoline
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Figure A.24. 'H NMR spectrum (300 MHz, CDCl;) of N-methyl-1,2,3.4-
tetrahydroisoquinoline-1-carbonitrile (15).
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Figure A.25. °C NMR spectrum (75 MHz, CDCl;) of N-methyl-1,2,3,4-tetrahydroisoquinoline-
1-carbonitrile (15).
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Figure A.30. 'H NMR spectrum (300 MHz, CDCl;) of the mixture of 1-methyl-5-(pyridin-3-
yl)pyrrolidine-2-carbonitrile (19) and 1-methyl-2-(pyridin-3-yl)pyrrolidine-2-carbonitrile (20).
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Figure A.31. °C NMR spectrum (75 MHz, CDCl;) of the mixture of 1-methyl-5-(pyridin-3-
yl)pyrrolidine-2-carbonitrile (19) and 1-methyl-2-(pyridin-3-yl)pyrrolidine-2-carbonitrile (20).
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Figure A.32. "H NMR spectrum (400 MHz, CDCls) of 8-(cyanomethyl)-8-azabicyclo[3.2.1]oct-
3-yl 2-phenyl-3-[(trimethylsilyl)oxy]propanoate (21).
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Figure A.33. "C NMR spectrum (100 MHz, CDCly) of 8-(cyanomethyl)-8-
azabicyclo[3.2.1]oct-3-yl 2-phenyl-3-[(trimethylsilyl)oxy]propanoate (21).
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List of Abbreviations

A

AC
AIBN
AMCSD
Ar
ATR
a.u.
BLS
bpy
br

Cat
cat
cat-H
CB
CBM
CCD
CCDC
ccp
CDC
CIF
CLN
COD
COSY

DAP*
dd
DDT
DDQ
DFT

electron acceptor
alternating current

azobis(isobutyronitrile)

American Mineralogist Crystal Structure Database

aryl

attenuated total reflection
arbitrary unit

Brillouin light scattering

2,2'-bipyridine

broad signal (both NMR multiplicity and IR intensity)

catechol

catecholate dianion (C6H4Oz)2_
catecholate monoanion (C¢HsO;)
conduction band

conduction band minimum
charge-coupled device

Cambridge Crystallographic Data Centre
cubic close-packing
cross-dehydrogenative coupling
crystallographic information file

cluster nuclearity

Crystallography Open Database
correlation spectroscopy

electron donor

doublet (NMR multiplicity)
N,N'-dimethyl-2,7-diazapyrenium dication
doublet of doublets (NMR multiplicity)
dodecanethiol
2,3-dichloro-5,6-dicyanobenzoquinone

density functional theory
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List of Abbreviations

dhcp
DHMIQ
DHN
DMA
DMF
DMPA
DOSY
DSSC
dt
ESI-HRMS
ESI-MS

NEXAFS
NHE
NIR
NMQ"
NMR
NOESY

double hexagonal close-packing
6,7-dihydroxy-2-methylisoquinolinium (chloride)
2,3-dihydroxynaphthalene

dimethylacetamide

N,N-dimethylformamide
2,2-dimethoxy-2-phenylacetophenone
diffusion-ordered spectroscopy

dye-sensitized solar cell

doublet of triplets (NMR multiplicity)

electrospray ionization—high resolution mass spectrometry
electrospray ionization—mass spectrometry

gas chromatography

hexagonal close-packing

heteronuclear multiple bond correlation (spectroscopy)
highest occupied molecular orbital

high-resolution transmission electron microscopy
hard and soft acids and bases

heteronuclear single quantum correlation (spectroscopy)
infrared

liquid chromatography—mass spectrometry
light-emitting diode

ligand-to-metal charge transfer

lowest unoccupied molecular orbital

multiplet (NMR multiplicity) / medium (IR intensity)
magic angle spinning

methyl

melting point

near-edge X-ray absorption fine structure

normal hydrogen electrode

near-infrared

N-methylquinolinium cation

nuclear magnetic resonance

nuclear Overhauser effect spectroscopy



List of Abbreviations

NP(s) nanoparticle(s)

OA oleic acid

ODE I-octadecene

ODT octadecanethiol

O'Pr isopropoxide group

OM oleylamine

OPA octylphosphonic acid

PCDA 10,12-pentacosadiynoic acid
PES photoelectron spectroscopy
PET poly(ethylene terephthalate)
PETMP pentaerythritol tetrakis(3-mercaptopropionate)
Ph phenyl

pMBA p-mercaptobenzoic acid
PMMA poly(methyl methacrylate)
POT polyoxotitanate

PP polypropylene

ppm parts per million

PTFE poly(tetrafluoroethylene)
PXRD powder X-ray diffraction

py pyridine

ref reference

Ry retention factor

RM reaction medium

ROS reactive oxygen species

rpm revolutions per minute

s singlet (NMR multiplicity) / strong (IR intensity)
SEM scanning electron microscopy
SAM self-assembled monolayer

SP synthetic product

ST™M scanning tunneling microscopy
t triplet (NMR multiplicity)
TAOTA 2,4,6-triallyloxy-1,3,5-triazine
TBAC tetrabutylammonium chloride
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List of Abbreviations

TBDMS tert-butyldimethylsilyl

tBuCat 4-tert-butylcatechol

TE thiol—ene

TEM transmission electron microscopy
TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
TGA thermogravimetric analysis

THF tetrahydrofuran

TMA tetramethylammonium cation

TMAH tetramethylammonium hydroxide
TMP trimethylphosphine

TMS trimethylsilyl

TMSCN trimethylsilyl cyanide

TOC titanium oxo cluster

TOPO trioctylphosphine oxide

tt triplet of triplets (NMR multiplicity)
UV—vis ultraviolet—visible

VB valence band

VBM valence band maximum

VH vertical—horizontal (polarization in BLS setup)
Vs very strong (IR intensity)

\'AY% vertical—vertical (polarization in BLS setup)
w weak (IR intensity)

XRD X-ray diffraction
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