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ABSTRACT OF THE DISSERTATION
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DERIVATIVES FOR METAL OXIDES SEMICONDUCTOR SENSITIZATION
By HAO FAN

Dissertation Director:
Professor Elena Galoppini

Electron transfer at the interface between a photoactive molecule and large-bandgap
nanostructured metal oxide (MO,) semiconductors remains at the center of intense
research in numerous areas for solar energy conversion. Organic chromophore-bridge-
anchor compounds are important to the studies of heterogeneous charge transfer on MOn
semiconductors and are widely employed in various photochemistry researches. In this
thesis, we report the synthesis of 2,5-di-tert-butylperylene (DTBuPe) and a series of
DTBuPe-bridge-anchor compounds, and study their steady state photochemical
properties in solutions as well as on nanostructured metal oxide semiconductor films.

The thesis described a practical pathway to synthesize the DTBuPe, and further
modification of the DTBuPe framework. Two modification routes were employed; one
starting from formylation, which can be followed by reduction, oxidation or other
functional group transformation of the aldehyde group. The second route starts from
bromination of the framework, followed by various palladium catalyzed cross-coupling
reactions. Through these methods, a series of DTBuPe-bridge-anchor derivatives were
synthesized.

The spectroscopic properties of DTBuPe-bridge-anchor derivatives in solution and

bound to nanostructured semiconductor surfaces were also investigated by absorption and



emission spectra. 8,11-di-tert-Butylperylene-3-carboxylic acid (DTBuPe-COOH), 3-
(8,11-di-tert-Butylperylen-3-yl)propanoic acid (DTBuPe-Prop-COOH), 4-(8,11-di-tert-
Butylperylen-3-yl)benzoic acid (DTBuPe-Ph-COOH) and perylene-3-carboxylic acid
(Pe-COOH) were bound to both TiO2 and ZrO> films and characterized by absorption
and emission spectra. A comparison of the properties of DTBuPe-bridge-anchor/TiO:
and perylene/TiOz is made, and the influence of t-butyl spacing group as well as different
bridge units is investigated. In addition, perylene was functionalized with an azide group
(9-(4-azidophenyl)-2,5-di-tert-Butylperylene (DTBuPe-Ph-Ns)) for click chemistry.
Copper-catalyzed azide-alkyne cycloaddition (CUAAC) reaction of DTBuPe-Ph-Ns was
successfully performed in solution and on ZnO nanostructured surfaces which was
functionalized with propiolic acid in a stepwise functionalization process. The sensitized
ZnO surface was characterized by SEM, XPS and TA. The morphology of ZnO nanorod
was preserved and strong electronic coupling between sensitizer and semiconductor film

was obtained.
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Chapter A Introduction



Overview and Thesis Organization

The objective of this Ph.D. research is to design and synthesize organic compounds
that are used as models to study HET on the surface of nanostructured wide band gap
metal oxides in collaboration with Prof. Andrew Teplyakov and Prof. Lars Gundlach at
the University of Delaware.

In this thesis, the synthesis of 2,5-di-tert-butylperylene (DTBuPe) and a series of
DTBuPe-bridge-anchor derivatives was completed, and their steady-state photochemical
properties were studied in solutions as well as on metal oxide semiconductor films.

Chapter A provides some brief background of this work. First, some general aspects of
heterogeneous electron transfer (HET) are introduced. Subsequently, the molecular
design of dyes is discussed as one of the vital components for successful HET studies.
The design of both chromophores and linkers is introduced. Lastly, the properties and
limitations of perylene, which has been proven an ideal model dye for HET studies, are
also discussed in this chapter.

Chapter B reports the synthesis. Perylene is an ideal model dye for the investigation of
HET on nanostructured metal oxides. However, there are relatively few examples for its
application in HET studies compared with other organic chromophores A method to
prevent aggregation and further modification of the perylene framework are discussed in
this chapter.

The photophysical properties of DTBuPe-bridge-anchor derivatives in solution and
bound to semiconductor surfaces are reported in Chapter C. By comparing properties of
DTBuPe-bridge-anchor derivatives and perylene derivatives, we investigated the

influence of t-butyl groups, as well as different bridge units. In addition, for the first time



perylene was functionalized with an azide group for click chemistry. The CuAAC
reaction was successfully performed with the azido perylene derivative in solution and on
ZnO nanorod films. This can lead to promising applications of perylene in a variety of
fields, as the CuUAAC reaction is widely employed in surface modification methods.
DTBuPe-Ph-N3s was also employed in a morphology preserving sensitization of ZnO
nanorod surfaces.

Chapter D summarizes the results and gives some implications for applications

utilizing DTBuPe-bridge-anchor derivatives.
A.1 Background

In homogenous electron transfer processes, electrons are usually transferred from a
molecular donor to a molecular acceptor state. A different situation occurs if there are
multiple acceptor states, as is the case for the interface between a photoactive molecule (a
chromophore, a redox group or a photocatalyst) and large-bandgap nanostructured metal
oxide semiconductors (MOn), mostly TiOz, SnO2 or ZnO (Figure A-1) or core-shell
materials prepared by various combinations of them. If the excited states of the
photoactive molecules overlap in energy with the empty states of the substrate, e.g. the
conduction band of semiconductor, photoexcitation of the molecule will be followed by
electron transfer (ET) from the molecule to the substrate. This charge transfer process is
also called sensitization, and in this context the chromophores are called sensitizers or
dyes, because the first compounds studied were dyes absorbing in the visible.
Heterogeneous electron transfer (HET) remains at the center of intense research in

numerous areas of solar energy conversion. Such areas encompass photocatalysis and



solar fuels,*® photovoltaics,” ! energy storage,'? and artificial photosynthesis.*32° More
broadly, HET is of interest to other scientific communities studying molecular electronics,
photoswitches, photonics, catalyst, and other fields where ET in hybrid organic/inorganic

systems plays a central role.

E ANHE
SiC
1.5} =]
GaP
1.0 =
GaAs
05 CdS 70 TiO, —__ Eu2+3+
CdSe — WO —
K wraararasal N o SRl e S e e e —-H,MH,0
0.0 b Fe O, Wl o = i
0.5 |- 14eV| , o =1 - _|— [Fe(CN)J>-*
oV 3.2 g o Ea2+/Fads

gL | 1é\7/ o\ 5 eV ] Fe?+/Fe

2.25 S — H,0/0.
1.5 = ' eV 21 o . —4 ‘:.‘.l

eV 36 — Ce
2.0 | [ 2-3 eV
e

25
3.0 - | !
3.5 |-

Figure A-1 Band positions of several semiconductors. Reproduced from ref?! with
permission. NHE = normal hydrogen electrode

Although molecule/semiconductor interfaces have been studied for decades, both
experimentally and theoretically, there are numerous aspects of this process that remain
poorly understood, and it is still not possible to control HET at the molecular level,
because of the complexity associated with heterogeneity, the lack of electronic control of
the interface and other challenges, including the need to control the binding of the
molecule on the semiconductor. The kinetic process in DSSCs? can be a perfect example

for this exceptional complexity. (Figure A-2)
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Figure A-2 Left: Schematic representation of kinetic processes in DSSCs. The Right
panel shows the process on a modified energy level. Processes in kinetic competition
have similar colors. Reproduced from ref?? with permission.

A.2 Introduction to molecular design of dyes

The dye molecule is one of the key components that are necessary to carry out
successful HET studies. For both fundamental and practical purposes, a dye should fulfill
the following requirements.

1. Wide band gap semiconductors absorb in the UV region, therefore the dye should
have a broad absorption spectrum and high molar extinction coefficient to allow
efficient harvesting of incident solar photons. (Figure A-3)

2. The dye should have anchoring groups, typically -COOH or -P(O)(OH)., to
ensure the covalent binding, and a strong attachment, to the semiconductor

surface.
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Figure A-3 The Air Mass 1.5 (AM 1.5) solar irradiance spectrum. Reproduced from ref?

3. The excited state of the dye should be sufficiently long lived (typically in the ns
domain, although ps is sufficient), and the electron injection into the conduction
band of the semiconductor should be fast (in the case of TiO: it is in the fs domain)
to avoid the decay of the excited dye.

4. The excited state energy level of the dye should be at higher energy than the
conduction band edge of the semiconductor to ensure an efficient ET process
between the excited dye and conduction band of the semiconductor.

5. For possible dye-regeneration purpose, the oxidation state level of the dye should
be more positive (by ca. 200-300 mV) than the redox potential of the electrolyte.
This is necessary in the case of dye sensitized solar cells (DSSCs) where the

dye/TiOz is coated on a transparent electrode and acts as the photoanode.



6. Dye aggregation on the semiconductor surface should be avoided because
aggregation leads to hypo- or bathochromic shifts, fast relaxation, recombination
and other processes competing with desired ET processes.?*

7. The sensitizer should be electrochemically, photochemically and thermally stable
in the ground and oxidized states.

8. The dye should have good solubility in a variety of solvents, and, for real-life
applications, should be environmentally-friendly, low-cost, and abundantly

available.

In this context, chromophore-bridge-anchor design allows to tune the dye properties
and to probe specific scientific questions. The sophistication of the design of dyes as well
as of surface attachment methods have significantly increased in the past two decades. In
summary, molecular design has played, and continues to play, a key role in this field. In
the next section we will discuss the progress in the design of each individual component

of chromophore-bridge-anchor compounds.

A.2.1 Design of Chromophores

A.2.1.1 Metal-Containing Dyes

In 1991, O’Reagan and Gratzel first reported DSSCs employing films of
nanostructured TiOz for increased dye uptake.?® In DSSCs, nanostructured TiO2 is
usually sensitized by surface-bound ruthenium polypyridine dyes. Such systems are
capable to convert sunlight into electricity with efficiencies that have now reached up to
15%72°. This finding triggered an intense, worldwide research effort on a wide variety of

inorganic transition metal complexes as well as porphyrins?” and phthalocyanines?-2° for



the preparation of more efficient DSSCs and to study their HET behaviors. Ruthenium(Il)
is the metal ion most commonly used in polypyridine complexes dyes. In the case of
metalloporphyrins and metallophthalocyanines, the preferred metal ions are those with
full or half-filled d-orbitals, such as Zn(l1), Mg(l1) and Al(111).

Among all transition metal complexes mentioned above, Ru(ll) polypyridyl complexes
have favorable excited-state properties, high redox reversibility and are photostable in the
oxidized and reduced state. One of the most successful inorganic sensitizers, called N3
(Figure A-2), is cis-Ru(LL)2X>, where LL = 4,4"-dicarboxylic acid bipyridine (dcb) and
X = SCN", with overall conversion efficiency ~10%.%° The Ru""" reduction potential of
N3 is more negative compared to Ru(bpy)s?*, and the absorption and emission maxima
are red-shifted. The electron density of the highest occupied molecular orbital (HOMO)
shifts from the ruthenium metal center to the isothiocyanate ligands. The MLCT excited
state is localized on the ligand substituted with the -COOH group. A similarly successful
Ru-based sensitizer, prepared from terpyridine is called ‘black dye’ (Figure A-4) because
it extends the spectral range of DSSCs significantly towards the IR region of the solar

spectrum. (Figure A-3)

N3 "Black Dye"

Figure A-4 Structure of some ruthenium polypyridyl type dyes.



One problem with Ru and other second and third row transition metals-based
sensitizers is that these are rare metals, and are not ideal for large-scale application. Thus,
using earth abundant metals, i.e. iron or copper (Figure A-5), instead of ruthenium in
such complexes would be a significant step towards large-scale light-harvesting
applications. Iron is an obvious choice as an earth-abundant and environmentally friendly
replacement of ruthenium. However, iron polypyridine complexes have been found
unsuitable for DSSCs applications, even if they have intense MLCT absorption, due to
the low-lying metal-centered quintet high-spin state that rapidly (~ 100 fs) deactivates the
MLCT manifolds®!-33, and because of their poor photostability as they disassociate during
photoexcitation.

Thus, a possible solution for a longer lived MLCT states is to destabilize the metal-
centered states. To this end, several Fe-N-heterocyclic carbene (NHC) complexes were
synthesized,*-" and MLCT state time had been significantly extended up to 100 ps*® as
compared to previously known Fe-polypyridine complexes.®>3 In recent work by
Chéabera et. al®® carefully designed meso-ionic triazolylidene NHC ligands were
employed due to their better o-donor and m-acceptor electron properties compared to
commonly used NHC ligands (Figure A-5 I). The meso-ionic triazolylidene NHC ligands
stabilize the excited state resulting in a record long charge transfer lifetime (100 ps) and
room-temperature photoluminescence. The absence of excited state energy loss was

exploited to achieve an increased driving force in photochemical reactions on surfaces.
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Figure A-5 Structure of other metal complexes®®-3°

Copper complexes are also potentially inexpensive and earth-abundant sensitizers
for solar energy conversion and are receiving considerable interest.®4* They were first
introduced into DSSCs by Sauvage and co-workers due to their similar photophysical
properties to Ru(ll) complexes. This system was further expended by Sakaki et al.** and
Bessho et al.*® via ligand modification. The MLCT states in these complexes are from a
d® electronic ground-state configuration, which circumvents the deactivation of MLCT

states via low-energy ligand field states that is observed in d® complexes.

A.2.1.2 Organic Chromophores

Organic chromophores are attractive, in part, because it is possible to finely tune
their properties via synthetic modifications. Earlier examples included polycyclic
aromatic hydrocarbons (PAHSs, such as pyrene,*? perylene,*® anthracene*¥), coumarins,*-
47 triphenylamines*®“°, and others®®2, In most cases, the electron injection rate was
character to be ultrafast (10 fs).5® However, many of the early organic dyes exhibited fast

recombination kinetics, and their ground-state redox levels did not match favorably with
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that of commonly used redox mediators for DSSCs. This had led to the design of new
types of redox mediators®°,

In recent years, triphenylamine (TPA) based dye molecules have been widely
reported as sensitizers in DSSCs, due to the favorable electron-donating properties of the
TPA unit and their potential for low-cost DSSC production.*®#® Furthermore, the
nonplanar molecular configuration of TPA based dyes prevents aggregation.*® In a recent
breakthrough by Freitag et al.,*® two TPA based sensitizers, D35 and XY1 (Figure A-3),
were combined with the copper complex Cu(ll/l)( 4,4’,6,6’-tetramethyl-2,2’-
bipyridine(tmby)) as a redox mediator, and DSSCs prepared from them exhibited large
open-circuit photovoltage (1.1 V). In standard air mass 1.5 global (AM 1.5G) sunlight,
the power conversion efficiencies (PCEs) reached 11.3%. Moreover, under 1000 lux
ambient lightning which corresponds to typical indoor illumination, the PCE of this new

DSSC design was a strikingly 28.9% with a power output of 88.5 uW cm™.

D35

Figure A-6. Structure of two selected TPA based chromophores®®.
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A.2.2 Linker Design

An enduring challenge in HET is the ability to control the
chromophore/semiconductor interface at the molecular level. This is a key prerequisite to
achieve a better control of the properties. For instance, an efficient solar cell requires fast
electron injection and oxidized dye regeneration, as well as a slow competing
recombination process. In photocatalysis applications, however, researches are focusing
on achieving long-lived charge separation to allow catalysis to occur. To attain a good
level of control of such complex photoinduced interfacial electronic processes, the careful
design of the linker and its components, the bridge and anchor group, as schematically
represented in Figure A-7, has received intense interest in the past 15 years. Modular
approaches to linker design with tunable properties have led to systems that are important
for photovoltaic devices, artificial photosynthetic systems and photocatalysts, and as

models for fundamental HET studies..

OO Chromophore
.
99

@ Bridge
N,N
N1
° h
i nchor

Figure A-7 Schematic representation of linker strategy
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A.2.2.1 Anchor Strategy

Typically, an anchoring group for MO semiconductors forms covalent bonds with metal
oxides by reacting with surface hydroxyl groups. The best anchoring groups for metal
oxides are phosphonic acids (P(O)(OH)2)*"8, followed by carboxylic acids (COOH) and
their derivatives, for instance acid chlorides, esters or hydroxyamides. Silanes (SiXs, X =
CI®® or OEt®), acetylacetonate and salicylates have also been employed. For the well-
studied COOH group, the binding is reversible with high equilibrium binding constants
(K~ 1 x 10° M™Y) for Ru-polypyridine complexes attached through a single COOH
group.®! Saturation surface coverages are in the range of I' ~ 1x1072° mol cm™2.%7 In basic

conditions (usually pH = 9), however, the dyes are easily desorbed from the films. For

COOH groups, a variety of binding modes can occur (Figure A-8) and which one is
prevalent depends on the type of metal (Zn, Ti), surface hydration, pH, structure of the
linker, surface crystal facet and other factors®?. It is generally accepted, following IR and
computational studies, that bidentate bridging (circled in Figure A-8) is the most stable

and prevalent binding mode on TiO..

I G B G B N |
T SN ./O (,) (,) H H H 9’ OH
Ti Ti Ti Ti : 6 O Ti
bid T ST
monodentate identate bidentate
X _ _ monodentate
ester-type chelating bridging H-bonded H-bonded through CO

Figure A-8. Possible binding configurations of COOH on TiO,.5

Several groups have developed advanced anchor strategies, involving multiple
attachment points (Figure A-6). In early work made by Gray et al., the kinetic influence

of alternative anchors and linkers for N3-type dyes on TiO, was characterized. Their
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results suggested that binding through multiple groups would significantly influence both
kinetic and stability properties.®* Supported by Persson’s computational study,% a design
of tripodal anchors to match TiO, substrates were synthesized by Galoppini et al.%-%8 and
spectroscopically characterized by Meyer et al.,®” demonstrating that the three-point
attachment and rigid geometry of the linker led to two-dimensional interfacial control on
semiconductor surfaces. (Figure A-9) The study, however, also highlighted remaining
problems of full functional control in mesoscopic films due to an abundance of “necking”
(point of contacts) regions between neighboring nanoparticles. To achieve comprehensive
sensitizer-substrate functional control also in nanostructured films, one approach is to use
rigid linker groups radially arranged around the metal center for multiple, and
symmetrical arrangement of the anchor groups (“Star” complexes) to shield the metal

center from surface direct contacts and control metal-semiconductor distance.t°-72

Figure A-9 Left: A tripodal anchor group achieving two-dimensional structural control of
surface sensitization of semiconductor surfaces. Reproduced with permission from ref.%’
Copyright (2018) American Chemical Society. Right: HOMO level of a ruthenium star
complex that effectively shields the metal core in all directions also in nanostructured
films. Reproduced from ref. °
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A.2.2.2 Bridge Strategy

Bridge units, i.e. the moieties between the anchoring group and the chromophore, are
also important components in the molecular design of dyes. A well-designed bridge unit
is highly useful in fundamental HET studies, as well as to obtain efficient DSSCs. For
instance, the length of bridges can be systematically varied to control the distance
between chromophores and semiconductor surfaces and inhibit recombination. Also,
bridge variations can be used to tune the photophysical properties of chromophores
(HOMO-LUMO gap for instance).

The earliest examples of bridge units were just simple saturated -CH>- alkyl chains. In
the pioneering work by Lian et al.”®, methylenic spacers were inserted between the bpy
ligand and the carboxylic group in Re(CO)sCl(dcbpy) to form ReClA-ReC5A,
respectively. These complexes were bound to TiO2 thin films and femtosecond IR
spectroscopy indicated that injection rate decreased exponentially with distance, in
qualitative agreement with the change predicted for non-adiabatic electron transfer

processes through a saturated bridge.”

Another approach that results in the attachment through flexible linkers, involves a
two-step process involving surface modification of the metal oxide first, and subsequent
binding of the chromophoric groups, was reported in a recent research by Yan et al.”
This stepwise surface modification strategy was successfully employed on nanostructured
ZnO films. The ZnO nanorod film was first functionalized with 10-azidodecanoic acid
(N3-(CH2)o-COOH). After the self-assembled monolayer (SAM) was formed on the

surface through binding of the COOH group, CUAAC click reaction with the remaining
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N3 group was performed to bind either chromophore or bio-sensing probe (in both case
ethynyl-substituted) to the film.

The use of a methylenic bridge between the anchoring group and the dye was dictated
by convenience, but the flexibility of the attachment does not allow to fix the distance
from the surface. Therefore, synthetic efforts in this area have been redirected towards
synthetic bridges that are rigid and modular, as represented in Figure A-10. Rigid linkers
that are synthetically very accessible are unsaturated rigid axial rods made of oligo-p-
phenylenes (Figure A-10 a) and oligo-p-ethynylphenylenes. (Figure A-10 b) They are
usually synthesized by Pd-catalyzed cross-coupling, such as Sonogashira and Suzuki
reactions, and the number of rigid units can be systematically varied”.The introduction of
functional groups on the bridge is a more recent development. For instance, recent work
by Galoppini et al. included the use of directed dipoles on rigid bridges’®"" (Figure A-10
c) suggested a new pathway for improved control over the interfacial electron injection
and recombination processes. A recent breakthrough investigated by Meyer, et al. also
provided an alternative method to control kinetic pathways for interfacial electron
transfer from a semiconductor to a molecule using steric modifications of rigid bridges
that form transition dipole upon photoexcitation.”® (Figure A-10 d) The use of rigid,

saturated bicyclo[2.2.2]octane units was also reported”. (Figure A-10 e)

(a) (c) (d)

(b) (e)

Figure A-10. Example of bridges that have the shape of rigid, axial rods.
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An important example of functional rigid bridges are the so-called push—pull dyes®. By
inserting conjugated bridge units between electron donor and electron acceptor groups,
the redox level, HOMO-LUMO gap, can be tuned, and long-lived charge separation can
be obtained, leaving the hole on the far side of the sensitizer facing the electrolyte for
efficient dye regeneration by the external redox couple. A successful application of this
strategy is the development of push-pull coumarin dyes. (Figure A-11) Coumarin based
dyes are promising sensitizers because of their good photoresponse in the visible region
and appropriate LUMO levels matching with the conduction band of TiO2. However, the
first coumarin based DSSC, which utilized the simple coumarin 343, only exhibited an
efficiency of 0.9%.% Since then, a new class of dyes based on coumarins has been
developed by connecting the coumarin core and anchor group with conjugated moieties,
for instance vinylene*" 8, thiophene*® 8 or ethylenedioxythiophene,® (Figure A-11) and
the efficiency was significantly improved (6.0 — 8.2%). Introduction of conjugated units
in between coumarin and cyanoacrylic acid acceptor was proven to considerably expand

the absorption to the visible region, and also improve device photovoltaic properties.

f S ON Iy ~~COOH
A OH = = S \_/
COOH CN
N oo N ) N )

Coumarin 343 (a) (b)

Figure A-11 Structures of coumarin based dyes for DSSCs application. 4°43
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A.3 Perylene dyes

The PAH perylene, CxH12 in Figure A-12, is a historic organic molecule. Its synthesis
was first reported by Scholl et. al. in 1910, via the oxidative cyclization of binaphthyl or
naphthalene.®* Perylene and its derivatives, for the most part perylene diimides, are
widely used as dyes and pigments because of their high extinction coefficient (38,500 cm"
M for perylene®), excellent photo and chemical stability, high photoluminescence
quantum yield, (See Table A-1). In the case of perylene diimides (PDIs), large range of
colors can be obtained by variation of the substitution pattern on the perylene core
through high yielding synthetic routes. Besides conventional uses, perylene are also key
components of OFET,® fluorescent solar collectors,®” photovoltaic cells, #%° and optical

switches. %091

Table A-1. Selected physical properties of perylene

Xabs,maxa 7\/em,maxb t PLC 17exd E1/2e

436 nm 438 nm 0.94 5.34 ns 3.8V vs. Li/Li*

2 Wavelength of maximum absorbance in cyclohexane.®

b \Wavelength of maximum emission in cyclohexane. & Aex = 410 nm
¢ Photoluminescence quantum yield in cyclohexane.

d Excited state lifetime in cyclohexane. &

¢ Redox potential. Measured with cyclic voltammetry (CV) in ethylene carbonate:
dimethyl carbonate (3:7 volume ratio) with 1 M LiPFe. *
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A.3.1 Properties of perylene dyes

+ + Euae
4 Pe Pe Pe* Pe** e
Egy .50V
300 400 500 600 700 800 —p("‘:e_:
wavelength [nm] v

Figure A-12 Left: absorption and emission spectra of the relevant states: ground states
absorption (blue), emission from S; (teal), cation ground state absorption (green) and
excited state absorption (red). Adapted from ref®. Right: Energy level alignments of
perylene comparing with TiO. Adapted from ref%,

Perylene (Pe) is an ideal model dye for the investigation of HET on nanostructured
metal oxides. First, the absorption spectra of the ground state Pe, the excited state, Pe”, as
well as the ground state of the oxidized form Pe* (the product of HET reaction), i.e. all
the species involved in ET process, are well separated. Additionally, these transitions are
all in visible range (Figure A-12). These absorption properties allow the direct
spectroscopic investigation of the ET process with pump-probe spectroscopy. Also,
photoexcitation of perylene has almost pure So- S1 character, and the first excited singlet
state decays only radiatively with a long lifetime (about 5 ns in cyclohexane®). Finally,
perylene is a good photo-reductant for TiO2 and ZnO, as the energy of the donor state lies
very high above the conduction band, resulting in efficient and ultrafast charge injection
(13 to 200 fs depending on structure®®). There is no ultrafast decay channel and electron
injection is expected to be the only reaction for perylene/TiO2. The combination of these

favorable properties is rather exceptional and allows easier spectral identification and
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monitoring of all species formed during the interfacial charge transfer process, making
perylene/TiO: interfaces ideal substrates for pump-probe spectroscopic investigations of
HET processes.

Although perylene has favorable electronic properties, there are only a few examples
for its application in HET studies, with the exception of the pioneering work of Willig
and coworkers® 7 %% Qne significant drawback for the application of perylene is the
easy aggregation in solution and on surfaces due to the strong interaction of the w-system.
Interchromophore electronic coupling can result in several processes competing with CT,
for instance symmetry-breaking charge separation (SB-CS) and excimer formation,
which may lead to rapid excited-state quenching.

In fact, perylene aggregation has been studied in the past for this very reason. Studies
of molecular association of perylene, i.e., ground-state dimer and excimer, have been
conducted in solution,®” in crystals,®®% in thin polymer films,!* and in Langmuir-
Blodgett (LB) films.1921% |n the study of Petty et al.,'* perylene molecules were doped
into LB films, and their aggregation was discussed in terms of steady-state and
nanosecond time-resolved fluorescence spectroscopy. The temperature effect on the
luminescence and its lifetime of excimers was extensively studied by Willig et al.1%
using 1:1 mixed layers of 12-(3-perylenyl) dodecanoic acid and arachidic acid. In this
case the excimer emission occurs at 1.5 K. The excimer emission showed a significant
red-shift (peak at 636 nm) with a lifetime of 69 ns, and can be generated through the
partially forbidden transition to the lowest excited dimer state. Akimoto et al.'®
employed the same LB film model and investigated the concentration effect in the

formation of dimers. By preparing LB monolayers containing Pe chromophores with
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different concentrations and measuring the steady-state and picosecond time-resolved
fluorescence spectra, they found the presence of two types of dimers, D1 and D2, which
were assigned to the dimers where two chromophores are partially and fully overlapped,
respectively. (Figure A-13) Their formation was closely dependent on the concentration

of chromophores included in the LB films.

NSRS RN

Figure A-13. Schematic drawing of different states of perylene in LB films. Adapted with
permission from ref.2%® Copyright (YEAR) American Chemical Society.

A recent study by Cook et al.l° probed the energy transfer dynamics of perylene
dimers. With ultrafast transient absorption (TA) spectroscopy of dimers of perylene
bound either directly or through a xylyl spacer to a xanthene backbone (Figure A-17),
they were able to probe the effects of interchromophore electronic coupling on excimer
formation and symmetry-breaking charge separation (SB-CS). Two different time
constants for excimer formation in the 1-25 ps range were observed in each dimer. In
highly polar solvent like acetonitrile, SB-CS competes with excimer formation in the
weakly coupled isomers followed by charge recombination with tcr = 72-85 ps to yield

the excimer.
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Dimer1 & 2

Figure A-14 The structure of Dimer 1 & 2.

In summary, an effective use of perylene for MO, sensitization requires strategies that
prevent the formation of aggregates. The substitution of the perylene framework with
bulky alkyl groups has proven an effective strategy to prevent aggregation and increase
solubility. Perylene derivatives disubstituted with tert-butyl (t-Bu) groups at position 2
and 5 were at the center of the pioneering studies of heterogeneous ultrafast charge
transfer conducted by Willig and coworkers over two decades ago.”® *°¢ However, this
model molecule is, to this date, underutilized. In next chapter we will describe a practical,
improved routes to the synthesis of DTBuPe-bridge-COOH derivatives that are currently
being studied by our group, in collaboration with the groups of Prof. Andrew Teplyakov
and Prof. Lars Gundlach at the University of Delaware, and of novel compounds suitable

for click chemistry that we recently reported.%’
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Chapter B : Synthesis of 2,5-di-tert-
Butylperylene-Bridge-Anchor

Derivatives
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B.1 Introduction

In this chapter we describe the synthesis of 2,5-di-tert-butylperylene (DTBuPe)
derivatives and of DTBuPe-bridge-anchor compounds. Figure B-1 shows the chemical
structures of the target compounds. The two bulky tert-butyl groups were introduced in
the 2- and 5-position of the perylene (Pe) framework to prevent -7 stacking in solution
and on surfaces. In addition, the t-Bu substituents resulted in excellent solubility in

organic solvents of all DTBuPe derivatives.

t-Bu t-Bu t-Bu t-Bu
OO O tBu l t-Bu
N
COOH

COOH COOH
DTBuPe-C,H,-COOH (8b) DTBuPe-C,H,-COOH (9) DTBuPe-COOH (6)

OO ch h t-Bu t-Bu t-Bu t-Bu
romophore OO OO
o ] ]
O O ®
Bridge <

NH,

% / COOH
W nchor DTBuPe-Ph-COOH (7b)  DTBuPe-Ph-NH, (10)

t-Bu l l t-Bu OO
N

§eiata

_ O
)

Ny N
COOH

DTBuPe-Ph-Az (7b) DTBuPe-Ph-Tz-COOH (12b)

Figure B-1 Structure of DTBu-Pe derivatives synthesized.

Our strategy was to prepare DTBuPe and then introduce functional groups in position 9

for further functionalization. Direct Friedel-Crafts alkylation of perylene with t-BuCl
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seemed a direct approach to DTBuUPe, but the lack of regioselectivity led to an intractable
mixture of alkylation products®® (Scheme B-1, a). A longer, but ultimately successful,
approach involved anionic cyclization of 1,1'-binaphthyl derivatives, effectively building

the perylene framework using a North-South approach. (Scheme B-1, b)

Friedel
Crafts OO
a O

t-Bu t-Bu
t-Bu t-Bu OO
aromatic OO N
N

coupling FGy

-4- f—
FGy, §
DTBuPe b) OO s | '

Scheme B-1 Retrosynthetic analysis of DTBuPe 3.

Once the DTBuUPe was synthesized, functional group addition in the 9-position was
carried out via two simple pathways. (Scheme B-2) The first approach involved
formylation of DTBuPe in position 9 via Friedel-Crafts with dichloromethyl methyl ether
to form DTBuPe-CHO, in a 1-C homologation. The aldehyde group in DTBuPe-
CHO 4 can undergo numerous functional group transformations, for instance oxidation
to form the carboxylic acid, which is the anchor group necessary for surface binding. The
second path involves the formation of bromo-derivative DTBuPe-Br (6) via N-
bromosuccinimide (NBS) bromination, leading to as an easy entry to Pd-catalyzed cross
coupling reactions. The combination of both approaches led to the synthesis of known as

well as previously unreported perylene-bridge-anchor compounds.



26
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Scheme B-2 Functionalization of DTBuPe

In summary, intramolecular aromatic coupling is the key step in the synthesis of
DTBuPe derivatives. In the next section we will describe the scope and mechanism of

this reaction.

B.2 Dehydrogenative Intramolecular Aromatic Coupling

Reaction

Methods for the selective formation of aryl-aryl bonds between unfunctionalized aryl
groups constitute an exciting area in the field of organic chemistry. Other than palladium-
catalyzed oxidative aromatic cross-coupling and dehydrogenative coupling by C-H
activation by organometallic catalysts, the formation of aryl-aryl bonds can also be

achieved by aromatic coupling of electron-rich arenes. Such reactions can occur either
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via catalysis of non-oxidizing Bransted or Lewis acids,'®1'! (Figure B-2a) or mediated
by oxidants.!'?1'® (Figure B-2b). In the literature, both kinds of coupling reactions of

electron-rich aromatic substances are often referred to the Scholl reaction.
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Figure B-2 Examples of two Scholl reactions under different conditions.

This reaction was first reported in 1868, then pioneered by Scholl*” and Kovacic!*é,
and attracted considerable attention after the discovery of the application of oxidative
aromatic coupling in the industrial synthesis of many antraquinone-derived dyes.''° The
intramolecular adaptation by Millen et al. for the synthesis of structurally well defined,
nanosized graphene substructures,*?>1?® and the potential of this reaction for the
application towards the synthesis of polyaromatic hydrocarbons for organic electronics
with well-defined structures, has spurred an increasing interest in Scholl-type reactions.
Different mechanisms were proposed for these two major conditions: processes which
proceed with strong Lewis acid undergo an arenium cation pathway, while processes that
occur at room temperature with a one-electron oxidant proceed through aryl radical

cation intermediates. In some cases, it is proposed that both mechanisms exist.!1% 124
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The arenium cation mechanism was first proposed by Baddeley'?®

, and then investigated
by Nenitzescu and Balaban'?. It implies the electrophilic attack to the aryl species, for
example, A, to form an electrophilic 6 complex A" (shown H* for simplicity, but could
also be a Lewis acid). The attack from the other aromatic ring forms a new carbon—

carbon bond (Scheme B-3, A™). Hydrogen elimination regenerates the aromatic system,

finally giving B, as described in Scheme B-3.

[OH H_H H H H A H
B B O‘O
H .
Jo 0 o U0t Al
A A’ A" A" B

Scheme B-3 Schematic representation of arenium cation mechanism.

The radical cation mechanism for the Scholl reaction was first proposed by Kenner and
later supported by several studies that probed the presence of aryl radical
intermediates.!?”128 Later, Rathore and co-workers studied the reaction of electron-rich
aromatic compounds in the presence of various oxidants in detail, especially on 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)-MeSOsH system.'?® The same system
had been used previously by these authors to efficiently synthesize a number of
triphenylenes and hexa-peri-hexabenzocoronenes under mild conditions.***3" They
presented some important evidence suggesting that, for many o-terphenyls, the reaction
indeed proceeds via radical cation intermediates, as shown in Scheme B-4.

It should be noted that Scholl reactions often occur with a rearrangement. It has long

been known that alkyl- or arylsubstituted benzenes can interconvert in the presence of
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Scheme B-4 Schematic representation of radical cation mechanism for the Scholl
reaction.

acid catalysts.?” 132133 (Scheme B-5a) Similar rearrangement was observe during the
synthesis of exa-peri-hexabenzocoronene (HBCs) by Miillen and co-workers.!** The
reaction of a p-dimethoxy-substituted precursor with FeCls in MeNO: provided a mixture
of m-dimethoxy-HBC product and bis(spirocyclic) dienone. (Scheme B-5b) This
rearrangement behavior was further investigated by Johnson et al. using aryl naphthalene
system.’® In the presence of 1 M trifluoromethanesulfonic acid (TfOH) in 1,2-
dichloroethane (DCE), 1,1'-binaphthyl isomerized to 1,2'-binaphthyl and 2,2'-binaphthyl
rapidly, and formed multiple cyclization products other than perylene. (Scheme B-5c)
Other noncatalytic intramolecular aromatic coupling methods have also been
investigated. One example is the stilbene photocyclization developed by Mallory and
coworkers'®. Upon UV-irradiation in solution, cis-stilbene undergoes reversible
photocyclization reaction. The resulting trans-4a,4b-dihydrophenanthrene intermediate
can be oxidized with oxidants such as I, to give phenanthrene in high yield.t*¢-3%
(Scheme B-5a) Another example is the thermal cyclodehydrogenation by flash vacuum
pyrolysis (FYP)'® which entails heating a precursor molecule in vacuum at high
temperature (over 1000 °C) and briefly. This method was employed by Scott and

coworkers in a series of syntheses of bowl-shaped PAHs and Cgo.3%1}(Scheme B-5b)
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Scheme B-5 Rearrangements of aromatic compounds under Scholl reaction conditions.

(a)
ref 136

ref 138 ‘ O
O.O. FVP, 1-2 torr

1200-1300 °C

Scheme B-6 Examples of (a) stilbene photocyclization and (b) flash vacuum pyrolysis.
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However, the most efficient conversion of 1,1'-binaphthatyl to perylene remains, to
this date, the anionic cyclization of aromatic hydrocarbons by alkali metals.(Figure B.3)
The anionic cyclization synthesis of perylene from 1,1'-binaphthyl was accidentally
discovered in 1967 by Solodovnikov and coworkers during a study of 1,1'-binaphthyl
radical anion'*2. In this study, 1,1'-binaphthyl was reduced in 1,2-dimethoxyethane (0.1
M) with potassium metal at room temperature. The ESR signal of 1,1'-binaphthyl anion
radicals was observed growing rapidly in the first hour but then decayed slowly. After 72
h, the mixture was exposed to oxygen, and perylene was isolated in 39% yield. The
experiment was then repeated in the same condition except that potassium was removed
after 1 h, at which point the ESR signal had reached the maximum intensity, producing

perylene in 10% yield. Hydrogen gas was also observed during the reaction (GC analysis).

OO 1) Alkali metal O
Solvent ‘
seELMee

Figure B-3. Anionic cyclization synthesis of perylene.

This reaction is, to date, underutilized. The most noticeable applications are probably
the synthesis of rylene'*® by Miillen et al. and the preparation of 2,5-di-tert-butylperylene
dyes®® by Willig et al. There was no mechanistic research published until Scott et al.**
proposed a mechanism in 2010 which accounted for Solodovnikov’s observations.

In this proposed mechanism, illustrated in Scheme B-7, 1,1'-dinaphthyl (I) is first
reduced to the radical anion (I1) by the alkali metal. This intermediate then cyclizes to
form dihydroperylene radical anion (I11) or is reduced to the dianion of 1,1'-binaphthyl

(1V). Single-electron reduction of 111 results in the dianion of dihydroperylene, which can
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Scheme B-7 Mechanism proposed by Scott et al. a: C-C bond forming step. b: Initiation
step in the proposed radical chain mechanism. c: Two-step propagation cycle in the
proposed radical chain mechanism. d: Mechanism for the reduction of H> to NaH by
sodium naphthalenide.*°

be obtained also by the cyclization of 1V. (Scheme B-7a) All these steps are reversible,

unless the C-H bonds breaks, as in the conversion from 1V to VII. The weak C-H bond in
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V can undergo homolytic cleavage, thermally, to generate VI and free hydrogen atoms.
(H-) The resulting C and H- can undergo a radical chain reaction producing VII and Ha.
(Scheme B-7 b&c) H. formed in the cycle can be reduced by the aromatic radical anions,
according to a well-studied mechanism,**> generating more H- for the radical chain
reaction. (Scheme B-6d)

Scott et al. also investigated the conditions for this reaction. By screening solvents,
alkali metals, reaction temperature and time, quantitative yield was achieved using an
optimized condition: three or more equivalents of potassium metal in tetrahydrofuran
(THF), 85 °C in a pressure vessel overnight.#

To summarize, several types of intramolecular aromatic coupling reactions, for
instance Scholl reaction and anionic cyclization, can be utilized to synthesize the
DTBuPe framework. However, there is no published high-yield record utilizing Scholl
reaction on the synthesis of perylene framework. Furthermore, 1,1'-binaphthatyl can
undergo complicated rearrangement under typical Scholl reaction conditions; this could
be even more complex as our precursor is a disubstituted 1,1'-binaphthatyl. Considering
all these factors, we selected anionic cyclization for the intramolecular aromatic coupling

step.
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B.3 Synthesis of 2,5-di-tert-butylperylene

Separatlon

6t—Bu
67% 33% 16%

t-Bu t-Bu t-B
CuBry/AbO; gy g 3 18y OO ’
CCly, 85 °C B(OH)Z ) SLMP®, THF, 50 °C
90% f Pd(PPhy)s, C5,CO 2) CdCl, " ‘
Br Tquene/HQO refulx 50% OO

87%

Scheme B-8 Synthesis of DTBuPe

The synthesis of DTBuPe proceeds through the anionic aromatic cyclization as the key
step and it is described in Scheme B-8. The first step in this synthesis is the Friedel-Crafts
alkylation of naphthalene. This procedure is utilized for the synthesis of 2,6-di-tert-
butylnaphthalene, which is a commonly used precursor in polymer industry for the
synthesis of valuable poly(ethylene naphthalenedicarboxylate) (PEN). However, in our
case, the minor product, 2,7-di-tert-butylnaphthalene, is the desired target. This reaction
was repeated in large scale (~30 g naphthalene) several times and consistently generated
a 1:2 mixture of the 2,7- and 2,6- regioisomers.

Due to their similar physical properties, these two regioisomers could not be
separated through conventional purification methods, i.e. silica gel column
chromatography; however, 2,6-substitued naphthalene, which has a more elongated shape,
has a much stronger tendency to form crystalline adducts with thiourea and can be
separated from the 2,7-regioisomer which remains in the mother liquor. This
phenomenon was first studied by Takayoshi Shindo et al**¢. By growing the single crystal

of 2,6-diethyl naphthalene thiourea adduct, they investigated the crystal structure of the
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2,6-isomer 2,7-isomer

Figure B-4 Optimized geometries of 2,6-di-tert-butylnaphthalene (left) and 2,7-di-tert-
butylnaphthalene (right). Calculated by Gaussian 16 using B3LYP/6-311G(d).

adduct and the crystallization process. Thiourea forms a stable monoclinic P2i1/c space
group lattice, and plate-like guests, like 2,6-substituted naphthalene, can be embedded
into the hexagonal channel of the lattice without disrupting the crystal (Figure B-5). In a
later study*’, they further investigated the equilibrium constant of this process for
different dialkylnaphthalene. According to their result, 2,6-di-tert-butylnaphthalene
showed much stronger tendency to precipitate as a crystalline adduct with thiourea
compared with 2,7-di-tert-butylnaphthalene. This selectivity can also be supported by
computational results (Figure B-4): the optimized geometry of the 2,7-isomer is much
more hindered to fit into a crystal channel compared to the 2,6-isomer. Therefore, pure
2,7-di-tert-butylnaphthalene was isolated from the crude with this separation method.
(Scheme B-9) The isolated yield of 2,7-di-tert-butylnaphthalene is very low (~ 15%) due
to the separation and the fact that 2,7-regioisomer is the minor product. However, this
reaction can be performed in very large scale, and gram-amount of 2,7-di-tert-

butylnaphthalene was obtained.
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b=ca.8.14

Figure B-5 Two views of inclusion behavior of 2,6-diethylnaphtalene in thiourea crystal
channel. Reproduced from ref, 146

Cl S

4\ t-Bu t-Bu t-Bu |_12N)LN,_12 tBu S t-Bu t-Bu
OO b OO B OO b

AICl gy t-Bu 2 ¢

67% 33% precitipation 16%

Scheme B-9 Synthesis of 2,7-di-tert-butylnaphthalene

The second step, a bromination in the 1-position of 2,7-di-tert-butylnaphthalene,
proceeds regioselectively and in almost quantitative yield to afford 1-bromo-2,7-di-tert-
butylnaphtalene (Scheme B-8). We found that the use of CuBr, physiosorbed on Al03#
led to almost quantitative yields in the bromination step and the crude product was
considerably easier to purify (by filtration) than the crude obtained from electrophilic
aromatic bromination reaction with bromine. The mechanism is not clear for this
condition; it is suggested that the reaction proceed through an aromatic radical cation
which is formed by single electron transfer (SET) from an aromatic hydrocarbon to

copper(I1) bromide. Activated alumina has electron-acceptor properties, and formation of
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a radical cation of an aromatic hydrocarbon adsorbed on alumina has been observed by
ESR.® Therefore, it is likely that alumina as a support facilitates the generation of the
radical cation of the aromatic hydrocarbon.

To synthesize the binaphthyl precursor, commercially available naphthalen-1-
ylboronic acid was used in a Suzuki Pd-Catalyzed cross coupling reaction with 1-bromo-
2,7-di-tert-butylnaphtalene (1b), to afford 3,6-di-tert-butyl-1,1'-binaphthyl (2) in good (~
90%) yields. (Scheme B-8)

The key step in Scheme B.8 is the anionic cyclization of 1,1'-binaphthyl (2) in the
presence of alkali metal to form the perylene framework '*°. This reaction, which
proceeds via an air-sensitive radical anion, required rigorously degassed (freeze-pump-
thaw) and anhydrous (freshly distilled over sodium and benzophenone) solvent, in our
case THF. A test reaction, performed with binaphthyl in the presence of potassium metal

following a modified procedure from Storck et al'*. (Scheme B.10) afforded perylene

0 o ss o )
_on o ‘
Crome U

Scheme B-10 Anionic Cyclization of binaphthyl.

with 34% vyield.

However, when we employed an identical procedure on 3,6-di-tert-butyl-1,1'-
binaphthyl produced an inseparable crude mixture. Although the side products were not
separated and characterized, we suspect that the high temperature (85 °C), which is
required to melt the potassium metal for the exposure of fresh reactive surface, may lead

to radical side reactions involving the tert-butyl group. Same phenomenon was observed
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in the published result by Willig: large amount of high melting by-product was formed if
the cyclization was performed at temperature > 50 °C.

Therefore, an alkali metal which can maintain a large reactive surface and that reacts at
a relatively low temperature is preferable for this reaction. We found Stabilized Lithium
Metal Powder (SLMP, FMC Corporation), which is used in lithium battery industry. It is
made of spherical particles with controlled particle size (25~60 um diameter) made by
high-speed dispersion of molten lithium®®!. (Figure B-5) Generally, SLMP contains 97%
lithium metal by weight; the remaining 3% is composed of the protective coating layer,
e.g. LioCOa. The protective layer is homogenously coated on the metallic lithium particle
surface and provides both air and solvent stability to lithium metal, allowing SLMP to be
safely handled in a dry room atmosphere. By using this lithium source, the reaction was
successfully conducted at 50 °C and afforded 2,5-di-tert-butylperylene (DTBuUPe, 3) in

50% yield.

Figure B-6 (a) SEM image of single spherical SLMP particle; (b) high magnification
SEM image of the broken edge of the surface skin of the reacted SLMP particle; (c)
microscopic image of sprayed SLMP on a prefabricated anode sheet. Reproduced from
reflwith permission.
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B.4 Synthesis of 2,5-di-tert-butylperylene derivatives
The modification of DTBuPe is described in Schemes B-11 and B-12. As we discussed
before, the distance between a chromophore and the semiconductor surface is crucial for
heterogeneous ET studies. To obtain a well-defined distance from semiconductor to
perylene, the bridge anchor must position the perylene as normal as possible to the
surface. Thus, the 9-position of DTBu-Pe would be the most ideal position. This is also

the most reactive position of perylene in reactions involving a radical cation.

The bromination of DTBu-Pe produced 9-bromo-2,5-di-tert-butylperylene (6) in 83%
yield (Scheme B-11). The reaction was conducted in the dark and in controlled
experimental conditions (room temperature, stoichiometric amount of NBS) to prevent
bromination on other positions and possible homolytic cleavage of the N-Br bond in NBS,

which would lead to radical reaction.

! tBu I‘3r ! E t-Bu
L - D
Co R O

3

Scheme B-11 Synthesis of DTBuPe-Br.

The formylation via Friedel-Crafts with dichloromethyl methyl ether to prepare 4
(Scheme B-11b) was also straightforward and proceeded in acceptable yields!%® (~ 50%).
However, the direct synthesis of 8,11-di-tert-butylperylene-3-carboxylic acid (5) by
metal-halogen exchange of 6 with tert-butyllithium, followed by CO2 and subsequent
hydrolysis produced a mixture of 3 and unreacted 6. (Scheme B-12) The same sequence

repeated, however, on 1-bromonaphthalene readily produced 1-naphthoic acid. The
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reason for this difference is not obvious, but we think it could be due to the lower
solubility of the lithium salt derived from 6 compared to that derived from 1-
bromonaphthalene, or to the delocalization of the lone pair on perylene radical anion. A
method reported by Hlavac et al. for the synthesis of 5,2 involved reaction of 4 with
phenyl hydrazine, followed by reaction with potassium trimethylsilanolate (TMSOK) and
oxidization by air, requires a complex purification procedure, and Zeng and Wu®>
reported the oxidative esterification with 4-ethyl-1-methyl-4H-[1,2,4]triazol-1-ium iodide
(EMTI). We found that a more facile and direct approach to the acid than these methods
is the oxidation of aldehyde 4 to 5 with KMnO4 at room temperature over three days.

(Scheme B-12) When the reaction mixture was heated to 100 °C, however, we observed a

mixture of products assigned to oxidation of the perylene ring or of the tert-butyl groups.

t-Bu t-Bu . t-Bu t-Bu t-Bu t-Bu
OO 1) £BuLi, 0 °C OO 1) £BuLi, 0 °C OO
2) CO, 2) CO,
‘ 3) H,0* ‘ 3)H;0* ‘
O O O
Br
3 4

COOH
6

t-Bu t-Bu t-Bu t-Bu t-Bu t-Bu
OO CHCI,OCH3 OO OO
‘ TiCl, ‘ KMnO, ‘
o-dichlorobenzene OO Pyridine/H,O OO
50% rt.3d
3 5CHO

44%
DTBuPe-COOH
6

Scheme B-12 Synthesis of DTBuPe derivatives 5 & 6

Bromoderivative 6 is an entry to previously unreported perylene-bridge-anchor
compounds via Pd-catalyzed cross coupling procedures (Scheme B-13 and Scheme B-14).
Suzuki cross-coupling reaction of 6 with (4-(methoxycarbonyl)phenyl) boronic acid gave

methyl benzoate 7a which was hydrolyzed to the corresponding acid 7b, Scheme B.4-1,
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and cross-coupling of 4 with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline led to
10, Scheme B.4-2. Finally, Heck reaction of 4 is a considerably easier approach to the
synthesis of ethyl (E)-3-(8,11-di-tert-butylperylen-3-ylacrylate (8a) which was
previously prepared by Wittig reaction of the 4%. Hydrolysis of 8a afforded 3-(8,11-di-
tert-butylperylen-3-ylacrylic acid (8b) in high yields. Hydrogenation of 8b with Hz and

Pd/C afforded 3-(8,11-di-tert-butylperylen-3-yl)propionic acid. (9)

t-Bu
(HO) B COOCHS;3 O‘O

1) Pd(PPhj),, K,CO3
Toluene/H,0/n-BuOH OO

reflux, 3d, 65%

- =
4

2) KOH, MeOH/H,0 O

o

reflux, 90% ‘R= Me
COOR b R=H
DTBuPe-Ph-COOR

t-Bu £Bu
CH,=CH-COOEt OO OO
1) Pd(OAC),, PPhs, EtsN th zdd/cgs/
4 DMF.70°C2d,57% r
—_——
2) KOH, MeOH/H,0 O OO
9

7

reflux, 93% a:R= Et
8 b:R=H

COOR COOH

DTBuPe-C,H,-COOR DTBuPe-C,H,-COOH

Scheme B-13 Synthesis of DTBuPe-bridge-anchor derivatives 7-9.

The azido derivative, 9-(4-azidophenyl)-2,5-di-tert-butylperylene (11) was prepared by
Sandmeyer reaction of 10 in H,0/1,4-dioxane. 1,4-Dioxane was used as cosolvent'>* due
to the highly hydrophobic DTBuPe moiety. 9-(4-azidophenyl)-2,5-di-tert-Butylperylene
is a useful click-ready perylene derivative that can be used to prepare alkyne-bridge-
anchor species by CUAAC, as demonstrated by the successful CUAAC of 11 and ethyl
propiolate for the synthesis of 12a, and for surface click reactions, as described in

Chapter C.
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Scheme B-14 Synthesis of DTBuPe derivatives 10-12.

B.5 Conclusions

2,5-di-tert-Butylperylene (DTBuPe) and a series of DTBuPe-bridge-anchor
derivatives compounds were synthesized through practical pathways. We demonstrated
that DTBuPe was brominated regioselectively, and the bromo group allowed palladium-
catalyzed cross-coupling reactions to access several derivatives. Therefore, the
functionalization potential of DTBuPe was significantly expanded. Moreover, for the
first time, perylene was successfully functionalized with an azide group, and copper-
catalyzed click reaction (CUAAC) was performed with DTBuPe-Ph-N3 in high vyield.
This could lead to promising applications of perylene in a variety of field, as the CUAAC
reaction is widely employed in surface modification. In next chapter, we will describe the

studies of these DTBuPe-bridge-anchor derivatives both in solution and on
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nanostructured TiO2, ZrO, and ZnO films. An application of DTBuPe-Ph-N3 for

morphology preserving sensitization of ZnO nanorod surfaces will also be introduced.

B.6 Experimental Section
General: All reactions involving air- and moisture-sensitive reagents were performed
under nitrogen or argon and in oven-dried or flame-dried glassware. All reactions
involving perylene were conducted in the dark by protecting the vessels from ambient
light with aluminum foil. Perylene samples were stored cold and protected with
aluminum foil. Reagents (naphthalene, thiourea, copper (I1) bromide, anhydrous CdCly,
O-Dichlorobenzene, TiCls, 1,1-dichlorodimethyl ether, ethyl acrylate, sodium azide and
ethyl propiolate) were purchased from VWR and used as received. Boron reagents were
purchased from BTC and used without further purification. Pd(PPhs)s and Pd(OAc):
catalysts were purchased from Strem and kept in a glovebox under N2. NBS was
purchased and then recrystallized with water and dried under air. Solvents
(dichloromethane, (DCM) chloroform, ethyl acetate, (EA) methanol, toluene, 1-butanol,
1,4-dioxane and acetone were HPLC grade unless otherwise indicated. Hexanes
employed for column chromatography was glass distilled. THF (anhydrous, stabilizer
free) was first purified with an MBRAUN Solvent Purification System, then freshly
distilled from sodium/benzophenone ketyl under nitrogen immediately prior to use.
Alumina-supported CuBr, was prepared following a published procedure with activated
neutral aluminum oxide.'*® Flash column chromatography was performed using silica gel
(230-400 mesh) either in glass column or with a Sorbtech EZ Flash system. Thin layer
chromatography was carried out on silica gel aluminum-backed sheets (200 pum thick)

using UV light as developing agent. NMR spectra were collected on a Varian INOVA
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NMR spectrometer operating at 599.896 MHz for H and at 151 MHz for *C. Chemical
shifts (o) are reported relative to the central line of the solvent>>: CDCls (5 7.26 ppm for
'H and & 77.16 ppm for *C); DMSO (8 2.50 ppm for *H and & 39.52 ppm for 13C),
Methanol-d4 (5 3.31 ppm for H and & 49.00 ppm for 3C) and spin-spin coupling
constants (J) are reported in Hz. ESI spectra were collected on an Apex-ultra 70 hybrid
Fourier transform mass spectrometer (Bruker Daltonics). Fourier transform infrared
(FTIR) spectra in were collected on a Thermo Electron Corporation Nicolet 6700 FTIR
utilizing the SMART MIRacle-single bounce attenuated total reflection (ATR) accessory
(ZnSe crystal, with spectral resolution of 8 cm™). Samples for UV-Vis spectroscopy were
dissolved in CH3CN (unless otherwise indicated) and all have concentrations of 50 pM.
Each solution was spectroscopically measured in 1 mm cuvettes using an Edmund Optics

BDS130 UV/VisNIR Light Source and averaged 100 times to reduce noise.

2,7-di-tert-Butylnaphthalene:** A flame-dried one-neck r.b.

flask equipped with a magnetic stirrer and a drying tube charged OO

1a

with calcium hydroxide was charged with naphthalene (20 g, 156
mmol) and tert-butyl chloride (27.8 g, 624 mmol). Upon heating to 40 °C naphthalene
and tert-butyl chloride formed a melt. AICl3 (250 mg, 1.2 mol%) was then added in small
portions while stirring. A vigorous reaction with evolution of gaseous hydrogen chloride
occurred. The reaction mixture turned to brown and solidified within minutes, and then
was maintained at 40° C for 1 h. After that, unreacted tert-butyl chloride was removed in
vacuo. The crude solid was refluxed in ethanol (300 mL) until dissolved, forming a deep

violet solution. Thiourea (21 g) was added and heated to reflux with stirring until fully
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dissolved. After cooling, a white crystalline adduct of thiourea and 2,6-di-tert-
butylnaphthalene was separated by filtration. After this separation, the filtrate was treated
again with thiourea twice (first 21 g and then 8 g) to separate the two regioisomers. The
filtrate was collected and the solvent was removed in vacuo. The resulting crude residue
from the filtrate was sonicated and triturated with H>O, and the resulted suspension was
extracted several times with hexanes. The combined organic layer was washed with H20
and brine, dried with MgSOs and filtered. Evaporation of the solvent yielded a yellow
solid, which was recrystallized with MeOH to afford compound 1a as off-white crystals
(6.2 g, 16%); m.p. 101 -103 °C. *H NMR (Chloroform-d) & 7.75 - 7.73 (m, 4H), 7.51 (dd,
J =85, 1.9 Hz, 2H), 1.41 (s, 18H). 3C NMR (Chloroform-d) & 148.67, 133.46, 130.02,
127.18, 124.33, 123.10, 35.02, 31.49. GC-MS: m/z (%) = 240 (37) [M*], 225 (100) [M*-

CHa], 57 (11) [C(CH3)3"]

bromo-3,6-di-tert-butylnaphthalene:*® A flame dried r.b.

flask equipped with a magnetic stirrer and condenser was OO

charged with 1la (1 g, 4.17 mmol), alumina-supported CuBr; Br
1b

(20.8 mmol of CuBrz in 14 g of mixture ) and CCls (anhydrous,
40 mL). The reaction vessel was then charged with N2 and heated to 85 °C for 2 h.
Analysis by TLC and GC-MS indicated complete conversion. The mixture was then
filtered, and the solid residue was rinsed with CHClI3 to wash off any absorbed product.
The combined filtrate was dried in vacuo, and 1b was obtained as a pale-yellow oil (1.2 g,
90%). It was directly used in the next step. *H NMR (Chloroform-d) & 8.09 (d, J = 8.9 Hz,

1H), 7.79 (d, J = 1.8 Hz, 1H), 7.73 (d, J = 1.9 Hz, 1H), 7.71 (s, 1H), 7.62 (dd, J = 8.9, 2.0
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Hz, 1H), 1.42 (s, 9H), 1.40 (s, 9H). 3C NMR (Chloroform-d) & 149.68, 149.56, 134.65,
128.72, 128.39, 126.62, 125.79, 123.55, 123.34, 122.51, 35.10, 35.00, 31.40. GC-MS:

m/z (%) = 318 (45), 320 (45) [M*], 303 (100), 305 (100) [M*-CHs], 57 (22) [C(CHs)s']

3,6-di-tert-butyl-1,1'-binaphthalene: A flame-dried r.b. flask
equipped with a magnetic stirrer and condenser was charged with OO
1b (2.0 g, 6.26 mmol), naphthalen-1-ylboronic acid (1.29 g, 7.51

mmol), toluene (10 mL), 1-butanol (5 mL) and 2N ag. Cs2CO3 OO

2

(6.3 mL, 12.6 mmol) under N2. Pd(PPhs)s was added under N2

flow and the mixture was refluxed with vigorous stirring for about 3 d. After cooling to
room temperature, the mixture was diluted with brine and extracted with ethyl acetate (20
mL x 3). The combined organic layer was washed with brine, dried with Na>SOs, filtered,
and the solvent was removed in vacuo. After column chromatography (silica gel,
hexanes), compound 2 was obtained as a colorless glass (2.0 g, 87%) 'H NMR
(Chloroform-d) & 7.99 (d, J = 8.3 Hz, 2H), 7.96 — 7.91 (m, 2H), 7.68 — 7.62 (m, 1H), 7.61
(d, J=1.7 Hz, 1H), 7.54 (td, J = 14.6, 14.0, 7.1 Hz, 3H), 7.43 — 7.31 (m, 3H), 1.51 (d, J =
0.7 Hz, 9H), 1.46 (d, J = 0.8 Hz, 9H). 13C NMR (Chloroform-d) & 148.68, 148.26, 139.31,
137.86, 133.83, 133.21, 129.58, 128.37, 128.11, 127.95, 126.97, 126.55, 126.15, 126.08,

125.99, 125.61, 124.51, 123.41, 123.17, 35.17, 35.00, 31.58, 31.51.

2,5-di-tert-Butylperylene (DTBuPe) This procedure was carried out under argon and
with rigorous exclusion of moisture and oxygen. The anhydrous THF used in this

reaction was freshly distilled anhydrous THF, degassed by freeze-pump-thaw and then
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charged with argon. A glass coated stirring bar was used.
(CAUTION: Lithium metal may react with Teflon to form OO
explosive carbon powder). To a flame-dried r.b. flask equipped ‘

with a condenser, compound 2 (500 mg, 1.37 mmol) and OO

stabilized lithium powder (SLMP® from FMC Co., 288 mg, 41.1 3

mmol) were added under positive argon flow. Then anhydrous THF (41 mL) was added
to the flask via cannula. The mixture was then gradually (45 min) heated to 50 °C and
maintained at 50 °C for 5 h. The color changed from yellow, to green, red-brown and
finally deep violet, indicating the formation of the radical anion. After cooling to room
temperature, anhydrous CdCl> (3.76 g, 15 mmol) was added in small portions under
positive argon flow to oxidize the formed DTBuPe? and any unreacted lithium. The
color of the suspension changed to yellow with a detectable fluorescence. The suspension
was stirred for 1 h and then carefully acidified with 5N H2SO4 (ag) While cooling with a
water bath. The resulting suspension was filtered, and the metallic cadmium powder was
rinsed with acetone to collect any physisorbed product. The filtrates were combined,
evaporated in vacuo and the resulting orange crude solid was triturated with ethyl acetate.
The aqueous layer was then extracted by ethyl acetate (20 mL x 3) and the combined
organic layers were washed with diluted ( ~ 1M, aq) HCI, brine and dried (Na2SQOs4). The
solvent was then removed in vacuo. Column chromatography (silica gel, hexanes: ethyl
acetate = 30:1) yielded 3 as a yellow solid. (250 mg, 50 %) *H NMR (Chloroform-d) &
8.24 (d, J = 1.4 Hz, 2H), 8.23 — 8.19 (m, 2H), 7.66 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 1.4

Hz, 2H), 7.48 (t, J = 7.8 Hz, 2H), 1.47 (s, 18H). *C NMR (Chloroform-d) & 148.98,
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134.90, 134.75, 131.61, 130.41, 127.59, 126.37, 125.39, 123.46, 119.82, 118.28, 34.93,

31.31.

9-Bromo-2,5-di-tert-butylperylene (DTBuPe-Br)!%: A two-

neck r.b. flask equipped with a magnetic stirrer and condenser OO
was charged with a solution of 3 (250 mg, 0.69 mmol) in DMF ‘
(anhydrous, 30 mL). After a few vacuum/ N2 cycles a solution of OO
NBS (122 mg, 0.69 mmol) in anhydrous DMF (7 mL) was 4Br

injected via syringe. The reaction vessel was protected from ambient light with aluminum
foil and the reaction mixture was stirred at r.t. in the dark under N for 26 h., then water
(60 mL) was added and the resulting suspension was stirred for 1 hour. The suspension
was extracted with CH2Cl, multiple times, and the combined organic layers were washed
with H20 and brine. After drying over MgSOs and filtration, the solvent was removed in
vacuo and purification of the crude product by column chromatography (silica gel,
hexanes: ethyl acetate = 100:1) yielded compound 4 as an orange solid (250 mg, 83%).
IH NMR (Chloroform-d) & 8.22 (m, 3H), 8.01 (dd, J = 28.4, 8.3 Hz, 1H), 7.72 (d, J = 8.0
Hz, 1H), 7.65 (d, J = 4.1 Hz, 2H), 7.54 (t, J = 7.9 Hz, 1H), 1.47 (s, 18H). 2*C NMR
(Chloroform-d) & 149.17, 149.12, 134.62, 133.20, 131.97, 131.56, 130.51, 130.27, 129.92,
129.74, 127.55, 126.67, 124.90, 123.99, 123.89, 122.16, 120.65, 120.12, 118.85, 118.56,

34.97, 31.34.

8,11-di-tert-Butylperylene-3-carbaldehyde (DTBuUPe-

CHO)6: A flame-dried 2-neck r.b. flask equipped with a OO

CHO
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magnetic stirrer was charged with 4 (200 mg, 0.274 mmol) under nitrogen. O-
dichlorobenzene (60 mL) was added via syringe. The solution was then cooled in an ice
/water bath and TiCl4 (90 uL, 0.357 mmol) and 1,1-dichlorodimethyl ether CI,CHOCHj3
(65 uL, 0.357 mmol) were added via syringe. After stirring for 1h, the ice bath was
removed and the reaction mixture was stirred at r.t. for an additional 2 hours. The
reaction mixture was diluted with ethyl acetate (50 mL), washed with 5% HCI (50 mL),
H>0 (4 x 20 mL) and brine (20 mL). The combined organic layers were dried with
Na2SOq, filtered and the solvent was removed in vacuo. The crude residue was purified
via column chromatography (silica gel, hexane: ethyl acetate; 9:1) to yield 5 as a bright
red solid (114 mg, 50%) *H-NMR (Chloroform-d) § 10.33 (s, 1H), 9.18 (d, J = 8.4 Hz,
1H), 8.41 — 8.31 (m, 4H), 7.96 (d, J = 7.8 Hz, 1H), 7.81 — 7.75 (m, 1H), 7.75 — 7.68 (m,

2H), 1.50 (d, J = 5.4 Hz, 18H).

8,11-di-tert-Butylperylene-3-carboxylic  acid (DTBuPe-

COOH)Y": A 2-neck r.h. flask equipped with a magnetic stirrer OO
and a condenser was charged with 5 (50 mg, 0.128 mmol), H20 O‘O

(5 mL), pyridine (2.5 mL) and KMnQO4 (61 mg, 0.383 mmo) and
COOH
the mixture was stirred at room temperature for about 3 d. 6

Pyridine was removed in vacuo, and water (10 mL) was added to the crude residue. The
resulting suspension was heated to 100 °C to dissolve any carboxylate salt and then
filtered. The filtrate was cooled to r.t. and carefully acidified with conc. HCI to form a red
suspension. After filtration, the solid was washed with H>O and n-pentane, then dried

under vacuum to yield 6 as a red solid (23 mg, 44%). *H NMR (DMSO-d6) & 8.81 (d, J =
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8.5 Hz, 1H), 8.56 (d, J = 7.5 Hz, 1H), 8.53 (d, J = 8.1 Hz, 1H), 8.45 (d, J = 1.4 Hz, 1H),
8.42 (d, J = 1.4 Hz, 1H), 8.12 (d, J = 7.9 Hz, 1H), 7.83 (d, J = 1.2 Hz, 1H), 7.78 (d, J =
1.2 Hz, 1H), 7.69 — 7.64 (m, 1H), 1.46 (d, J = 1.4 Hz, 18H). 3C NMR (DMSO-d6) &
174.49, 149.25, 149.11, 134.70, 134.15, 132.52, 130.90, 130.36, 129.57, 128.95, 128.63,
127.85, 125.44, 124.81, 124.23, 123.82, 120.92, 120.06, 119.63, 119.30, 34.84, 30.99. IR
(FTIR): 700.0334, 719.3181, 765.6013, 784.886. 831.1692, 873.5955, 894.8086,
912.1648, 960.3765, 983.5181, 1035.587, 1093.441, 1118.511, 1137.795, 1201.435,
1218.791, 1251.575, 1270.86, 1317.143, 1357.641, 1374.997, 1392.353, 1403.924,
1434.779, 1463.706, 1500.347, 1521.56, 1571.7, 1598.699, 1625.698, 1673.909,

2848.345, 2917.77, 2950.554 cm™*

Methyl 4-(8,11-di-tert-butylperylen-3-yl)benzoate: A flame-
dried 2-neck r.b. flask equipped with a magnetic stirrer and a OO
condenser was charged under nitrogen with 4 (340 mg, 0.77 ‘

mmol), (4-(methoxycarbonyl)phenyl)boronic acid (207 mg, 1.15 OO
mmol), toluene (1.5 mL), 1-butanol (0.75 mL) and 2N aq. O

Cs2C0O3 (0.75 mL,). Pd(PPh3)s (44.5 mg, 0.039 mmol) was added COOCH;

7a

under positive N2 flow and the reaction mixture was refluxed

with vigorous stirring for 3 d. After cooling to room temperature, brine was added and
the mixture was extracted with ethyl acetate (20 mL x 3). The combined organic layers
were washed with H2O and brine, dried over Na,SOs, filtered, and the solvent was
removed in vacuo. After column chromatography (silica gel, hexanes: ethyl acetate =

10:1), compound 7a was obtained as a bright yellow solid (232 mg, 61 %). 'H NMR
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(Chloroform-d) 5 8.30 — 8.24 (m, 4H), 8.18 (d, J = 8.4 Hz, 2H), 7.70 — 7.65 (m, 3H), 7.62
(d, J = 8.4 Hz, 2H), 7.47 — 7.41 (m, 2H), 3.9 (s, 3H), 1.49 (s, 9H), 1.49 (s, 9H). HRMS

(ESI): calculated for C34H3502, 499.2637 [M+H]*; found, 499.2640 [M+H]*

4-(8,11-di-tert-Butylperylen-3-yl)benzoic acid (DTBuPe-Ph-

COOH): To a solution of 7a (100 mg, 0.2 mmol) in methanol (5 OO
mL), 1IN KOH (aq.) solution (5 mL) was added in one portion with ‘
stirring. The mixture was heated to reflux and stirred overnight. OO
After cooled to room temperature, 10% HCI (ag.) was added O
dropwise to the flask until the solution became acidic and a bright COOH
yellow suspension formed. This fine powder was collected by b

filtration and washed with water and n-pentane to obtain 7b as a yellow solid (90 mg,
90%).*H NMR (Chloroform-d) § 8.31 — 8.25 (m, 6H), 7.71 (d, J = 8.3 Hz, 1H), 7.69 —
7.65 (m, 4H), 7.50 — 7.44 (m, 2H), 1.50 (d, J = 2.7 Hz, 18H). 3C NMR (Chloroform-d) &
171.57, 149.18, 149.16, 146.77, 138.29, 134.68, 132.71, 131.95, 131.83, 130.40, 130.23,
130.17, 129.45, 128.10, 127.67, 126.75, 125.28, 125.24, 123.78, 123.65, 120.17, 119.47,
118.64, 118.50, 34.99, 31.35. HRMS (ESI): calculated for CzsH3202, 484.2402 [M]*;
found, 484.2407 [M+H]" IR (FTIR-ATR): 707, 727, 763, 798, 841, 878, 924, 933, 960,
977, 1018, 1043, 1087, 1101, 1126, 1176, 1234, 1259, 1275, 1286, 1311, 1369, 1415,

1462, 1564, 1601, 1624, 1684, 1734, 2856, 2865, 2923, 2952 cm™

Ethyl (E)-3-(8,11-di-tert-Butylperylen-3-ylacrylate: A flame-dried 2-neck r.b. flask

equipped with a magnetic stirrer and a condenser was charged with 4 (293 mg, 0.66



mmol), Pd(OAc). (3.7 mg, 0.017 mmol), and PPhz (21.6 mg,
0.083 mmol) under N2 atmosphere. To the solution, ethyl acrylate
(132 mg, 1.32 mmol), triethylamine (73.5 mg, 0.73 mmol) and
DMF (anhydrous, 5 mL) were added with a syringe while stirring.
The mixture was heated to 80 °C and stirred for 3 d. After cooling

to room temperature, brine was added, and the mixture was
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AN
COOEt

8a

extracted with ethyl acetate (20 mL x 3). The combined organic layers were washed with

H>O and brine, dried over Na SOyq, filtered, and the solvent was removed in vacuo. After

column chromatography (silica gel, hexanes : ethyl acetate = 5:1), 8a was obtained as a

red solid (165 mg, 54%) 1H NMR (600 MHz, Chloroform-d) 6 8.46 (d, J = 15.7 Hz, 1H),

8.32 — 8.23 (m, 3H), 8.19 (d, J = 8.0 Hz, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 7.9

Hz, 1H), 7.67 (d, J = 12.4 Hz, 2H), 7.58 (t, J = 7.9 Hz, 1H), 6.54 (d, J = 15.7 Hz, 1H),

4.33 (g, J = 7.2 Hz, 2H), 1.49 (d, J = 1.4 Hz, 18H), 1.39 (t, J = 7.1 Hz, 3H). 13C NMR

(151 MHz, Chloroform-d) 6 167.06, 149.23, 149.14, 141.40, 134.59, 133.78, 133.01,

132.08, 130.74, 130.19, 129.89, 129.29, 127.11, 125.65, 125.01, 124.32, 123.80, 122.88,

120.26, 119.96, 119.60, 119.03, 118.87, 60.58, 34.97, 31.32, 29.71.

(E)-3-(8,11-di-tert-Butylperylen-3-yl)acrylic acid (DTBuPe-C:H2-COOH) To a

solution of 8a (50 mg, 0.11 mmol) in methanol (5 mL), 1N ag.
KOH (5 mL) was added in one portion. The mixture was heated
to reflux and stirred overnight. After cooling to room temperature,
diluted 10% ag. HCI was added dropwise until the solution

became acidic. A red fine suspension formed. The powder was

A

8b COOH
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collected by filtration and washed with water and n-pentane to obtain 8b (42 mg, 87%) as
a red powder. *H NMR (DMSO-d6) & 8.56 (d, J = 7.7 Hz, 1H), 8.51 (d, J = 8.0 Hz, 1H),
8.41 (s, 2H), 8.33 (d, J = 15.6 Hz, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.96 (d, J = 7.9 Hz, 1H),
7.78 (d, J = 10.6 Hz, 2H), 7.66 (t, J = 8.0 Hz, 1H), 6.64 (d, J = 15.6 Hz, 1H), 1.45 (s,
18H). C NMR (DMSO-d6) & 167.99, 149.65, 149.61, 140.40, 134.69, 133.24, 132.80,
131.73, 130.76, 130.05, 129.78, 128.91, 128.12, 126.54, 124.78, 123.27, 121.82, 121.56,

121.03, 119.87, 119.63, 35.30, 31.47.

3-(8,11-di-tert-Butylperylen-3-yl)propanoic acid (DTBuPe-
C2H4-COOH): A flame-dried 2-neck r.b. flask equipped with a OO

magnetic stirrer was charged with 8b (20 mg, 0.02 mmol) and O‘O

Pd/C (4 mg, 10 mol%), and methanol (2 mL) were added. The

reaction vessel was degassed with N three times, and then

9 COOH

charged with H> using a balloon and vigorously stirred at room temperature overnight.
After column chromatography (silica gel, sequentially eluted with CH2Cly; then CH2Cl.:
acetone: formic acid = 66:33:1), 9 was obtained as a yellow solid (17 mg, 85%) *H NMR
(Chloroform-d) & 8.26 (d, J = 7.0 Hz, 2H), 8.22 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 7.85 (d,
J =8.4 Hz, 1H), 7.66 — 7.59 (m, 2H), 7.54 (t, J = 8.0 Hz, 1H), 7.39 (d, J = 7.6 Hz, 1H),
3.43 - 3.32 (M, 2H), 2.86 — 2.78 (m, 2H), 1.47 (d, J = 3.5 Hz, 18H). IR (FTIR): 700.0334,
719.3181, 761.7444, 817.6699, 877.4524, 935.3064, 1024.016, 1043.301, 1087.655,
1151.295, 1201.435, 1230.362, 1257.36, 1288.216, 1363.426, 1461.778, 1652.696,

1708.622, 2852.202, 2923.555, 2954.411 cm!



4-(8,11-di-tert-Butylperylen-3-yhaniline (10): A flame-dried 2-
neck r.b. flask equipped with a magnetic stirrer and a condenser
was charged with 4 (330 mg, 0.746 mmol), 4-(4,4,55-

tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (196 mg, 0.896
mmol), toluene (1.41mL), and 1-butanol (0.72mL), and a 2 N aqg.
K2CO3 (0.72 mL). After a few vacuum/ Nz cycles, Pd(PPhas)as

(71.6 mg, 8.3%) was added under N> flow and the reaction was
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NH,

10

heated to reflux (120 °C) for 3 days. The reaction mixture was cooled to r.t., filtered

through Celite and extracted with ethyl acetate (5 ml x 3). The combined organic layers

were washed with brine and dried with Na2SO4 and the solvent was removed in vacuo.

The crude residue was purified via column chromatography (silica gel, hexanes: ethyl

acetate = 10:1) to form product 10 as a brown solid (197 mg, 58%). 'H NMR

(Chloroform-d) 5 8.31 — 8.22 (m, 4H), 7.85 (d, J = 8.4 Hz, 1H), 7.66 (dd, J = 4.1, 1.4 Hz,

2H), 7.48 — 7.41 (m, 2H), 7.35 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 3.83 (s, 2H),

1.53 —1.48 (m, 18H). 2*C NMR (Chloroform-d) & 149.12, 149.08, 145.81, 139.97, 134.77,

133.36, 131.74, 131.07, 130.98, 130.80, 130.67, 130.39, 129.55, 127.49, 126.18, 126.15,

125.38, 123.38, 123.23, 119.99, 119.74, 118.33, 118.03, 115.01, 35.01, 31.40.

9-(4-azidophenyl)-2,5-di-tert-Butylperylene (DTBuPe-Ph-N3):
A flame-dried 2-neck r.b. flask equipped with a magnetic stirrer
and a condenser was charged with a solution of 10 (100 mg, 0.220
mmol) in dioxane (2 mL) followed by 4N H>SOs (ag., 2mL) to

form a suspension of the sulfate salt as a yellow solid. The flask

1"

N3
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was then equipped with an addition funnel, degassed and charged with N2. The
suspension was stirred in an ice bath, until cold (about 30 min) and 0.5 N NaNO; solution
(ag., 5ml, 0.263 mmol) was added dropwise (15 mins) with vigorous stirring to ensure
that the reaction mixture stays cold. Upon addition the reaction mixture became darker.
The reaction mixture was stirred for an additional 45 min while cold and 0.5 N NaN3
solution (ag., 5mL, 0.263 mmol) was added dropwise via an addition funnel and allowed
to stir while cold for an additional 30 min, at which point separation of a clear aqueous
layer and a dark yellow organic layer was observed. The reaction mixture was left stirring
in a large ice bath overnight during which time it slowly reached room temperature, then
extracted with ethyl acetate, washed with brine, dried over Na;SO4 and filtered. The
solvent was removed in vacuo. The crude residue was purified via column
chromatography (silica gel, hexanes: ethyl acetate = 10:1) to obtain product 11 as a dark
brown glassy solid (36 mg, 34%). CAUTION: organic azides and sodium azide may
decompose explosively. Azide waste should not come in contact with concentrated acids
or metals. "H NMR (Chloroform-d) & 8.29 — 8.23 (m, 4H), 7.71 (d, J = 8.4 Hz, 1H), 7.66
(s, 2H), 7.52 (d, J = 8.4 Hz, 2H), 7.44 (t, J= 7.9 Hz, 1H), 7.40 (d, J = 7.6 Hz, 1H), 7.18
(d, J = 8.4 Hz, 2H), 1.51 — 1.46 (18H). '*C NMR (CDCls) & 149.13, 139.16, 138.57,
137.70, 134.73, 133.05, 131.90, 131.40, 131.26, 130.54, 130.35, 129.49, 127.63, 126.52,
125.48, 125.30, 123.58, 120.09, 119.54, 119.07, 118.53, 118.31, 35.00, 31.37. HRMS
(ESI): calculated for C3sH3 N3, 481.2518 [M]" ; found, 481.2524 [M]" IR (FTIR):
821.5269, 836.9546, 877.4524, 908.3079,958.448 977.7327, 1089.584, 1110.797,

1130.082, 1182.15, 1209.149, 1259.289, 1290.144, 1347.998, 1363.426, 1374.997,
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1392.353, 1427.065, 1465.635, 1477.206, 1504.204, 1600.627, 1623.769, 2088.53,

2121.313, 2856.059, 2867.63, 2925.484, 2962.125 cm™!

Ethyl 1-(4-(8,11-di-tert-butylperylen-3-yl)phenyl)-1H-1,2,3-triazole-4-carboxylate

(12a): A flame-dried 2-neck r.b. flask equipped with a magnetic
stirrer and a condenser was charged with a solution of 11 (30 mg, OO
0.062 mmol) in a 2:1 HO:THF mixture (6 mL) followed by ‘

ethyl propiolate (12.22 mg, 0.124 mmol). To the resulting OO

suspension, sodium ascorbate (2.46 mg, 20 mol%) and copper(1l) O
sulfate pentahydrate (1.55 mg, 10 mol%) were added under N
N
nitrogen. The reaction was stirred under nitrogen for 5 days. The N /
COOEt
reaction mixture was diluted with water, extracted with ethyl 12
a

acetate, washed with brine, and dried with Na.SO4 and filtered. The solvent was removed
in vacuo. The crude residue was purified via column chromatography (silica gel, hexanes:
ethyl acetate = 10:1) to afford compound 12a (35 mg, 97%) as a brown glassy soild. 'H
NMR (Chloroform-d) & 8.59 (s, 1H), 8.33 — 8.24 (m, 4H), 7.89 (d, J = 8.5 Hz, 2H), 7.72 —
7.67 (m, 5H), 7.54 — 7.39 (m, 2H), 4.51 (g, J = 7.1 Hz, 2H), 1.52 — 1.45 (m, 21H). 13C
NMR (Chloroform-d) & 160.59, 149.10, 149.07, 142.38, 140.89, 137.48, 135.34, 134.59,
132.71, 131.91, 131.74, 131.40, 130.25, 130.02, 129.36, 127.62, 126.70, 125.39, 125.12,
12498, 123.73, 123.61, 120.72, 120.09, 119.36, 118.58, 118.40, 61.48, 34.89, 31.25,
14.29. HRMS (ESI): calculated for CssHz7N3O2, 580.2964 [M+H]"; found, 580.2969
[M+H]" IR (FT-IR): 3133, 2954, 2919, 2850, 1704, 1599, 1541, 1462, 1365, 1252, 1173,

1147, 1090, 1038, 874, 835 cm™.
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1-(4-(8,11-di-tert-butylperylen-3-yl)phenyl)-1H-1,2,3-
triazole-4-carboxylic acid (DTBuPe-Ph-Tz-COOH, 12b): A OO
flame-dried 2-neck r.b. flask equipped with a magnetic stirrer ‘

was charged with a solution of 12a (11 mg, 0.02 mmol) in THF OO
(10 mL), and then LiOH (8 mg, 0.2 mmol) was added under Na. ‘
The reaction was stirred at r.t. overnight and then 1 M HCI (ag.) N

",
was added dropwise. until the solution became acidic. A brown N\ZC

fine suspension was formed. The precipitate was filtered,
washed with water, and then with n-pentane to give product 12b (8.5 mg, 81%) as a dark
brown solid. *H NMR (Methanol-d4) § 9.04 (s, 1H), 8.36 — 8.25 (m, 4H), 7.93 (d, J= 8.0
Hz, 2H), 7.67 (d, J = 2.8 Hz, 2H), 7.63 (d, J = 8.3 Hz, 1H), 7.60 (d, J = 7.9 Hz, 2H), 7.43
(t, J = 7.9 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 1.48 (d, J = 3.0 Hz, 18H). *C NMR
(Methanol-d4) 5 172.97, 150.46, 150.43, 143.44, 139.10, 136.29, 134.03, 133.09, 132.79,
132.40, 131.57, 131.36, 130.57, 128.98, 127.97, 126.40, 126.16, 124.92, 124.81, 124.21,
121.78, 121.36, 120.73, 119.71, 119.54, 48.71, 34.75, 31.73. HRMS (ESI): calculated for

Cs7H33N302, 552.2651 [M+H]*; found, 552.2647 [M+H]*

3-Formylperylene (Pe-CHO, 13)%¢: A flame dried 2-neck r.b. flask OO
equipped with a rubber septum, an N2 adapter, and a magnetic stir bar was ‘
charged with perylene (1.00 g, 3.96 mmol) and dichlorobenzene (60 mL) OO

under nitrogen. The solution was cooled in an ice/water bath, and then

TiCls (0.65 mL, 5.94 mmol) and 1,1-dichlorodimethyl ether (0.47 mL,
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5.15 mmol) were added via syringe dropwise. The reaction mixture was stirred at 0 °C
for one hour under nitrogen, then the ice bath was removed, and the reaction mixture was
let reach room temperature, and then stirred for an additional 2 hours. The reaction
mixture was diluted with chloroform (200 mL), washed with 5% HCI (200 mL), water (4
x 100mL) and brine (75 mL). The organic layer was dried over Na;SOu, filtered, and the
solvent was removed in vacuo. The crude residue was purified via silica gel column
chromatography (hexane: ethyl acetate; 9:1) to yield 3-formylperylene 13 (0.777 g, 70%).
IH-NMR (CDCl3) 7.53 (1H, t, J=7.57 Hz), 7.54 (1H, t, J=7.69 Hz), 7.68 (1H, t, J=7.98
Hz), 7.74 (1H, d, J=8.04 Hz), 7.81 (1H, d, J=8.04 Hz), 7.92 (1H, d, J=7.80 Hz), 8.26 (1H,
d, J=7.44 Hz), 8.26 (1H, d, J=7.80 Hz), 8.29 (2H, d, J=7.56 Hz), 9.15 (1H, d, J=8.46 Hz),
10.31 (1H, s). 3C NMR (151 MHz, Chloroform-d) & 192.91, 137.83, 137.33, 134.56,
132.49, 131.45, 130.87, 130.25, 130.15, 130.05, 129.51, 129.15, 128.69, 128.34, 127.16,

126.85, 124.80, 122.98, 121.72, 121.28, 119.28.

Perylene-3-carboxylic acid (Pe-COOH, 14)%%: A 2-neck r.b. flask OO

equipped with an addition funnel, a nitrogen adapter, a condenser and a ‘

magnetic stir bar was charged with 13 (0.50 g, 1.79 mmol), water (8 OO

mL), and pyridine (8 mL) under nitrogen. The reaction mixture was COOH

heated to 100 °C and 0.3 N KMnO4 (ag., 10 ml) was added dropwise
over 10 min. The reaction mixture was stirred at 100 °C for additional 12 h and then
pyridine was removed in vacuo. Water (50 mL) was added to the resulting suspension
and then heated to 100 °C and filtered. The filtrate was acidified by adding conc. HCI

dropwise to form a red suspension. After filtration, the crude solid was washed with
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water and dried under vacuum to yield Perylene-3-carboxylic acid (40 mg, 15%) as a
dark red solid. 'H NMR (600 MHz, DMSO-d6) & 8.79 (d, J = 8.5 Hz, 1H), 8.45 (d, ] =
7.5 Hz, 2H), 8.42 (t, J = 7.6 Hz, 2H), 8.13 (d, J = 7.9 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H),
7.84 (d, J = 8.0 Hz, 1H), 7.66 (t, J = 8.0 Hz, 1H), 7.59 (q, J = 7.5 Hz, 2H). 13C NMR (151
MHz, DMSO-d6) 6 169.06, 135.30, 134.71, 133.08, 131.38, 131.29, 130.88, 130.20,
129.95, 129.01, 128.99, 128.79, 128.13, 127.82, 127.69, 127.44, 126.23, 123.04, 122.24,
121.71, 120.38. IR (FTIR): 759.8159, 808.0276, 838.8831, 867.8101, 898.6655,
946.8772, 1008.588, 1124.296, 1151.295, 1201.435, 1253.503, 1313.286, 1380.782,

1428.994, 1500.347, 1519.632, 1567.844, 1583.271, 1621.841, 1670.052 cm™
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Chapter C : Solution Properties and
Binding of 2,5-di-tert-Butylperylene-
Bridge-Anchor Derivatives to Metal

Oxide Surfaces
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C.1 Introduction

Three types of nanostructured metal oxide thin films were used for our studies:
titanium dioxide (TiO2), zinc oxide (ZnO) and zirconium dioxide (ZrO). Both ZnO and
TiO, are well-known n-type semiconductors (Figure A-1) that can generate photocurrent
under ultraviolet light irradiation or under visible light following sensitization with a
dye.?8161 The reason for using metal oxide semiconductors is that they have excellent
stability, low-cost, and nontoxicity.'%21%% The excited state kinetics, like electron injection,
intermolecular charge transfer, charge separation, and charge recombination of dyes
bound to TiO2 and ZnO surfaces, have been investigated by research groups worldwide.
The band gap of nanostructured ZrO, is 5.0 eV, thus the ZrO, film behaves as an
insulator precluding possible electron injection (TiO2 anatase band gap is about 3.2 e+
185) from the photoexcited sensitizers. However, the morphology of nanostructured ZrO2
films is quite similar to that of the TiO, film!%, Therefore, ZrO- films are an excellent
substrate to study the fluorescence emission of sensitizers on metal oxide film in an
environment that closely similar to TiO> films.

Surface sensitization with covalently attached dye-molecules requires a large surface
area per volume that is provided by employing mesoporous thin films made of
nanostructured metal oxide, most commonly nanocolloides, nanotubes, and nanowires.'®”-
188 TiO, nanocolloidal films are by far the most frequently used metal-oxide substrates in
fundamental research and practical applications because they are very easily prepared by
solution methods. An important reason for the dominance of TiO2 is the inherent
chemical stability of its surface, which is inert against strong acids at room temperature

and requires boiling sulfuric acid for etching. Consequently, covalent modification by
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attaching sensitizers via carboxylic (COOH) or phosphonic (P(O)(OH)2) groups is often

used.

M(i-PrO),, i-PrOH

. Hydrolysis

M(OH),, i-PrOH

. Gelation

M(OH), sol-gel network

Solvent removal,
sintering at 450 °C

Film Casting

~10 um thick
and optically
transparent

Figure C-1 Steps of film preparation of nanocrystalline MO, in this study.

Metal oxide nanoparticles are often prepared using the sol-gel method, where the
hydrolysis reaction is stopped right before gelation occurs, (Figure C-1).%° Typically it
involves hydrolysis and condensation of a metal alkoxide in an alcoholic solution. During
the process a gel is formed consisting of a metal oxide network, which results in a
nanoporous structure after calcination. Autoclaving of the sol-gels allows controlled
growth of crystalline particles. Pore size, distribution and “necking” are determined by
the reaction conditions. To improve the porosity and allow deposition on a substrate, a

polymeric binder, polyethylene glycol (PEG), is added to form a homogeneous paste.
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After the deposition of the MO, paste on a suitable substrate, which can be a normal glass
slide or conducting fluorine SnO. (FTO) glass substrate for conducting electrodes. The
films are sintered at 450 °C, the organic polymer is burned, leading to film coatings with
a high surface area and optical transparency. The properties of the nanoparticles are
determined by the nucleation, growth and aging. The resulting nanocrystalline films of
ZrO; or TiOz have a typical thickness of 10 um and average particle size of 10 to 20
nm.170

ZnO has very similar band gap properties compared to TiO2 (3.2 e€V) and about a
decade ago attracted considerable attention as a viable alternative to TiO, for DSSCs
application. ZnO can easily be grown as highly crystalline (wurtzite), vertically aligned
nanowires, and a variety of other ordered morphologies.!’* Highly ordered morphologies
are advantageous in many electronic applications and fundamental interfacial charge
transfer studies where it is important to better control the sensitization process. Also, ZnO
nanorod electrodes exhibited higher electron mobility, a property that is attractive for
applications in solar energy conversion.’? However, the fact that ZnO is etched by the
acidic anchor groups used to bind the sensitizers greatly limits its applicability,">-1"
leading to the formation of zincate salts that may deposit onto the surface. The binding
may be further complicated when multiple surface anchors are present on the same
molecule. Strategies aiming at preserving the integrity of ZnO nanostructure surface
include the development of ZnO materials alloyed with MgO (such as Zn-xMgxO)*"® ,
but this requires metal-organic chemical vapor deposition (MOCVD) methods and for
high doping (>5%) the band gap is affected. Modification of surface stoichiometry, which

is realistic only on a defect-free surface in vacuum,'’” atomic layer deposition (ALD) of
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thin layers of aluminum oxide,*’® and chemical stabilization of the surface with additional

reagents, such as alkylammonium alkylcarbamates,'’®

are additional strategies to prevent
etching.

Liquid phase chemical modification of ZnO nanorods and nanostructures can also be
carried by stepwise procedures, where the initial surface functionalization step involves
attachment of a bifunctional linker with anchor group on an end, and it is followed by a
second step involving reaction with a functional group on other end.*”> & The potential
of click chemistry!®18 as the second step in ZnO surface modification cannot be
underestimated; however, the fact that the first step is carried out in a liquid phase does
lead to ZnO surface etching even in most successful ZnO surface modification
schemes.!”® A solution to this issue is presented in this chapter. A novel azido DTBuPe
derivative (DTBuPe-Ph-N3, 11) was synthesized and bound via click chemistry
(specifically via CuUAAC) to a morphology preserving sensitization of ZnO nanorod
surfaces. This two-step sensitization process is building on a recent finding by Teplyakov
et al'® and will be discussed in this chapter.

As discussed in Chapter A, one significant drawback for the application of perylene is
its easy aggregation in solution and on surfaces due to the strong interaction of the zn-
system. Formation of excimer on the film would decrease the excited state energy level
and compete with the desired HET process. In this chapter, we will describe the solution
properties and binding of several 2,5-di-tert-butylperylene (DTBuPe) bridge-anchor

derivatives to metal oxide surfaces (Figure C-2). By investigating their various

photophysical properties and comparing with neutral perylene (Pe) and perylene-3-
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carboxylic acid (Pe-COOQOH), the effects of t-butyl spacing groups and a variety of bridge

units are probed.

OO tButBu tB“tB“

COOH COOH

Pe Pe-COOH (14) DTBuPe (3) DTBuPe-COOH (6)
t-Bu

t-Bu
O t-Bu t-Bu l l t-Bu OO
3 g
COOH COOH
COOH

DTBuPe-C,H,-COOH (9) DTBuPe-C,H,-COOH (8b) DTBuPe-Ph-COOH (7b)

t-Bu t-Bu
t-Bu ! ! t-Bu
N 1Y
3 »|

COOH
DTBuPe-Ph-Az (11) DTBuPe-Ph-Tz-COOH (12b)

Figure C-2. Perylene and DTBuPe-bridge-anchor derivatives used in this study.

C.2 Results and discussion

C.2.1 UV-Vis Absorption and Fluorescence  Emission

Measurements in Solution
The absorption and emission of DTBuPe and Pe in MeCN solution are shown in
Figure C-3. The 0-0 transition energies are estimated from the intersection of normalized

absorption and emission spectra. From the spectra we notice that the absorption of the
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two molecules are nearly identical, while the emission spectra of DTBuPe was slightly
red-shifted by about 7 nm. Both spectra show very clear Franck—Condon progression.
These results suggested that t-butyl groups only slightly influence the electronic

properties of the perylene core.

—— DTBuPe

350 400 450 500 550 600
Wavelenath 6m)

Figure C-3 Normalized absorption (red) and emission (blue) spectra of Pe (dash-dotted
line) and DTBuPe (solid line) in 0.1 M CH3CN. Aex = 410 nm.

The absorption and emission spectra of DTBuPe-bridge-anchor derivatives are shown in
Figure C-4. The 0-0 transition energies are estimated from the intersection of normalized
absorption and emission spectra and are listed in the Table C-1. All derivatives showed
red-shift spectra when compared with DTBuPe. The spectra of derivatives DTBuPe-
COOH and DTBuPe-C2H4-COOH show the characteristic spectrum of perylene and a
small red-shift, indicating that, as expected, the electronically saturated bridge does not

significantly alter the electronic properties of perylene. For derivative 8b with the
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—— Absorption
—— Emission

DTBuPe

Stokes shift: 570 cm™

DTBuPe-COOH (6)

Stokes shift: 1260 cm™

N2 DTBuPe-C,H,-COOH (9)

Stokes shift: 652 cm ™

DTBuPe-C,H,-COOH (8b)
Stokes shift: 2698 cm™

N DTBuPe-Ph-COOH (7b)

Stokes shift: 1588 cm™

A A AN A\ ey LML EAN v

N DTBuPe-Ph-Tz-COOH (12b)

Stokes shift: 1369 cm ™

350 400 450 500 550 600 650

Wavelength (nm)

Figure C-4 Normalized UV-vis absorption (red) and emission (blue) spectra of DTBuPe
derivatives in 0.1 mM CH3CN solutions. Aex = Aabs,max

conjugated ethylene bridge, a large red-shift (~30 nm) is observed. Moreover, the
vibronic structure is almost washed out, and both absorption and emission band are

significantly broadened. These results suggest that the unsaturated double bond is
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strongly coupled with the perylene core; the excited wavefunctions spread into the bridge
unit and form a larger delocalization system, results in a red-shift of the optical transition
and bigger Stokes shift. Moreover, this expanded n-conjugation system may introduce
new aggregation site and lead to dimer or excimer formation. DFT calculations (Figure
C-4) are in good agreement with spectra, and indicate that the acrylic group is coplanar

with the perylene core.

(a) (b)
DTBuPe-C,H,-COOH DTBuPe-Ph-COOH  DTBuPe-Ph-Tz-COOH

Figure C-5 Optimized ground state geometries of 8b (a), 7b (b) and 12b (c). Calculated
using Gaussian 16 with B3LYP pseudopotential and 6-311+g(d) basis set.

The absorption and emission spectra of derivatives 7b and 12b, which have an
unsaturated phenyl ring connected to the perylene, are very similar to the spectra of
DTBuPe-COOH and 9. This similarity suggests that the  system of the phenyl ring is
not strongly coupled with the & system of perylene. The calculation results (Figure C-5 (b)
and (c)) are consistent with this observation, as both 7b and 12b show a 59.3° dihedral

angle between the phenyl ring and perylene core, due to the hinderance between the
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hydrogen atoms of phenyl ring and the H on Cio of perylene. Obviously, the electronic
coupling between perylene and phenyl group would be disrupted by this conformation.

Selected photophysical data of Pe and DTBuPe derivatives are reported in Table C-1.

Table C-1 Photophysical properties of Pe and DTBuPe derivatives in CH3CN.

Mabsmae MM Ao M Stokes shift, cm™ 0-0 transition energy, cm™
Pe 434 438 210 22,988
DTBuPe 434 445 570 22,779
DTBuPe-COOH, 6 443 468 1206 22,039
DTBuPe-Ph-COOH, 7b 446 480 1588 21,413
DTBuPe-C,H,-COOH, 8b 466 533 2698 20,325
DTBuPe-C,H,-COOH, 9 440 453 652 22,422
DTBuPe-Ph-Tz-COOH, 12b 446 475 1369 21,598

C.2.2 Binding of DTBuPe Bridge-Anchor Derivatives onto MO:

Surfaces

All films used in this study were cast by “doctor blade” method on glass slides from
nanostructured TiO2 (Eng = 3.2 V) and from ZrO,, an insulator (Eng = 5 eV) with a
morphology similar to TiO». Binding to metal oxide nanostructured thin films was done
by immersing the films cast on glass substrates in 0.5 mM CHsCN solutions of molecules.
The functionalized films were rinsed with CH3CN and dried under N2 flow, then

absorption, fluorescence and FT-IR-ATR spectra were collected.

C.2.2.1 Influence of t-Butyl Group
The binding study was first conducted on Pe-COOH and DTBuPe-COOH (6) to
investigate the influence of the t-butyl substituents in preventing the aggregation of
perylene on the nanostructured metal oxide film. The UV-vis absorption spectrum of the
bare TiO2/glass film (reference), Pe-COOH and DTBuPe-COOH bound TiO2/glass are

shown in Figure C-6.
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Pe-COOH (14)

14/TiO,

Normalized Absorbance

350 400 450 500 550
Wavelength (nm)

Figure C-6 Normalized absorption spectra of Pe-COOH (violet solid line) and DTBuPe-
COOH (blue solid line) bound onto TiO: film in comparison to the normalized spectrum
of Pe-COOH and DTBuPe-COOH in CH3CN (dash-dotted line). Normalized absorption
spectra of the TiO film (black dotted line) is also included.

The spectrum of the reference TiO> films showed the fundamental absorption edge at
380 nm, corresponding to a band gap of 3.2 eV. Surface binding of Pe-COOH and
DTBuUPe-COOH onto TiO2 nanoparticle films resulted in broadened spectra. The
broadening of the absorption spectrum of Pe-COOH and DTBuPe-COOH upon binding
to TiO2 might be due to dye-TiO,, dye-dye interactions or both'. Organic dyes strongly
coupled to TiO» surfaces often display dye-to-particle charge-transfer (CT) absorption
bands®-18, This direct = — conduction band transition could result in new absorption
bands. Another source for the broadening in the absorption spectrum could be the mixing

of the molecular state with the semiconductor states.>® This mixing is induced by the
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strong electronic coupling, resulting in a spread of the energy eigenvalues around the
energy of the undisturbed molecular state. Moreover, the multiplicity of binding mode
and orientations onto the nanoparticle surfaces is often invoked as an explanation for the
broadening in the absorption spectrum.*®®

While the absorption of DTBuPe-COOH is slightly red-shifted, the spectrum of Pe-
COOH shows a blue-shift, centered at 420 nm. This broad band is in good agreement

103 and indicates

with studies of perylene dimer in crystal*®® or perylene-doped LB films
the association of perylene dimers'®®. Strong coupling between the transition dipole
moments of the perylene units in the dimers causes the singlet excited state of perylene to
split into two exciton states.!®* A parallel alignment of transition dipole, which is also
referred as H-aggregation, will allow the electronic transition from the ground state to the
upper exciton state and result in a blue shift in the absorption spectra and an apparent
enhancement of the higher-energy bands. On the other hand, J-aggregation, where
transition dipole is in a head-to-tail alignment, allows the electronic transition from the
ground state to the lower exciton state and leads to a red shift. Therefore, the absorption
of bound PeCOOH indicated the formation of H-aggregation dimer.

Pe-COOH and DTBuPe-COOH were also bound to ZrO; films in similar conditions.
Because of the wider band gap, ZrO2 behaves as an insulator precluding electron
injection from the lowest excited-state of perylene derivatives studied here (Eng ~ 5 eV
for ZrO, compared to ~ 3 eV for TiOy). Study of the UV-vis absorption and emission

spectrum of the bare ZrO/glass film (reference), Pe-COOH/ZrO, and DTBuPe-

COOQOH/ZrO; are summarized in Figure C-7.
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The overall binding behavior of DTBuPe-COOH and Pe-COOH to ZrO; surfaces is
analogous to the binding measurements done on TiO. films. Both molecule show
broadened absorption bands upon binding, and the absorption spectrum of Pe-
COOH/ZrO2 shows a blue-shift due to aggregation. The background is due to the
scattering of ZrO, nanoparticles, which were large in this particular sample since the

absorption of ZrO> should occur below 250 nm.

Pe-COOH (14) [ DTBuPe-COOH (6)

g
[=)
T

o
o

14/zr0,

z0, T T IN.. /. T\c----

Normalizaed Absorbance (Arab. unit)
o
o

L L L L L ML T
350 400 450 500 550 350 400 450 500 550

1.0 14

0.8

14/2r0,
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. . . . . . . . . . . . . .
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Figure C-7. Normalized difference steady-state absorption (top) and emission (bottom)
spectra of Pe-COOH/ZrO; (blue solid line) and DTBuPe-COOH/ZrO- (red solid line).
Non-normalized absorption spectrum of sensitized (dashed line) and pure (black dotted
line) ZrO> film are also included. Normalized difference spectrum is shown in
comparison with the normalized spectrum of Pe-COOH and DTBuPe-COOH in CH3CN
(dash-dotted line). Aex = 420 nm.

The fluorescence emission spectra of DTBuPe-COOH/ZrO, and Pe-COOH/ZrO;

(Figure C-7 bottom) were significantly different from those observed in solution. The
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emission spectrum of Pe-COOH/ZrO, exhibits a broad, red-shifted band that is
characteristic of perylene excimer®21%, The fluorescence of Pe-COOH/ZrO; is also
significantly quenched, when compared with DTBuPe-COOH/ZrO;, as shown in Figure

C-8. Both spectral changes are likely the effect of aggregation.

—— 6/210,
—— 14/Zr0,

5000000

4000000
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1000000
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Figure C-8. Fluorescence spectra of Pe-COOH/ZrO, (blue) and DTBuPe-COOH/ZrO,
(red).

The emission spectrum of DTBuPe-COOH/ZrO; is also red-shifted (555 nm)
compared to the solution spectrum. However, the emission band is not significantly
broadened and the fluorescence quenching is not as strong as Pe-COOH/ZrO, indicating
that this red-shift is not caused by the aggregation of perylene. Similar red-shift of
emission spectra have been reported for other dyes, for instance xanthene!®® and

coumarin-343'%7 pound to metal oxide semiconductors. Studies of Hupp et al. suggested
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that binding a dye to a semiconductor surface may be accompanied by enough electronic
interaction such that the locally excited (LE) state of the dye mix with the semiconductor
states, resulting in a spread of the energy and a red-shift of emission spectrum. As shown
in the calculation result of DTBuPe-COOH (Figure C-9), the LUMO wavefunction
extends into the anchor group, and can result in a strong electronic coupling between the
excited states of DTBuPe-COOH and the ZrO; acceptor states. Therefore, we conclude
that the fluorescence behavior of DTBuPe-COOH on ZrO; film is influenced by the
coupling between the molecular excited states and the semiconductor states, and that the
t-butyl spacing groups on DTBuPe-COOH can efficiently prevent the aggregation of

perylene on semiconductor films and quenching of the excited state.

Figure C-9. LUMO of DTBuPe-COOH. Calculated using Gaussian 16 with B3LYP
pseudopotential and 6-311+g(d) basis set.

The binding mode of Pe-COOH and DTBuPe-COOH to TiO2 and ZrO; films through
the COOH anchoring groups was characterized by FT-IR-ATR. IR spectra of DTBuPe-
COOH/TiO2 and DTBuPe-COOH/ZrO, compared to the neat compounds is shown in
Figure C-10. The neat DTBuPe-COOH shows an intense asymmetric stretch v(c=0) at

1674 cm? that is typical of the carbonyl group in carboxylic acids. Upon binding, this
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band is replaced by low-energy, broad bands from 1340 to 1600 cm™ on TiO2 and ZrO2

films. The coordination of the COO" group to metal cations was studied by the energy

Lat? DTBPe-COOH/ZrO,
1535

1599

1601
1340 \ DTBPe-COOH/TIO,

1674
DTBPe-COOH

1300 1400 1500 1600 1700 1800 1900 2000

Wavenumber (cm™)

Figure C-10 FT-IR-ATR spectra of DTBuPe-COOH (black), DTBuPe-COOH/TiO>
(red) and DTBuUPe-COOH/ZrO; (blue).

splitting of antisymmetric vas(COQO) and symmetric vs(COQ") stretching vibrations.1%1%
Bauer et al. observed two peaks at 1615 cm™ and 1350 cm™ for the black dye bound to
TiO, which were assigned to vas(COO") and vs(COO"), respectively. Another study by
Dobson and McQuillan measured the IR spectra of several aromatic carboxylate acid
bound to Ti02.1% According to their results, the vas(COO") was observed at about 1550
cm™? and the vs(COO") was assigned to bands at 1370 cm™. Therefore, the broad band

between 1340 to 1600 cm™ can be assigned to the presence of both vs(COO") and
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vs(COO") stretching on DTBuPe-COOH/MO, films, consistent with the bi-dentate

bridging geometry (see Section A.2.2.1, Figure A-8).

Pe-COOH/ZrO,
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16‘74

W Pe-COOH

1500 1600 1700 1800 1900 2000

1000 1100

PRI BT R |
1200 1300

1400

Wavenumber (cm™)

Figure C-11. FT-IR-ATR spectra of PeCOOH (black), PeCOOH/TiO, (red) and
PeCOOH/ZrO; (blue).

FT-IR-ATR spectra of Pe-COOH/TiO, and Pe-COOH/ZrO, comparing to neat
compounds in the range of 1000 to 2000 cm is shown in Figure C-11. Pe-COOH shows
similar IR features on ZrO; as DTBuPe-COOH: the v(c=0) asymmetric stretch at 1674
cm! disappeared, and is replaced by broad bands (1340 - 1585 cm™), consistent with a bi-
dentate binding geometry. Surprisingly, Pe-COOH/TiO2 showed nearly identical IR
spectra as neat Pe-COOH, even after thoroughly rinsing the film with CH3CN to remove
any weakly physiosorbed dye on the film, or after repeating the binding on different TiO-

films. The reason for this behavior is unclear. We suggest that it may involve the
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aggregation of Pe-COOH on the surface: free Pe-COOH molecules may aggregate with
bound Pe-COOH and then remain trapped onto the film. However, this cannot explain
the binding behavior of Pe-COOH on ZrO,.

In conclusion, Pe-COOH and DTBuPe-COOH were bound to nanostructured TiO:
and ZrOz films and were investigated by UV-vis, fluorescence and FT-IR-ATR
spectroscopy. The absorption and emission spectra of Pe-COOH/MO, showed clear
evidence of aggregation on the film. Spectra of DTBuPe-COOH/MO, showed some
difference from neat DTBuPe-COOH; Similar changes are often observed when dyes
are bound to the surface of semiconductors. This is often related to a combination of
factors, for instance electronic coupling with the surface, heterogenicity of binding modes,
formation of aggregates, and other factors. These results indicate that t-butyl groups on
DTBuPe-COOH can efficiently prevent the aggregation of perylene on semiconductor
films and prevent quenching of the excited state. FT-IR-ATR spectra suggest that
DTBuPe-COOH was bound to semiconductor films via a bi-dentate geometry; However,
Pe-COOH shows different binding behavior on TiO2 and ZrO> films. The reason of this
phenomenon is unclear, but a possible explanation is that it is related to the aggregation

of unsubstituted perylene on semiconductor films.

C.2.2.2 Influence of Bridge Units
Two DTBuPe bridge-anchor derivatives were bound to TiO2 and ZrO: films to
investigate the influence of the nature of the bridge units. We select DTBuPe-CzHa-
COOH (9) and DTBuPe-Ph-COOH (7b) to investigate the effect of a flexible bridge
and a rigid bridge, respectively. The two molecules were bound to TiO> using the usual

procedure. Their absorption spectra, in solution and bound, are shown in Figure C-12.
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Figure C-12 Normalized absorption spectra of DTBuPe-C2H4-COOH/TiO> (red solid
line) and DTBuPe-Ph-COOH/TiO, (blue solid line) compared to the absorption in
solution (dash-dotted line, in CH3CN), and the TiO> film (black dotted line).

The absorption of both DTBuPe-C2H4-COOH -sensitized TiO2 and ZrO> film was
much weaker compared with films sensitized with other DTBuPe bridge-anchor
derivatives, even after extending the binding time to 16 h. It should be noted that the
ethylenic bridge in DTBuPe-C2H4-COOH is flexible. Therefore, it is possible that
DTBuPe-C2H4-COOH exhibits a broad distribution of binding geometries on
semiconductor surfaces. In addition, t-butyl groups would prevent the intermolecular
interaction between the dyes, which is likely to prevent the formation of a closed packed

molecular layer on the surface.
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(a) (b)

Figure C-13. LUMO (a) and LUMO+1 (b) of DTBuPe-Ph-COOH. Wavefunctions are
calculated using Gaussian 16 with B3LYP on a B3LYP optimized geometry.

The absorption spectrum of DTBuPe-C2H4-COOH/TiO> shows similar features as the
DTBuUPe-COOH/TIiO, (Figure C-6): significant broadening and a slight red-shift.
Conversely, the absorption spectrum of DTBuPe-Ph-COOH/TiO, shows different
features. Only a slight broadening of the band was observed, and the vibrational structure
remains. It should be also noted that the SO-S2 transition becomes the dominating process
in the absorption. A possible explanation is that the LUMO+1 wavefunction of DTBuPe-
Ph-COOH has more extension to the bridge and anchor, which leads to a stronger
coupling between dyes and semiconductor states. Therefore, this transition becomes more
favored in the excitation process. This is visualized in Figure C-13.

DTBuPe-C2Hs-COOH and DTBuPe-Ph-COOH were also bound to ZrO> film. The
UV-vis absorption and emission spectra of the ZrO/glass film (reference) and DTBuPe-
Ph-COOH/ZrO, are shown in Figure C-14. The absorption of DTBuPe-CzHus-

COOH/ZrO2 was very weak due to the low surface coverage, and was overwhelmed by
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the scattering of ZrO> nanoparticles. The absorption spectrum of DTBuPe-Ph-

COOH/ZrO; is qualitatively equivalent to its spectrum on TiOo.

DTBuPe-Ph-COOH (7Db)
N\

1.0
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Figure C-14 Normalized absorption spectrum of DTBuPe-Ph-COOH/ZrO; (blue solid
line) compared with the solution spectrum in CH3CN (blue dash-dotted line). Absorption
spectra of sensitized (blue dash line) and pure ZrO: film (black dotted line) are also
included.

The fluorescence emission spectra of DTBuPe-C2H4-COOH/ZrO, and DTBuPe-Ph-
COOH/ZrO; are shown in Figure C-15. Both compounds exhibit slightly red-shifted and
broadened emission band. As compared with the emission spectrum of DTBuPe-
COOH/zrO; (Figure C-6), the red-shift of DTBuPe-C2Hs-COOH and DTBuPe-Ph-
COOH are much weaker. As we discussed in Section C.2.2.1, the red-shift of the
emission spectrum of DTBuPe-COOH/ZrO: could be related to the strong electronic

coupling between DTBuPe-COOH and ZrO.. Therefore, this weakened red-shift can be
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a clear reflection of the obvious reduction of the electronic coupling, which was
introduced by the bridge units. In both cases, the emission bands of possible perylene
excimers are not observed, indicating that the aggregation is prevented by the t-butyl

groups.

DTBuPe-C,H,-COOH (9) DTBuPe-Ph-COOH (7b)

7b/ZrO,

Normalized emission (Arab. unit)

400 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelength (nm)

Figure C-15. Normalized emission spectra of DTBuPe-C2H4-COOH/ZrO: (red solid line)
and DTBuPe-Ph-COOH/Zn0- (blue solid line) compared with their emission spectra in
CH3CN (dash-dotted line). Aex =425 nm

FT-IR-ATR spectroscopy was also performed to investigate the binding configuration
of DTBuPe-C2Hs+-COOH and DTBuPe-Ph-COOH on nanostructured semiconductor
films. IR data of DTBuPe-C2Hs-COOH/MO, and DTBuPe-Ph-COOH/MO;, compared
to non-bound molecules in the range of 1250 to 2000 cm™ is shown in Figure C-16.

The FT-IR-ATR spectra of DTBuPe-Ph-COOH/MO, and DTBuPe-C2H:-

COOH/MO;, show similar features as the DTBuPe-COOH/MO, (Figure C-10):
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asymmetric stretch v(c-0) of COOH at ~1680 cm™ disappeared and broad bands from

1340 to 1600 cm™, assigned to vas(COO) and vs(COO"), formed upon binding. These
results indicate that both DTBuPe-Ph-COOH and DTBuPe-C2Hs+-COOH are bound to

nanostructured semiconductor films via bi-dentate geometry.

DTBuPe-Ph-COOH (7b) DTBuPe-C,H,-COOH (9)
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Figure C-16 FT-IR-ATR spectra of DTBuPe-Ph-COOH/MO (a) and DTBuPe-C2Has-
COOH/MO; (b).

In summary, DTBuPe-C2Hs-COOH and DTBuPe-Ph-COOH were bound to
nanostructured TiO2 and ZrO> films and were investigated by UV-vis, fluorescence and
FT-IR-ATR spectroscopy. Qualitatively, DTBuPe-C2Hs-COOH exhibited a lower
surface coverage during binding compared with other DTBuPe-bridge-anchor derivatives.
We believe it is related to the flexibility of the ethylenic bridge. The emission spectra of

DTBuPe-C2Hs-COOH/Zn0O, and DTBuUPe-Ph-COOH/Zn0O, showed a weakened red-
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shift comparing with DTBuPe-COOH/ZrO.. FT-IR-ATR spectra showed that both
DTBuPe-C2H4-COOH and DTBuPe-Ph-COOH were bound to semiconductor films via

bi-dentate geometry.
C.2.3 Morphology Preserving Sensitization of ZnO Nanorod

Surfaces via Click-Chemistry

This work is a collaboration with Prof. Andrew. Teplyakov’s research group and Prof.
Lars Gundluch’s research group at the University of Delaware, Department of Chemistry
and Biochemistry. ZnO nanorods were prepared by Ms. Zhengxin Li and sensitized by
Mr. Chuan He. Transient absorption (TA) measurements were run by Mr. Baxter
Abraham.

The objective is to develop a novel pathway to functionalize highly ordered ZnO
nanoparticle films without etching the morphology. Highly ordered morphologies are
advantageous in many electronic applications and fundamental interfacial charge transfer
studies where it is important to control the binding models and the sensitization process.
However, the fact that ZnO is etched by the acidic anchor groups such as COOH greatly
limits its applicability,}”*1" and leads to the formation of zincate salts during chemical
modification steps that may deposit onto the surface. Therefore, carefully designed
chemical modification of ZnO nanostructures can yield well-defined interfaces and

interpretable measurements of HET.

C.2.3.1 Modification of ZnO Nanorod
The ZnO nanorod sample was modified via a two-step process. In the first step, the
clean ZnO surface was functionalized and passivated by chemisorption of propiolic acid

(HC=C-COOH) from gas phase. This step results in a well-defined attachment of the
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COOH anchor group, with only a single type of surface carboxylate, as supported by the
IR spectroscopy, XPS, and solid-state NMR studies.'® This leaves the ethyne unit ready
to react via click chemistry, allowing subsequent attachment of sensitizers. More
importantly, the gas phase functionalization in the first step preserves the surface
morphology and protects the surface of the nanostructured ZnO material, so that the click
chemistry in the second step can be performed in liquid phase. A solution vs gas phase
binding comparison was made by exposing ZnO nanorod films to a propiolic acid
solution (1 mM in THF).

The second step is the copper-catalyzed click reaction (CuAAC) of the alkyne
functionality with the azido-substituted perylene dye, 9-(4-azidophenyl)-2,5-di-tert-
butylperylene (DTBuPe-Ph-N3) in the presence of a Cu(l) catalyst (copper(l) acetate, 24
h, 40°C, Ar atmosphere). A comparison was made by binding a solution (1 mM solution
in THF) of the expected surface click product, 1-(4-(8,11-di-tert-butylperylen-3-yl)-
phenyl)-1H-1,2,3-triazole-4-carboxylic acid (DTBuPe-Ph-Tz-COOH), which was
synthesized independently. (See Section B.4, Scheme B-14) The comparisons are

summarized in Figure C-17.

C.2.3.1 Characterization of ZnO Nanorods
The morphology of ZnO nanorods was characterized by scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS) which were also employed to detect
the presence of N following the binding. Characterization of several key steps is
illustrated in Figure C-18.
Figure C-18a shows the characterization of the unsubstituted ZnO nanorod film. No

surface nitrogen is observed from XPS and the SEM shows a top view of the ZnO
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nanowires. After the gas-phase reaction with propiolic acid, this morphology is obviously
preserved, as shown in the SEM image (Figure C-18b). After that, the resulting ethyne-

functionalized surface reacted with DTBuPe-Ph-N3 in the presence of a Cu(l) catalyst
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Figure C-17. Schematic representation of the reaction pathways designed to functionalize
ZnO nanostructures. Reprinted with permission from ref'®’. Copyright (2018) American
Chemical Society.

(copper (1) acetate, 24 h, 40°C under Ar atmosphere) in THF. Figure C-18c shows the
characterization of the functionalized film and the intact morphology. In addition, XPS
shows the presence of nitrogen (Figure C-18c). Consistent with triazole formation, a
strong and broad peak around 401 eV can be identified, which was discerned into three

peaks attributed to the triazole ring. In contrast, exposing ZnO nanorod films to propiolic
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acid solution at room temperature (1 mM, THF, 30 mins) resulted in significant etching,
as shown in Figure C-18d. Similarly, solution binding of DTB-Ph-Tz-COOH to ZnO
nanorods (1 mM, THF, 30 min) leads to surface etching (Figure C-18e). The chemical
attachment or physisorption of DTB-Ph-Tz-COOH to ZnO nanorods does occur, as XPS
spectrum also shows a similar N 1s signature (Figure C-18e), although the intensity of the
observed feature is much smaller compared to that in the spectrum in Figure C-18c.

It should be noted that solution binding conditions are widely employed in the
sensitization of other metal oxides semiconductor films, for instance TiO2 and ZrOo.
However, it is not obvious what the surface species formed in liquid phase sensitization
really are, since the reaction clearly results in a nearly complete destruction of the
nanorods. In order to address these concerns, a set of ultrafast measurements were
performed and compared for the differently prepared samples.

It is well known that the photoexcitation of perylene dyes bound to TiO2 or ZnO leads
to interfacial electron transfer into the semiconductor conduction band. For perylene-
based sensitizers with similar anchor groups, electron transfer of about 100-200 ~ fs time
scales have been observed.”® %6 However, strong electronic coupling between
molecular donor and semiconductor acceptor state is mandatory for this ultrafast
heterogeneous electron transfer, which requires in general chemisorption on the surface,
rather than physisorption. To investigate such electronic coupling, pump/white-light
probe transient absorption (TA) is employed to measure the population dynamics of
excited state and the formation of the cation. These experiments were carried out in Prof.

Lars Gundlach’s lab
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Figure C-18. XPS spectra (left column), SEM images (middle column) and enlarged
SEM images (right column) of the chemical modification steps for ZnO nanorod
functionalization. Reprinted with permission from ref'®’. Copyright (2018) American
Chemical Society.

Kinetic traces have been extracted from TA maps at 725 nm and are compared in
Figure C-19. This wavelength was referred to the absorption of the excited state of
perylene, as shown in Figure A-13. It can be clearly seen that a long-lived contribution is

present in the sensitized film, and fitted curve indicated a life-time of around 200 fs. The
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spectral position agrees with that of the excited state of perylene and the lifetime (HET
time) agrees well with those measured for perylene molecules with similar linker.”® The
rapid disappearance of the excited state signal indicates fast electron injection into ZnO
and hence strong electronic coupling between the molecular donor state and the ZnO
conduction band acceptor states. Weakly bound molecules, on the other hand, would
show much slower HET. TA measurements have also been performed on the liquid phase
sensitized ZnO film (Figure C-19) that resulted from direct exposure to DTB-Ph-Tz-
COOH solution. Transients at the excited state absorption wavelength showed, as
expected, slower and unclear decay pathway, and can be assigned to the weakly bound

residues on the etched film.
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Figure C-19. Left: Comparison of excited state decay for bare ZnO (black dashed) and
two-step sensitized ZnO (red dotted) together with a fit with a rate model (green solid).
Right: Comparison of bare ZnO, two-step sensitized ZnO, and liquid phase sensitized
ZnO. Reprinted with permission from ref!%”. Copyright (2018) American Chemical
Society.
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C.3 Conclusions

A series of DTBuPe bridge-anchor derivatives were studied both in solution and on
nanostructured TiO2, ZrO. and ZnO films. By probing their photophysical properties and
comparing with neat Pe and Pe-COOH, we investigated the influence of t-butyl group
and different bridge units. The emission spectra of sensitized ZrO> film indicate that t-
butyl spacing groups on DTBuPe unit can efficiently prevent the aggregation of perylene
on semiconductor films. A comparison of the spectra of DTBuPe-COOH, DTBuPe-
C2H4-COOH and DTBuPe-Ph-COOH suggests that bridge units influence intersurface
electronic coupling, binding mode and surface coverage. A low surface coverage was
observed during the sensitization of DTBuPe-C2H4-COOH, suggesting that a short
flexible bridge may be a drawback for the formation of a compact molecular layer on
semiconductor films. FT-IR-ATR spectra of sensitized TiO2 and ZrO, film show that
DTBuPe-COOH, DTBuPe-C2H4-COOH and DTBuPe-Ph-COOH are all bind to
semiconductor films via bi-dentate geometry. However, Pe-COOH showed different
binding configuration on TiO2 and we believe it is may be related to the aggregation on
the surface.

Moreover, a specially designed azide substituted DTBuPe derivative was also
employed to investigate a new two-step functionalization pathway for nanostructured
Zn0. XPS and SEM characterization (Teplyakov group) confirm that large dye molecule
like DTBuUPe can be successfully immobilized to the film via click reaction without
disturbing the morphology of ZnO nanoparticles. Pump/white-light probe transient
absorption (Gundlach group) also proves that a strong electronic coupling was obtained

using this two-step sensitization. This new functionalization pathway is especially useful
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on ZnO, but it could be extended to other semiconductors (TiO2) for reliable and useful

measurements of HET process.

C.4 Experimental section

C.4.1 Materials

Isopropanol (Pharmco HPLC grade), methanol (Fisher HPLC grade), acetonitrile
(Pharmco HPLC grade), titanium(lV) isopropoxide (Aldrich), zirconium(IV)
isopropoxide (70% in 1-propanol, Aldrich), nitric acid (Fisher ACS grade), deionized
ultra filtered (DIUF) water (Fisher) and poly(ethylene glycol) (av. Mol. Wt. 2000,

Aldrich) were all used as received.
C.4.2 Synthesis of Nanostructured TiO-

Sol-gel preparation of TiO2 nanoparticles followed the hydrolysis and condensation of
titanium(IV) isopropoxide in an aqueous nitric acid solution. A three-necked round
bottom flask was set up with a thermometer, addition funnel in the middle neck and
Dean-Stark apparatus, Figure C-20. The round bottom flask contained a solution of 100
ml water containing 0.69 mL of concentrated nitric acid (68 — 70 %). The addition funnel
contained titanium(lV) isopropoxide (20 mL in isopropanol, 80mL). Both the aqueous
and the alkoxide solution were deaerated with nitrogen for at least 10min prior to the
addition. The acidic solution was rigorously stirred using a magnetic stirrer and in the
meantime the alkoxide solution was added through the dropping funnel at a rate not faster
than one drop per second. The additions lead to an immediate formation of a white

precipitate in the round bottom flask, indicating the hydrolysis to TiO..
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Figure C-20. Setup for the hydrolysis and condensation of titanium(1V) isopropoxide.

After all the titanium(IV) isopropoxide solution was consumed and the hydrolysis was
complete, changes in the setup have to be made: the addition funnel is removed, and the
Dean-Stark apparatus and the flask should be covered by aluminum foil or glass wool.
The insulation is necessary during the following distillation. The isopropanol needs to be
removed from the aqueous solution and can be collected as isopropanol/water mixture of
approximately 130 mL at a temperature range of 86-95 °C. The distillation has to be
terminated as soon as the distillate reaches 100 °C, indicating that only water remains in
the solution. At this point the apparatus is reduced to the three-neck round bottom flask
with a condenser in the middle. The reaction mixture remains overnight to reflux.
Following the reflux also the condenser is removed and the reaction volume is reduced to
45 mL by allowing the water to evaporate. The reaction mixture was allowed to cool

down, and sonicated for 5 min, and transferred to the glass beaker with a magnetic
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Figure C-21. Setup for the titanium autoclave

stirring rod belonging to the titanium autoclave (Figure C-21). The titanium autoclave
(Model 4760, Parr) is programmed to heat the sol gel at 200 °C for 12 hours at a pressure
reaching 17-18 bar. The white sol-gel was cooled to room temperature, sonicated (5 min),
and transferred from the autoclave beaker to a graduated beaker. At this point the TiO>
concentration in the gel was determined by the ‘glass dies’ method. The method involves
weighing a small amount of sol-gel on a glass slide before and after drying the gel at
100 °C to remove the containing water. The difference determines the wt. % of TiO in
the sol-gel. The concentration should be in a range of 13-17 wt % in order to be

processed. Poly(ethylene glycol) (PEG 2,000; amount: 6 g/L) was added to the colloid to
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yield a white viscous paste and the mixture was stirred for at least 72 h to reach a good

homogeneity for the casting of TiO. paste on a substrate.

C.4.3 Synthesis of Nanostructured ZrO>

Sol-gel synthesis of ZrO. nanoparticles is very similar to the TiO2 nanoparticles
synthesis. A three-necked round bottom flask was set up with a thermometer, dropping
funnel and Dean-Stark apparatus. To the round bottom flask containing 100 mL solution
of water containing 0.69 ml conc. HNO3 (68 — 70 %) a 20 mL solution of 70 %
zirconium(lV) isopropoxide and 80 mL of isopropanol was added drop wise through a
dropping funnel under nitrogen atmosphere and stirred vigorously. The slow mixing of
the two solutions leads to a fast formation of white precipitate of the zirconia dioxide
nanoparticles. After the addition step, the reaction mixture was brought to reflux and ca.
140 ml of isopropanol-water mixture were collected by distillation. Unnecessary
equipment, Dean-Stark apparatus and the dropping funnel were removed from the set up
and the condenser was moved to the middle neck of the flask. The reaction was allowed
to reflux overnight. Following reflux, the water was evaporated from the flask until a
final volume of ca. 30 mL was reached and allowed to cool down to RT. The resulting
white sol was sonicated for 2 min, transferred to a glass beaker belonging to the autoclave.
The sol was allowed to stir in the titanium autoclave with heating at 200 °C for 12 h,
reaching atypical pressure of 17-18 bar. After the sintering procedure, the content of ZrO-
was determined by the ‘glass dies’ method. To the sol gel poly(ethyleneglycol) (avg. Mol.
Wit. 2,000) was added (ca. 1.5 g PEG per 25 cm3 sol-gel) to improve the viscosity for
better casting on a substrate. The PEG/ZrO> mixture was stirred for at least 4 days to

ensure homogeneity. The prepared white paste was directly used to be casted on glass
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substrate before sintering and removing the polymer at 450 °C for 30 min. The prepared

ZrO> films were directly used or stored in desiccator.
C.4.4 Metal Oxide Film Preparation

The TiO2 and ZrO> films were casted on glass films. Briefly, the metal oxide paste was
spread using a glass test tube on the precut glass films, followed by sintering at 450 °C
for 30 min under oxygen flow. The films were allowed to cool down before immediate
use or were stored in a dark desiccator. No difference was observed when using films

stored for weeks as indicated.
C.4.5 Sensitization of Metal Oxide Films
Sensitization of Pe-COOH, DTBuPe-COOH, DTBuPe-C2Hs-COOH and DTBuPe-
Ph-COOH was done by immersing the films in CH3CN solutions of the dyes (0.5 mM)

for 3 h. Afterwards, the films were rinsed with MeCN and dried with N> flow. Sensitized

films were stored in desiccator and kept from ambient light.
C.4.6 DFT and TD-DFT Calculations

Geometry optimization and molecular orbital calculations were done using the
Gaussian 16 package. The DFT geometry optimization of the SO ground state was
performed using the B3LYP pseudopotential and 6-311+g(d) basis set. Optimization of
the S1 state, as well as the calculation of the SO-S1 transition energies in the equilibrium

geometry of the SO and S1 states utilized the same 6-311+g(d) basis set.

C.4.7 Spectroscopic Measurements

FT-IR-ATR spectra were acquired on a Thermo Electron Nicolet 6700 FT-IR
spectrometer equipped with a Smart iITR ATR accessory with ZnSe HATR. UV-VIS

absorbance spectra were collected at room temperature on a Cary 500 UV-Vis-IR
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Spectrophotometer, or on an Edmund Optics BDS130 UV/Vis/NIR Light Source. Steady-
state fluorescence spectra were acquired and recorded at room temperature on a VARIAN
Cary-Eclipse fluorescence spectrophotometer calibrated with a standard NIST tungsten-

halogen lamp.



Chapter D Summary

-96-



97

2,5-di-tert-Butylperylene (DTBuPe) and a series of DTBuPe-bridge-anchor
derivatives compounds were synthesized, and their steady state photochemical properties
in solutions as well as on nanostructured metal oxide semiconductor films were studied.
The DTBuPe framework was shown to be a succeful improvement to perylene as the t-
butyl groups efficiently prevented perylene aggregation both in solution and on
nanostructured semiconductor films.

The DTBuPe framwork was synthesized via a practical North-South approach. t-Butyl
group was first introduced through Friedel-Crafts alkylation of naphthalene, and the
mixture of 2,6-di-tert-butylnaphthalene and 2,7-di-tert-butylnaphthalene was separated
via a thiourea-adduct formation method to yield pure 2,7-di-tert-butylnaphthalene.
Following by bromination and palladium-catalyzed Suzuki cross coupling, 2,7-di-tert-
butylnaphthalene was coupled with another naphthalene moiety, forming 3,6-di-tert-
butyl-1,1'-binaphthyl. After screening several aromatic coupling reactions, we selected
anionic cyclization, for its higher yield and less side reactions. By utilizing stabilized
lithium metal powder, the anionic cyclization of 3,6-di-tert-butyl-1,1'-binaphthyl
consistently yielded DTBuPe with ~ 50% yield.

Functional group addition in the 9-position of DTBuPe was carried out via two simple
pathways. The first approach involved formylation of DTBuPe via Friedel-Crafts with
dichloromethyl methyl ether to form DTBuPe-CHO, in a 1-C homologation. The
resulting DTBuPe-CHO was oxidized using KMnOj4 at room temperature to afford 8,11-
di-tert-Butylperylene-3-carboxylic acid (DTBuPe-COOH). The second path involves the
formation of bromo-derivative DTBuPe-Br via N-bromosuccinimide (NBS) bromination,

leading to as an easy entry to Pd-catalyzed cross coupling reactions. Followed by various
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palladium-catalyzed cross-coupling reactions, a series of DTBuPe-bridge-anchor
derivatives were obtained, indicating an expanded functionalization potential of DTBuPe
framework. Moreover, for the first time, perylene was successfully functionalized with an
azide group, and copper-catalyzed click reaction (CuAAC) was performed with
DTBuPe-Ph-N3 in high yield. This could lead to promising applications of perylene in a
variety of field, as the CUAAC reaction is widely employed in surface modification.

The photophysical properties of DTBuPe derivatives were first investigated in solution.
Absorption and emission spectra of DTBuPe showed that t-butyl groups only slightly
influence the electronic properties of the perylene core. All DTBuPe-bridge-anchor
derivatives showed red-shifted and broadened absorption and emission spectra. This was
mainly due to the electronic coupling between the linker units (bridge-anchor) and
perylene. Derivative 8b with the conjugated ethylene bridge showed a significant red-
shift and the vibrational structure was almost absent, suggesting that the unsaturated
double bond is strongly coupled with the perylene core. Derivatives DTBuPe-Ph-COOH
and DTBuPe-Ph-Tz-COOH, which had an unsaturated phenyl ring connected to the
perylene, showed similar spectra as DTBuPe-COOH, indicating that the = system of the
phenyl ring is not strongly coupled with the = system of perylene. This observation is also
in good qualitative agreement with calculated results.

Pe-COOH and DTBuPe-COOH were bound to nanostructured TiO2 and ZrO: films,
and the influence of t-butyl groups were investigated by UV-vis, fluorescence and FT-IR-
ATR spectroscopy. The absorption and emission spectra of Pe-COOH/MO, showed
clear evidence of aggregation on the film. Spectra of DTBuPe-COOH/MO, showed

some difference from neat DTBuPe-COOH; however, we believe these changes are due
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to the electronic coupling between the molecule and the semiconductor films. These
results indicate that t-butyl groups on DTBuPe-COOH can efficiently prevent the
aggregation of perylene on semiconductor films and quenching of the excited state. FT-
IR-ATR spectra showed that DTBuPe-COOH binds to semiconductor films via a bi-
dentate geometry; However, Pe-COOH shows different binding behavior on TiO; and
ZrO» films. The reason of this phenomenon is unclear, but we believe it is related to
aggregation.

DTBuPe-C2Hs+-COOH and DTBuPe-Ph-COOH were bound to nanostructured TiO>
and ZrO> films, and the influence of bridge units structure were investigated by UV-vis,
fluorescence and FT-IR-ATR spectroscopy. DTBuPe-C2H4-COOH exhibited a lower
surface coverage during binding compared with other DTBuPe-bridge-anchor derivatives.
We believe it is related to the flexibility of the ethylenic bridge. The emission spectra of
DTBuPe-C2Hs+-COOH/ZrO; and DTBuPe-Ph-COOH/ZrO, showed a weakened red-
shift comparing with DTBuPe-COOH/ZrO>, indicating that the electronic coupling
between chromophore and semiconductor surfaces was weakened by the bridge units.
FT-IR-ATR spectra showed that both DTBuPe-C2Hs+-COOH and DTBuPe-Ph-COOH
were bound to semiconductor films via bi-dentate geometry.

By collaborating with Prof. Andrew. Teplyakov’s research group and Prof. Lars
Gundluch’s research group at the University of Delaware, a novel pathway to
functionalize highly ordered ZnO nanoparticle films without etching the morphology was
developed. The ZnO nanorod surface was first functionalized, and passivated, by
chemisorption of propiolic acid from gas phase, followed by solution phase CUAAC

reaction with azido-derivative DTBuPe-Ph-N3. XPS and SEM characterization
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confirmed that large dye molecule like DTBuPe can be successfully immobilized to the
film via click reaction without etching the morphology of ZnO nanoparticles.
Pump/white-light probe transient absorption also proved that a strong electronic coupling
was obtained using this two-step sensitization. This new functionalization pathway could
be ideal for reliable and useful measurements of HET process.

This thesis provides practical pathways to utilize perylene framework without the
influence of aggregation. Investigations on DTBuPe-bridge-anchor derivatives are
ongoing in the group of Prof. Lars Gundlach to probe the effect of coherence in HET
process. Our group is also working on attaching DTBuPe core to other functional linkers,
for instance peptides, to tune and control the HET process. Azido-derivative DTBuPe-
Ph-N3 can also be employed in various surface modification investigations involving

click chemistry.
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Figure 0-2. *3C NMR of compound 1a in CDCls
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