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Abstract

Photochromic compounds, that exhibit stable and reversible change of their physical and chemical
properties upon light absorption, present great potential for development of new “smart” materials.
Thus, their attachment to the solid surfaces and nanostructures showed prospective in development
of novel photosensitive smart materials. In that context, present work dealt with preparation of
photoswitchable compounds, and their immobilization onto solid silicon surfaces.

In the first part of the work, preparation and characterization of fulgimide- and naphthopyran-
linker conjugates is presented. The former being thermally stable, and latter thermally reversible;
they exhibit different photochemical and photophysical properties, both in solution and on
gas / solid phase interfaces. Both prepared conjugates showed reliable switching between the
defined states in solution, upon several irradiation cycles. Thus, they proved to be excellent
candidates for studying the photochemical behaviour on various functionalized silicon
interfaces.

Second part of the work is focused on preparation of the photoswitchable structures on silicon
surfaces, by employing the concept of covalently attached self-assembled monolayers (SAMs).
The monolayer formation was carried out on oxide-free silicon(111) (H-terminated silicon crystal)
and oxidized silicon(100) interfaces. Furthermore, various methods for the attachment of the
photoswitch-linker conjugates were applied, and resulting on-chip structures were characterized.
The photochemical studies of the obtained photoswitchable surfaces were carried out, and the
switching on the solid phase / gas interface was studied. All developed photoswithable surface
structures exhibited repeatable changes upon several irradiation cycles. It showed that the choice
of photochromic compound influences the number of possible stable states on the surface.
Furthermore, the properties of the underlying monolayer showed to impact the photochemical

processes.




Kurzzusammenfassung

Photochrome Verbindungen, die eine stabile und reversible Anderung ihrer physikalischen und
chemischen Eigenschaften bei Lichtabsorption zeigen, bieten ein groBes Potenzial fiir die
Entwicklung neuer "intelligenter" Materialien. Thre Bindung an Festkdrper und Nanostrukturen
ergibt daher vielversprechende neuartige lichtempfindliche Materialien. In diesem
Zusammenhang befasst sich die vorliegende Studie mit der Darstellung von photoschaltbaren
Verbindungen und deren Immobilisierung auf festen Siliziumoberfldchen.

Im ersten Teil der Arbeit wird die Herstellung und Charakterisierung von Fulgimid- und
Naphthopyran-Linker-Konjugaten vorgestellt. Das erster System ist thermisch stabil und letzteres
thermisch reversibel; sie zeigen unterschiedliche photochemische und photophysikalische
Eigenschaften, sowohl in Losung, als auch an Grenzflichen zwischen Gas und Festphase. Beide
hergestellten Konjugate ergaben nach mehreren Bestrahlungszyklen ein zuverldssiges Umschalten
zwischen den definierten Zustinden in Losung. Damit erwiesen sie sich als hervorragende
Kandidaten fiir die Untersuchung des photochemischen Verhaltens an verschiedenen
funktionalisierten Silizium-Grenzfléchen.

Der zweite Teil der Arbeit konzentriert sich auf die Herstellung von photoschaltbaren Strukturen
auf Siliziumoberflichen, wobei das Konzept kovalent gebundener selbstorganisierter Monolagen
(self-assemmbled monolayers, SAMs) verwendet wird. Die Monolagen wurden auf oxidfreien
Silizium(111) (H-terminierten Siliziumkristall) und oxidierten Silizium(100) Grenzflichen
aufgebracht. Dartiber hinaus wurden verschiedene Methoden zur Anbindung der Photoschalter-
Linker-Konjugate angewendet und die resultierenden On-Chip-Strukturen charakterisiert. Die
photochemischen Untersuchungen der erhaltenen photoschaltbaren Oberflichen wurden
durchgefiihrt, und das Schalten der Festphasen / Gas-Grenzfliche wurde untersucht. Alle
entwickelten photoschaltbaren Oberflachenstrukturen zeigten wiederholbare Verdnderungen bei
mehreren Bestrahlungszyklen. Es zeigte sich, dass die Wahl der photochromen Verbindung die
Anzahl moglicher stabiler Zustdnde auf der Oberflache beeinflusst. Dariiber hinaus zeigten die

Oberflacheneigenschaften einen Einfluss auf die photochemischen Prozesse.
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1 Introduction

1.1 Photochromism

Photochromism is a light-induced reversible transformation of chemical species, between two
forms - A and B - which exhibit different absorption spectra.! This transformation, in one or both
directions, is induced by absorption of electromagnetic radiation. Upon irradiation of a
thermodynamically stable form A, it undergoes transformation into form B (Figure 1.1). The back
reaction may occur either by a light irradiation (photochemically, P-type photochromism) or
spontaneously (thermally, T-type photochromism).! For most of the known photoswitchable
compounds, the change in color goes from colorless or pale yellow form A, to colored form B, and
is known as a positive photochromism. A negative (inverse) photochromism is described when
Amax(A) > Amax(B).

hV1
Al hV2

A B

Figure 1.1. Reversible transformation between two photoisomers A and B.

Photochemical transformations were reported to proceed via 6m-electrocyclization reaction, E/Z
isomerization, intramolecular hydrogen or group shift, dissociation reaction, or oxido-reduction.!
Some photoswitchable compounds, e.g. fulgides and related compounds (Figure 1.2, 1), upon UV
light irradiation of the £ isomer undergo both £/Z isomerization, as well as ring-closure reaction;
however only the latter is considered an important transformation of the photochromic system.?
Furthermore, a combination of those in a cascade reaction is also possible. Chromenes undergo
ring-opening reaction, followed by E/Z isomerization towards more stable TT isomer (Figure 1.2,
3).2 Similarly, recently developed new class of photoswitchable compounds, donor-acceptor
Stenhouse adducts (DACAs), first undergo E/Z alkene isomerization, followed by a 4m-
electrocyclization reaction.*?

Various well-known photoswitches are presented in Figure 1.2, grouped by the type of
photochromism they exhibit. Compounds from the fulgide family 1 (X = O fulgide, X = NR
fulgimide), as well as dithienylethenes (DTEs) 2 are P-type chromophores, all their photoisomers

being thermodynamically stable. They undergo 6m-electrocyclic ring-closure reaction of the hexa-
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1,3,5-triene unit upon UV light irradiation; the reverse ring-opening reaction is induced by visible
light irradiation. T-type photoswitches, such as chromenes 3 and spiropyrans 5 undergo ring-
opening reaction upon UV light irradiation. Being thermodynamically unstable, their open forms
spontaneously, in the dark, undergo ring-closure reaction. Other T-type compounds, i.e.

azobenzenes 4 and hemithioindigos 6, undergo £/Z isomerization reaction upon light irradiation.

P-type
Fulgide / Fulgimide Dithienylethenes
0 o Fo
= X
X hv4 hv,
Dt O G a¥a
(0]
VAR m2 R™s s R
‘ R Y
R1 Y
Z1 E-A1 0-2 Cc-2
X = 0, fulgide; NR, fulgimide
Y =8,0,NR
T-type
Naphthopyran
Azobenzene

0 m—— NS +
satieoans
O

E-4 z4
Cc-3 TC-3
Spiropyran Hemithioindigo
° W :
TN vy O 0 s e (-
N O Q NO, A/hv, O — Al hv, 5 Q
S-5 MC-5 76 E-6

Figure 1.2. Various well-known photoswitches, grouped by the type of photochromism: P type:
fulgide compounds (1), dithienylethens (2), and T-type: naphthopyrans (3), azobenzenes (4),
spiropyrans (5) and hemithioindigos (6).

Photochromic compounds have found various applications. Many have been incorporated into
various biological systems, i.e. nucleic acids, peptides, enzymes, proteins, ligands, etc.®!! P-type
photoswitches, due to their bistable nature, are good choice for molecular memories and
switches.”!? Furthermore, fulgides and related compounds show excellent switching reversibility,

resistance to fatigue in solution, and nondestructive readout ability. Immobilized on the solid




1.2 Self-Assembled Monolayers

substrate, they allow photochemical studies with the obtained photoswitchable surfaces, due to the
changes of their vibrational modes upon light-induced ring-opening and -closing reactions.!>!*
Additionally, large changes in the first-order molecular hyperpolarizability between different
forms are observed upon photoisomerization, allowing their application in the formation of
effective two-dimensional confined nonlinear optics (NLO) switching materials.!> Moreover, due
to their properties, they found application in various fields, e.g. optical data storage, energy
switchable devices, nonlinear optics, etc.!®?2! Naphthopyrans are known for their high
photocoloration, fast color bleaching, and low degree of fatigue. Mainly, they are widely used in
production of ophthalmic lenses.?>2* Furthermore, they have been embedded in different polymer
structures, thin films, and immobilized on nanostructures (e.g. nanoparticles and nanofibers).?>3°
Towards development of new photoresponsive materials, they found increasing application in
textile industry.’!> Recent developments suggested possible use of modified naphthopyran
compounds stabilized by a steric force for application in molecular logic gates and optical data

storage devices.*

1.2 Self-Assembled Monolayers

Customized and well-defined hybrid surface structures on the nanometer scale are the foundation
of future technological applications. The main approach towards designing surfaces with
molecular control is by using the concept of self-assembled monolayers (SAMs) of organic
molecules. Obtaining hybrid systems by employing SAMs already showed to possess potential
application in variety molecular systems, including molecular electronics, optoelectronic devices,
photovoltaics, biochips, (bio)chemical sensors, and biomaterials.* >

In general sense, the self-assembled monolayers are spontaneously formed monolayers on the
surface, when appropriate conditions are met.>> Considering diversity in properties and reactivity
of different materials and monolayer molecules, the appropriate conditions may involve simple
deposition in the solution of monolayer molecules, or require activation by employing heating,
illumination or applied bias. At present, two types of SAMs are generally most researched: 1)
alkanethiol monolayers on gold, and 2) organic monolayers on silicon substrate.*> Monolayer
formation on silicon and other non-metal surfaces is highly advantageous alternative over

formation on metal surfaces, since the monolayer is covalently bound to the surface. Organic
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monolayers on Si surfaces can be generally divided into two main strategical approaches:
a) monolayers on a thin silicon oxide layer (SiOx) prepared mostly through silane chemistry, and
b) monolayers on oxide-free Si surface by formation of Si-C bond.

Monolayer molecules generally consist of three parts (Figure 1.3):* 1) an anchoring group that
has a high affinity towards the surface, and is responsible for anchoring the molecules, 2) a linker
which is generally an alkyl or aryl chain, and has a crucial role in the ordering and packing of the
monolayer, due to van der Waals and electrostatic forces, and 3) a terminal group that introduces
the functionality into the monolayer system, allows secondary functionalization, and defines

physical and chemical properties of the surface.
Terminal group
Linker

Anchoring group

o]

U0 o o .
OSSR

SR ... O H
$si 9 s

Figure 1.3. Schematic presentation of self-assembled monolayers on variuos silicon and gold
surfaces.

Two main synthetic strategies are known for the formation of the functionalized SAMs on the
surface.®> The bottom-up method is a stepwise strategy, in which first the SAM is formed, and
later further functionalized in an on-chip reaction. This approach ensures formation of densely
packed monolayers, and allows formation of mixed or multicomponent structures.>’** Here, the
stability of the formed monolayers towards the following on-chip reactions is required; however,
it is advantageous in the case when secondary functionality is labile under SAMs formation
reaction conditions. The top-down method is the SAMs formation of the pre-synthesized
monolayer molecules, with the secondary functionality already embedded in the monolayer
molecule. Here, the composition of the surface is known, due to absence of the unreacted
functionalities at the terminal end; however, the bulkiness of the structure at the terminal end
influences the formation of non-densely packed monolayers. This strategy does not require further
on-chip reactions, which is advantageous in the case when the substrate is labile under necessary
reaction condition. Both of these approaches are widely used, in research and industrial oriented

applications.
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In this work, the aim is formation of high-quality, densely packed photoswitchable monolayers,
thus the bottom-up method is used for all developed structures. The formation of the self-
assembled monolayers on silicon surfaces is approached from different immobilization strategies
(Figure 1.4):

1) Monolayer formation on oxide-free H-terminated silicon(111) surface by thermally induced
hydrosilylation. Hydrosilylation is the most reported strategy for formation of SAMs on
H-terminated silicon surface - the reaction of a silicon hydride species with unsaturated carbon-
carbon bonds (i.e. 1-alkenes or 1-alkynes), and formation of Si-C bond.***° This approach is
similarly also available for Si-heteroatom bond formation, i.e. Si-O-C, Si-N, Si-S bond. The
resulting monolayer is covalently attached to the surface, highly stable and does not hydrolyze due
to the non-polar covalent Si-C bond. The monolayers on Si(111) are characterized with highly-
ordered, densely-packed structures with the headgroups located on top of the monolayer. The
advantage of this approach is the ease of preparation, and formation of high-quality monolayers.
However, the main disadvantage is the reproducibility of the monolayer formation - it proves to
be difficult to achieve good quality samples without formation of some oxide. For futher
functionalization, the attachment efficiency is limited by the steric demand of the photoswitch
itself.

2) Monolayer formation on Si(100)/SiOx interface by silanization of the organosilanes, such as
trichloro- or trialkoxysilanes.*'*> The resulting monolayer is covalently attached to the surface,
with cross-linked network of Si-O-Si bonds between the monolayer molecules, suggesting increase
of the stability of the monolayer. The advantage of this approach comes with the fact that Si/SiOx
interfaces are technologically relevant for various applications, including molecular electronic
systems. However, amorphous silicon-oxide layers with non-defined amount of hydroxyl groups
on top, difficulties to distinguish chemisorbed and physisorbed molecules on the surface, and high
dependency between the quality of the resulting layer structure and the external influences such as
water traces are the downsides of the method. Furthermore, the monolayers on oxidized Si(100)
are less ordered, not as densely-packed monolayer structures on the surface compared to structures
on oxide-free Si(111). The headgroups are not densely ordered on top of the monolayer, too, some
are embedded into the monolayer. The further functionalization efficiency is thus influenced by

the amount of available headgroups on top of the monolayer.
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Figure 1.4. Two different strategies for formation of SAMs on silicone surfaces, by a bottom-up
method: (A) alkene on oxide-free Si(111), and (B) silane on Si/SiOx surface, with an option for
further functionalization.

Both synthetic strategies for the formation of SAMs on silicon surfaces have their advantages when
it comes to applications of these structures. Various biologically active molecules were
immobilized on silicon materials towards production of biological microarrays, i.e. protein and
DNA microarrays.*** For the purpose of biosensors, different capture agents can be attached to
the silicon surface (i.e. aptamers, proteins, biotin, single strand nucleic acid, etc.).*’3
Additionally, various chemical approaches have been employed for the immobilization of peptides
and nucleotides on oxidized Si(100), involving reaction with surface amine, epoxide, aldehyde or
acetylene groups.>*>’ Similarly, the biomolecules have been immobilized on oxide-free Si(111)
surface, by reaction with surface epoxide, semicarbazide, or carboxylic acid functionalities.’!->3 ¢!
Moreover, sensors are developed employing the supramolecular concept of host-guest interactions.
Structures with cavitands grafted on silicon surfaces were developed, being able to detect aromatic
compounds, as a benzene-detection molecular device,®? or with a selectivity for Na* ions over other
alkali metal ions.%® Ayadim ef al. reported of antracene modified monolayers, that behaved as pH

probe depending on the protonation state of the amine.*
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Immobilization of photochromic compounds allows development of the photoresponsive “smart”
new materials, towards their applications, among others, in optical memories and logic gates.
Different photoswitchable compounds immobilized on silicon surfaces have been previously
reported. In the group of Riick-Braun, azobenzene and fulgimide modified Si(111) were
developed, by the reaction with the surface carboxylic acid functionalities.!>'*%> Furthermore,
azobenzene SAMs on oxide-free Si(111) were also reported by others.®® Diarylethenes
immobilized on H-terminated Si(111) via grafting of the acetylene linker showed light-controlled

reversible current changes upon switching.®” On oxidized silicon surface, immobilization and

69,70 70,71

reversible switching of coumarin®®, azobenzene®”’°, and spiropyran’®’! compounds were reported.
Recently, reversible dimerization of anthracene derivatives immobilized on oxidized silicon
surface upon alternation of UV and visible light was published, too.”?

In order to obtain a satisfactory level of surface analysis, it is necessary to use more than one
characterization method to study the monolayer quality, each providing specific information about
the surface structure. Additionally, they are useful for the on-chip photochemical investigations.
The following methods were utilized in this work:

- Fourier transform infrared spectroscopy (FTIR) is used for determination of the functional
groups being present on the surface, thus allowing the evaluation of the on-chip reaction steps.
Furthermore, it provides information on packing density and ordering of the monolayers, and
allows distinguishing between different photoisomers, thus enabling evaluation of the
switching process of the photoswitchable monolayers.

- X-ray photoelectron spectroscopy (XPS) provides information on elemental composition of
the monolayer. The obtained data can be further used for the evaluation of the efficiency of the
on-chip reaction steps, and for calculations providing the information on surface coverage.

- Contact angle goniometry, is used to investigate polarity and roughness of a SAM. These
informations further can be used for evaluation of the on-chip reaction steps, ordering of a
SAM, and evaluation of the on-surface switching process.

- Ellipsometry provides information on the thickness of the monolayer structure on the surface

surface.
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The aim of the work is to prepare photoswitchable self-assembled monolayers on various silicon
surfaces.

The first part of this work is focused on synthesis of two different photoswitchable conjugates —
indolylfulgimide 7 (P-type) and 2H-naphthopyran 8 (T-type) (Figure 2.1). For their further
immobilization onto surfaces and later on-surface studies, an adequate linker should be
incorporated into their structure, consisting of available free amine functionality, which allows a
variety of attachment chemistries for the immobilization onto the surface. For this reason, different
linkers — being flexible (i.e. ethylenediamine based), or more rigid (i.e. piperazine based) — are

possible options to be incorporated into their structures.

Fulgimide-linker conjugate 7 Naphthopyran-linker conjugate 8

Figure 2.1. The aim photoswitchable conjugates for the immobilization on silicon surfaces.

The second part of this work is focused on the immobilization of the prepared photoswitchable-
linker conjugates on various silicon surfaces, using different attachment chemistries. The
procedures for the formation of the high-quality self-assembled monolayers on both H-terminated
silicon (111) and oxidized silicon(100) surfaces should be applied. Different functionalities on the
terminal end of the monolayer molecules should allow for different attachment chemistries.
Additionally, they would offer different immediate environment for the photoswitchable
compounds once attached (Figure 2.2). In order to evaluate the quality of the obtained surface
structures, characterization using various methods is required (ATR-FTIR measurements, XPS

measurements, ellipsometry and contact angle measurements).
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H-terminated Si(111) surface Oxidized Si(100) surface
; “OH
o) Kl/o
Si
~7 0
/Ooo\ 0-si,
Sisi 60
o 0.0 \Si\
Si S|\ Si )
H iy Si(100)
SIS _Si.,
Si(111)
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Figure 2.2. The aim structures of photoswitchable self-assembled monolayers on silicon(111) and
(100) in this work.

Finally, in order to understand the photochemical processes on the surface, the photochemical
properties of the prepared compounds need to be first investigated in solution (i.e. UV/Vis studies,
NMR and FTIR measurements). Upon successful immobilization on the silicon SAMs, the
characterization of the photoswitching processes of all prepared, P-type and T-type,

photoswitchable surfaces is to be done using FTIR and contact angle measurements.
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3 Synthesis of Photoswitch-Linker Conjugates

3 Synthesis of Photoswitch-Linker Conjugates

3.1 Fulgimide-Linker Conjugate

In order to have photochromic properties, a fulgide (and related fulgimide) structure requires at
least one of the four substituents on the exo-methylene carbon atom to be an aromatic ring (e.g.
furyl, thienyl, indolyl, pyrryl) (Figure 3.1).”*> This substitution allows the formation of a hexa-

1,3,5-triene structure that may undergo 6m-electron pericyclic ring closure and ring opening

reactions.>’3
A ) Ar = e e
r R R1
AP hv UV P hv UV 0 B /f\&
RN " Ar7N " °‘| S o]
X
2 2
R hv UV R/ hv Vis 10 1
R3 O R3 (@] R2 R3 (o)

NH, NR - fulgimide

T,
X = O - fulgide N N
R R
13

12
R=H, Ts, alkyl

Figure 3.1. Variation of structures of fulgide and fulgimide compounds, including the open
stereoisomers and the closed photoisomer.

Upon the UV light irradiation, a fulgide undergoes 6m-electrocyclization of its open E-form
towards the almost planar cyclic closed C-form.? In order for the photocyclization reaction to
occur, the three conjugated double bonds of the hexa-1,3,5-triene unit require the cis-cis-cis
orientation, so that carbon atoms that form the new bond would come sufficiently close for the
ring-closure reaction (Figure 3.2). Only the E-form, opposed to the other open isomer Z, can
assume the appropriate orientation of the double bonds towards electrocyclization reaction.?
Additionally, under the UV light irradiation, there is also the E-to-Z and Z-to-E isomerization
pathway, that occurs between the two open form isomers. Due to all photoisomers being thermally
stable, reverse ring-opening reaction, from the closed form towards the E isomer, occurs under the
visible light irradiation. Additionally, the choice of the aromatic ring, as well as the other
substituents, can significantly influence the photochromic properties, through variation of the

steric and electronic effects.?
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(0]
(0]
o Q
hv UV hv UV
\ — (0]
o) { \
N\ hv UV hv Vis
N
N\ \
14 Z-form 14 E-form 14 C-form

Figure 3.2. Photoisomerisation reaction of the fulgide, upon UV and Vis light irradiation.

In the work of Kaneko et al., various fulgides were prepared, varying the choice of the
heteroaromatic ring at the substituent.”* They reported that the closed forms of various
pyrrylfulgides absorb at longer wavelengths (Amax > 600 nm), compared to the other fulgides in the
study. However, it is reported that indolylfulgides and thiazolylfulgides show high fatigue
resistance and low medium dependence, compared to furyl, thienyl and pyrryl analogs, which they
attributed to the high chemical stabilities of the heterocyclic groups. Additionally, the
indolylfulgide also showed excellent thermal stability.”

Uchida et al.” studied how steric effects of the substituents can influence the photochromic
properties of indolylfulgides. As shown in Table 3.1, when substituent R! is hydrogen atom, the
fulgide is neither photochromic nor thermochromic.” Instead, when R! is an alkyl group, the
photochromic properties depend on its steric effects. Generally, the bulkiness of the R! substituent
increases the quantum yield of the UV irradiation. Furthermore, the increase of bulkiness of both
the R! group and the substitution on the isopropylidene group, increases the bleaching quantum
yield of the visible irradiation. It is reported that the bleaching quantum yield increases
significantly when adamantylidene, instead of the isopropylidene, group is present.’”> Additionally,
increasing the size of the substituent R?, results in significant decrease in both ®gsc(UV) and
®csg(Vis), as well as a bathochromic shift of the Amax of the closed form. In general, the Amax of
the open forms are not particularly influenced by the steric effects of the substituents, while the

deviation of the Amax of the closed form is significant.
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3.1 Fulgimide-Linker Conjugate

Table 3.1. Influence of steric effects of present substituents on the quantum yields and
spectroscopic properties of the photoisomers of various fulgide molecules, recorded in toluene.
The values are taken as presented in the ref. 75.

hv UV
hv Vis
E-15
R! R? De>c(UV) Dc3e(Vis)?  ®cse(Vis)?  AmaxE [Z] (nm)  Amax C (nm)
H Me - - - - -
Me Me 0.045 0.16 0.051 385 [397] 584
n-Pr Me 0.14 0.12 0.049 385 587
i-Pr Me 0.23 0.31 0.054 385 574
Me Et 0.023 0.087 0.066 384 [395] 616

@ Irradiation with 403 nm light. ° Irradiation with 608 nm light.

Yokoyama et al. studied the electronic effects of substituents on indolylfulgides.’® The electron-
donating substituent introduced in the 5-position of the indole ring exhibit a bathochromic shift in
the absorption maximum of the closed form. Additionally, both the ®g>c(UV) and the ®c»g(Vis)
decreased as the electron-donating ability of the substituent increased.

Fulgimides are the most important class of fulgide analogs. Their spectroscopic properties,
photochemical reversibility and thermal stability showed to be closely related to the respective
fulgide analogs.”” For this reason, their structure is found convenient for the attachment of another
substituent onto fulgimide core (e.g. a fluorophore)’®, or introduction of fulgimide molecule into
various environments, without significant change of their photochromic properties'>:'.

Additionally, opposite to fulgides, the respective fulgimides showed high resistance to solvolytic

degradation in hydroxylic media.”’
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3 Synthesis of Photoswitch-Linker Conjugates

3.1.1 Plan of the Synthesis

For the efficient attachment of the photoswitch to the surface, its structure requires an appropriate
linker. Fulgimide molecules were previously attached to the linker system via Sonogashira-
coupling reaction of the 6-bromo substituted indolylfulgimide.” Additionally, attachment to the
surfaces via linker developed from N-substitution of the fulgimide imide structure has been
reported.'>!* For the attachment to the variously functionalized silicon surfaces (i.e. carboxy- and
epoxy-terminated surfaces), the fulgimide-linker conjugate 7 with a primary amine functionality
was developed, according to the retrosynthetic route shown in Figure 3.3. The introduction of the

linker is carried out during the fulgimide synthesis step, from the respective fulgide 16.

18 19 20

Figure 3.3. Retrosynthetic plan for the synthesis of fulgimide-linker conjugate 7.

The synthesis of fulgide and fulgimide compounds were previously well established in the group
of Riick-Braun.®® 2 The N-methyl substitution on the indole ring showed to give lower ratio of the
closed form in the photostationary state upon UV light irradiation, compared to unsusbstituted
analogs, for both fulgide 16 and fulgimide 7.3° The preparation of the fulgide moiety proceeds via
Stobbe reaction, from two main synthetic units — diethyl 2-(propan-2-ylidene)succinate (18) and

indol fragment 19.
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3.1 Fulgimide-Linker Conjugate

3.1.2 Synthesis of the Fulgimide-Linker Conjugate

3.1.2.1 Synthesis of the Fulgide Core

Indolylfulgide 16 was obtained in 5 reaction steps, starting from the commercially available
2-methyl-1H-indole (20).

The synthesis of the fulgide 16 starts with an acylation of the 2-methylindole 20 via a Vilsmeier-
Haack reaction with a N,N-dimethylacetamide (DMA), in presence of phosphoryl chloride (Figure
3.4).%% The introduction of the acyl group in the 3-position of the indole ring is crucial for the
following Stobbe reaction. Upon recrystallization from ethanol, the product 1-(2-methyl-indol-3-

yl)ethan-1-one (21) was obtained in 81 % yield.

DMA, POCl3 o} p-TsCl, NaOH, (o)
m 0°C-->80°C,3h DCM tech., RT, 48 h
. N _ \
N 81% N 84 % N o. [/
N T n-BuLi, DIPA, THF Bz 50
20 1 19 78°C ->RT, 48 h
I
62 % \( ©
? N
NS PN S
o)
)\i“:o\/ 22
o}

Figure 3.4. Scheme of the reaction route towards obtaining Stobbe product 22.

Before the Stobbe condensation reaction, which proceeds under strong basic conditions, the
protection of the indole amine was necessary. When not protected, the alkaline conditions in this
step causes deprotonation of the indole amine, which thus increases electron density at the carbonyl
carbon of the acyl group. This further leads to poor reactivity and lower yield of the desired Stobbe
product.®! However, it is already known that the use of p-toluenesulfonyl as a protection group,
apart from being stable towards alkaline conditions, is beneficial in the Stobbe reaction as well,
since its electron withdrawing ability increases the reactivity at the carbonyl carbon in the acyl
group.®! In the research group of Riick-Braun, the procedure using p-toluenesulfonyl chloride in
technical DCM, in presence of sodium hydroxide as a base, was previously developed. The greater
amount of water traces in the tech. DCM, allows for higher concentration of the base dissolved in

the reaction mixture, and thus increases the yield of the reaction, compared to procedure carried
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3 Synthesis of Photoswitch-Linker Conjugates

out in dry solvent.’!

Upon prolonged reaction time at room temperature, and subsequent
recrystallization in cyclohexane, the protected product 19 was obtained in 84 % yield.

The Stobbe condensation was first described by Stobbe in 1893,%* as an aldol-type condensation
reaction between the a-methylene group of the succinate ester and a carbonyl group of ketone or
aldehyde, yielding a half-ester product.®* The mechanism of the reaction is shown in Figure 3.5.
The reaction starts with a deprotonation at the a-methylene position of the succinate ester, forming
an enolate 23. A nucleophilic attack of the enolate at the carboyl carbon of the ketone 24 leads to
the formation of an alkoxide 25. The formed alkoxide undergoes intramolecular nucleophilic
attack at the carbonyl carbon of the ester, and by elimination of ethyl alkoxide, forms a
5-membered ring lactone 27. Alternative pathway, a nucleophilic attack at the carbonyl carbon of
the other ester group, would lead to formation of an unfavorable 4-membered ring. Deprotonation
at the a-hydrogen of the ester, leads to elimination, opening of the lactone and formation of the
double bond. The newly formed double bond gives two regioisomers, £ and Z. Opening of the

lactone leads to formation of a salt of the half-ester, which upon acidic work-up yields a half-ester

Stobbe product 30.

S D) 0 A
Q P
o H Base o7 ~—24 “o ( o = ° 0
SO _— SO0 N AN /(OUO\\
-H* 0.
o) o) o
18 23 25 26
okt

O Ar )
©

ElZ
- .
0 H . 0 /Ar o <>o Ar Cov’\H Ar
HO I o) 0 @ . 0 5
o}

30 o] o) %
29 28 27

Figure 3.5. Mechanism of Stobbe condensation reaction according to the ref. 84.

The reaction conditions for the Stobbe condensations of the indole derivate 19 and diethyl
2-(propan-2-ylidene)succinate (18) were previously optimized in the group of Riick-Braun,®’ and
are presented in Figure 3.4. The reaction was carried out under dry inert conditions, using LDA as

a base, prepared in situ from diisopropylamine and n-butyllithium. After prolonged reaction time
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3.1 Fulgimide-Linker Conjugate

at room temperature, the reaction mixture was acidified to yield a half-ester 22. Purification of the
product on column chromatography was previously established,®! using a mixture of cyclohexane
/ ethyl acetate 2:1 with 0.1 % NEt; as an eluent, to deprotonate the carboxylic acid of the product
on the column, and thus allow it to bind to the silica, while eluting other components. Finally, the
product was eluted from the column using cyclohexane / ethyl acetate with 0.2 % acetic acid as
the eluent system, reprotonating the product. The ratio of the two open isomers obtained upon
Stobbe reaction, £ and Z, can be determined from the integrals of appropriate '"H NMR signals.
The signals assigned to protons of the tosyl-group, doublets at 7.60 and 7.68 ppm for the £ and Z
isomer, respectively, are separated enough to allow the use of their integrals to determine the ratio
of 74:26 (E:Z).

Towards obtaining fulgide 16, the half-ester required saponification to yield a diacid compound
25 (Figure 3.6). Under the reaction conditions, 20% aq. potassium hydroxide / ethanol (V/V 1:1),
hydrolysis of the ester group occurs rapidly. However, for complete deprotection of the N-tosyl
protection group, a longer reaction time is necessary.®! As previously reported, for obtaining a high
yield of the following coupling reaction, complete conversion to the N-deprotected diacid product
31 was crucial.®' Additionally, it was not necessary to purify the obtained diacid 31 before the
fulgide coupling reaction; however, it was shown that for the efficiency of the coupling reaction,
the raw product needed to be meticulously dried.®! For this reason, the yield of the saponification
reaction was not determined.

The coupling of the two carboxylic acid groups towards an anhydride was carried out in the
presence of N,N-dicyclohexylcarbodiimide (DCC) in freshly distilled DCM, under dark conditions

at room temperature (Figure 3.6).

o/ gz O\ oH gz <
EIZ "N-O . KOH (20% aq)/EOH 1:1 OH DCC, DCM ?
reflux, 24 h RT. 2h o
T o N[ © 49 % over two steps VL
N N
N " "
22 31 °

Figure 3.6. Reaction scheme and conditions towards preparation of the fulgide 16.

DCC is known to mediate an anhydride formation under mild conditions, and short reaction
times. For the formation of the fulgide 16, in the group of Riick-Braun, several coupling reagents

were previously tested; DCC showed to be the most successful both for the isolated yields and the
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3 Synthesis of Photoswitch-Linker Conjugates

reaction times.?*%¢ The fulgide 16 was obtained as a mixture of regioisomers, £ and Z in a ratio of

85:15, according to '"H NMR.

3.1.2.2 Synthesis of the Fulgimide-Linker Conjugate for Immobilization on Silicon

Surfaces

Transformation of the fulgide 16 towards a fulgimide 7 for the purpose of attaching the latter to
the silicon surfaces, was done with an amine linker, commercially available ethylenediamine (17).
Before fulgimide preparation, the linker was necessary to be protected on one side, to avoid
formation of di-fulgimide product. For this purpose, a simple Boc-protection was introduced, in a
reaction with the amine compound in excess, and slow addition of di-tert-butyl dicarbonate, in
order to avoid formation of the di-protection product (Figure 3.7). The reaction proceeded at room

temperature in DCM, over prolonged reaction time, and yielded the desired linker in 80 % yield.

Boc,0, DCM,
N> N2 RT 48h H, N/\/NHBoc

///NHBoc
82 %
17 o oM N"N CDI, DCM /\/NHBoc
reflux, 24 h _RT, 5days
60 % over
@\/@% two steps

Figure 3.7. Synthetic route and conditions towards preparation of the protected fulgimide-linker
conjugate 34.

Fulgimide preparation was then proceeded in the one-pot synthesis procedure, previously
developed and optimized in the group of Riick-Braun.®! The fulgide 16 was first refluxed in DCM
in the presence of the prepared linker, to establish the mixture of regioisomers of the acid/amide
compound 33, both as the E- and Z-isomers of the double bond (Figure 3.7). Without isolation of
the products, the next step proceeded in the presence of the coupling reagent,
N,N'-carbonyldiimidazole (CDI), in DCM at room temperature, over prolonged reaction time
(5 days). Several different coupling reagents and procedures were previously tested, towards
obtaining fulgimide product 34; the reported route with CDI as a coupling reagent showed to be
superior compared to the other tested coupling reagents (HCTU, EDC, DCC, DIC, and a method
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3.1 Fulgimide-Linker Conjugate

employing phenacyl bromide)?, the one-pot method being more efficient than 2 steps synthetic
routes.?! Crude isolated product was purified on column chromatography, and compound 34
obtained as a mixture of isomers (E:Z, 85:15, according to the 'TH NMR), in 60 % yield over two
steps.

Finally, the last synthetic step prior to immobilization of fulgimide conjugate onto the silicon
surface is deprotection of the Boc-protected amine, under acidic conditions (Figure 3.8).
Previously, it was shown that efficiency of the deprotection, as well as side product formation, is

dependent on both the solvent and the acid used in the deprotection reaction.®!

gz Q NNNHBOC gz Q N/\/N"'Z
4 M HCI in dioxane
VI 0°C->RT, 2h VI .
N o N
N 83 % N
34 7

Figure 3.8. Deprotection of the Boc-protected fulgimide 34, and the structure of the side product
35.

The commercially available 4 M HCI in dioxane, when added slowly in cooled reaction mixture
(0 °C), resulted in high yield of the deprotected product. Upon washing in alkaline solution (0.1 M
NaOH aq.), and purification by column chromatography, the free amine fulgimide-linker
conjugate was obtained in 83 % yield (E:Z 85:15, according to 'H NMR). By this procedure, the
side product 35 was formed in traces (isolated in < 6%), and was detected by 'H NMR by the
geminal alkene protons at 5.26 and 5.48 ppm.®!

3.1.3 Characterization of Photochemical Properties of Fulgimides 7, 34 and Related

Compounds

Photochemical isomerization of fulgides and fulgimides proceeds under UV light irradiation, via
6mn-electrocyclization reation of their £-open isomer, as previously described. Furthermore, under
UV light irradiation, the additional E-to-Z and Z-to-E-isomerization occur (Figure 3.9). Once the
photostationary state (PSS) is reached, all three forms are in equilibrium. Upon removing the UV

light source, the ratio of isomers remains and does not change, since all isomers are being

2 EDC - 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, DIC - N,N'-Diisopropylcarbodiimide.
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thermodynamically stable. Finally, upon visible light irradiation, the closed form undergoes the

ring-opening reaction, yielding the open isomer E.

non planar mostly planar
0]
hv UV

X hv UV

o
hv Vis

=
N\

i\ hv UV
N

H

Z-form E-form C-form
N
16:X=0 34:X=N_ " Boc

7:x= N N2

Figure 3.9. Photostationary states (PSS) of fulgide 16 and fulgimides 7 and 34 structures described
in this study.

The light absorption of the fulgide family compounds is attributed to a m-n* transition. For the
non-planar open forms, the conjugation of the m-electrons is limited, and thus the open isomers
absorb at shorter wavelengths, typically in the UV region. On the other side, the closed form is
mostly planar, and absorbs in the visible spectral range; thus, different photoisomers can be
identified via UV/Vis measurements. The UV/Vis studies were carried out for both, fulgide 16 and
fulgimide 34, under the same conditions. Furthermore, switching reliability was investigated by
performing several cycles and comparing the absorbance at Amax at photostationary states in
acetonitrile solutions.

The photochemical studies of fulgimide 34, evaluated via FTIR spectroscopy in solution, were
previously carried out in the group of Riick-Braun.®! The data recorded in benzene solution show
that both vais(C=0) and vsym(C=0O) absorption bands exhibit changes in the peak position in
different photostationary states. At PSS(365 nm), the bands are found at 1693 and 1754 cm™!, for
vas(C=0) and vsym(C=0); at PSS(545 nm) signals shift to 1686 and 1737 cm!, respectively.®! The
change of the peak position at different photostationay states is a crucial information for an
investigation of the switching process of fulgimide-terminated surfaces.'*

Additionally, the ratio of the different photoisomers upon reaching the PSSs were studied. It was
shown that in benzene solution, at PSS(365 nm), the ratio of the photoisomers £:Z:C is 15:6:79
(HPLC), while at PSS(545 nm) the ratio is 94:6:0, respectively.'*
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3.1 Fulgimide-Linker Conjugate

3.1.3.1 UV/Vis Studies of Fulgimide 34 and Related Compounds

The samples for the UV/Vis photochemical studies were prepared in both chloroform and
acetonitrile. All measurements were carried out under constant stirring of the solution, at a

temperature of 20 °C.
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Figure 3.10. Absorption spectra of the PSSs of the fulgide 16 (A, B) and fulgimide 34 (C, D), at
20 °C in MeCN upon UV light irradiation - PSS(365 nm) (violet); visible light irradiation -
PSS(565 nm) (green); and the initial state (black).

At the initial state, fulgide 16 is a mixture of the open E and Z-forms, 85:15 respectively. Upon
the UV light irradiation (Air = 365 nm), an increase in the absorbance at 553 nm and simultaneous
decrease in the absorbance at 275 and 382 nm suggests the ring-closure reaction upon which the
amount of closed isomer in the solution increases, while the open isomers decrease (values are
given for acetonitrile solution, for the data in chloroform, see Table 3.2). The photoisomerisation
between the E- and Z-isomers cannot be evaluated via UV/Vis studies, due to the similar properties
of the open forms. Irradiation with visible light (Airx = 565 nm) furnishes a decrease in the

absorbance at 553 nm, and an increase in the absorbance in the UV region.
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Table 3.2. Photochemical properties of fulgimide 16 and fulgimide 34, investigated in acetonitrile
and chloroform at 20 °C.

Amax open forms Amax closed form
Compound  Solvent Aisosb (nNm)
(nm) (nm)
16 MeCN 275,382 274,373, 553 257, 326, 345, 433
CHCI3 274, 381 274,374, 547 256, 329, 337, 435
24 MeCN 280, 354 303, 344, 529 255,297,317, 408
CHCl3 282,359 307, 353, 536 297,321,410

Fulgimide 34, at the initial state consists of 85:15 ratio of E/Z photosiomers. Similarly, upon UV
light irradiation, an increase at 529 nm, and a decrease of the absorbance in the UV region
(280 and 354 nm), is observed, due to the ring-closure reaction (Figure 3.10B). At the same time,
due to the E-to-Z and Z-to-E-isomerisation, the £ and Z content is changed. Visible light
irradiation, reverts the reaction towards the £-form. The Amax of the closed form of fulgimide 34 is
blue-shifted compared to fulgide 16, in both investigated solvents, as already reported for the
related fulgide and fulgimide structures.”” The data obtained from the measurements in both
acetonitrile and chloroform are presented in Table 3.2.

Alteration between UV and visible light irradiation allows for evaluation of the reliability of the
switching process. The changes of the closed-form Amax was evaluated over five irradiation cycles,
for both fulgide 16 and fulgimide 34 (Figure 3.10, B and D, respectively). These measurements
show a repeatable change in absorbance of the closed form between the PSS(365 nm) and

PSS(565 nm); the dotted lines are the average absorption over five irradiation cycles.
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3.2 Naphthopyran-Linker Conjugate

Chromenes, i.e. benzo- and naphthopyrans, are photochromic systems that undergo reversible ring
opening of the heterocycle due to C-O bond cleavage upon UV light irradiation (Figure 3.11).3
The open forms that are generated absorb at longer wavelength, exhibit different absorption
spectra, have different geometries and other physical and chemical properties compared to the
closed isomer. The equilibrium composition and ratios of different photoisomers is influenced by
the electronic and steric factors of the chromene core and its substituents, as well as experimental

conditions, i.e. the choice of solvent and temperature.’
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Figure 3.11. Structures of three different stereoisomers of naphthopyran compounds, including
the steric interaction of the hydrogen-atoms in the open forms. The scheme is adjusted from the
scheme reported in ref. 3.
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The two main types of naphthopyran compounds are 3H-naphtho[2,1-b]pyran (36) and 2H-
naphtho[1,2-b]pyran (3). Other possible structural isomers (e.g. the linear 2H-naphtho[2,3-b]pyran
(37)) show no significant photochromic response at ambient temperature (Figure 3.11).

The structural differences between the core structures of these naphthopyran compounds play a
role in the photochromic properties, i.e. absorption maximum of the open forms and the bleaching
rate (Table 3.3). In the PSS, 2H-naphtho[1,2-b]pyrans show higher equilibrium concentration of
the open forms, compared to 3H-naphtho[2,1-b]pyrans.® Additionally, their Amax is
bathochromically shifted, and open isomers have slower fading rates. The difference in fading rate
can be attributed to the different steric interactions of the protons in the open forms — more
significant steric interaction between the H-1 and H-10 in the 3 H-naphtho[2,1-b]pyran than the
interaction between H-4 and H-5 in the 2H-naphtho[1,2-b]pyrans (Figure 3.11).

Table 3.3. Comparison of the photochromic properties of 2,2-diphenyl-2H-naphtho[ 1,2-b]pyran
and 3,3-diphenyl-3 H-naphtho[2,1-b]pyran, recorded in diethylene-glycol bis(allyl carbonate). The
values as taken as presented in ref. 23.

Compound Amax visible (nm) Amax UV (nm) T12 (S)
2H-naphtho[ 1,2-b]pyran 476 355 > 1800
3H-naphtho[2,1-b]pyran 432 359 45

In order to tune the photochromic properties of 2H-naphtho[1,2-b]pyrans, substituents are
introduced in the 5- and 6- position, in an attempt to mimic the steric interaction observed for the
3H-naphtho[2,1-b]pyran structures. As it can be seen in Table 3.4, the introduction of a small
substituent such as a methyl group at position 5, already significantly reduces the fading rate of
the open forms sterically; the fading rate is additionally reduced upon introduction of an ester
group. Furthermore, when the substituent at position 6- is an electron donor group (e.g. MeO), it
leads to a slower fading rate, due to its electronic influence on the stability of the open form. The
resonance structures obtained in this case are presented in Figure 3.12. The MeO is in conjugation
with the ester functionality in the position 5. The orto-quinoidal structure of the ring-open form
additionally stabilizes the open forms. The ring adjacent to the pyran unit has lost some of its -
electron character in the open form, and thus the open form is in favor due to the fact that ring-

opened isomers are preferred when the aromaticity of the ring is diminished.®’
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38

Figure 3.12. The resonance structures of naphthopyran with ester and electron donor substituents,
in positions 5 and 6 of 2H-naphtho[1,2-b]pyran 38, respectively. The scheme is adjusted from the
scheme reported in ref. 87.

Table 3.4. Influence of substituents in the 5- and 6- position on photochromic properties of 2H-
naphtho[1,2-b]pyrans.

40 OMe

R! R? Amax open forms (nm)® T172 (S)

H H 412, 508 > 1800

Me H 416, 496 178

Me Me 421,494 66

Ph Ph 418, 508 20
COOMe H 492 2
COOEt H 493b 3b
COOMe Me 416, 492, 4764 4,217¢
COOMe Ph 416, 506 7
COOMe OMe 501°¢ 74¢
COOMe OCOC;Hs 499¢ 19¢
COOMe OH 4974 2354
COOMe OCH>COOC,H:s 508¢ 2114
COOMe OCOCH; 490° -

2 Data values are taken from ref. 88, recorded in toluene, at 21 °C. ® Data taken from the ref.
87, recorded in toluene. ¢ Data taken from ref. 89, recorded in toluene, at 20 °C.
4 Data taken from ref. 90, recorded in diethylene-glycol bis(allyl carbonate). ¢ Data taken from
ref. 91, recorded in ethanol.
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3 Synthesis of Photoswitch-Linker Conjugates

The choice of the substituent at the aromatic rings in the position 3 of the 3,3-diphenyl-3H-
naphtho[2,1-b]pyrans can further fine-tune the required photochromic properties of the
photoswitch (Table 3.5). The electron donating group in the para-positions leads to a bathochromic
shift of the Amax, and an increase in the fading rate. The authors report that the mono 3-(4-
methoxyphenyl) derivative fades faster than the unsubstituted analogue; an additional methoxy-
substituent (dimethoxyphenyl) further enhances the fading rate.”? However, no values for the half-
lives were reported. On contrary, the electron-withdrawing groups cause a blue shift, and the
fading rate of the open forms is slower; this influence depends on the withdrawing strength of the
substituents. The trifluoromethylphenyl derivative fades at a slower rate than the corresponding

fluorophenyl compound.®?

Table 3.5. Influence of the substituents at the aromatic rings on photochromic properties of
3,3-diphenyl-3 H-naphtho[2,1-b]pyrans.

R! R? Amax (nm)*
H H 430
H 4-MeO 458
4-MeO 4-MeO 475
4-MeO 4-NMe, 512
H 4-NMe» 528
4-NMe» 4-NMe; 544,442
4-F 4-F 428
2-F 4-F 419
H CF3 422

 Data recorded in toluene. The values as taken as presented in the
ref 3.
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3.2 Naphthopyran-Linker Conjugate

The fading rate of the naphthopyran compounds can be further modified, by an inhibition of
formation of the more stable TT isomer. Thus, substitution may influence the ratio between the
isomers in the open form, by e.g. introducing a sterically demanding group, stabilizing one of the
isomers via intramolecular hydrogen bonding, or structural restrictions towards double bond
isomerization. In all of the following examples in Figure 3.13, the bleaching of the naphthopyran
was accelerated due to introduced structural changes. In the group of Riick-Braun, sterically
demanding substituent (i.e. CN) was introduced at 2-position of 2H-benzo[2,1-b]pyran, resulting
in very fast relaxation time (t = 12 ps), suggesting formation of only short-lived TC isomer at room
temperature, while due to the sterical reasons, there was no isomerization towards the TT isomer.”>
More recently, in the group of Coelho, a series of bridged naphthopyrans were developed, which
prohibit isomerization towards the long-lived TT form.***® Finally, the group of Abe recently
developed an approach, in which by introduction of an alkoxy- group at 10-position of a 3H-
naphtho[2,1-b]pyran, formation of the TT form is reduced due to the intramolecular hydrogen

bonding between the oxygen atom of the alkoxy- group and the olefinic proton in the TC form.”’

ES

O

O
rs

43

44 TC-44

Figure 3.13. Structural modification of the chromene structures, in order to enhance the ratio of
only one of the photoisomers as reported by groups of (A) Riick-Braun in ref. 93, (B) Coelho in
ref. 94 and (C) Abe in ref. 97.
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3 Synthesis of Photoswitch-Linker Conjugates

Upon UV-light irradiation, a naphthopyran molecule undergoes C-O bond cleavage, thus ring-
opening of the pyran moiety occurs, yielding the open forms (Figure 3.14). Initially formed
transoid-cis (TC)-form is thermally unstable, and thus it either quickly reverts to the closed form
(CF), or under further UV irradiation undergoes C=C isomerization yielding the more stable
transoid-trans (TT)-form. The cis-trans isomerisation between the two open forms is a slow
process, and happens upon UV irradiation. Other possible isomers, cisoid-cis (CC) and cisoid-
trans (CT), are under detection limit at room temperature, and do not influence the photochemical
properties of the PSS. Upon removal of the UV-light source, the thermally unstable TC form
rapidly returns to the closed form. The thermal bleaching of the more stable TT form occurs
slowly; the process involves two steps - isomerisation from TT to TC form (slow process), and
further ring closure, from TC to the closed form (fast process). Under visible light irradiation,

color-fading of the TT forms occurs faster.

9

A x C-C bond ‘
O hv O O O rotation
o - O -~ - c

C
hv /A © © =
fast Q fast O O T
0]

35-closed form 35-zwitterionic form CC-35 form CT-35 form
hv Vis / A
fast hv UV|| c-C bond C-C bond
rotation rotation

hv Uv/Vis

O
@f\ [1,5] H-shift
OH A

A-35 form

hv

P — T =z
hv uv-vis/ A P
-
slow O
o

TC-35 form TT7-35 form
short lived long lived

Figure 3.14. Possible photochemical and thermal reaction pathways of the chromene switching
process, including the formation of the allene (A) form.

The NMR studies is a widely employed method for understanding the kinetics of the
photochemical isomerization of chromene compounds. On the example of difluorophenyl
substituted benzopyran, Delabere ef al. investigated photochemical and thermal reactions of the
switching process.”® Upon UV irradiation, apart from the TC and TT isomers, small amount of

the additional allene (A) isomer is formed, and detected by 'F NMR. Under visible light
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3.2 Naphthopyran-Linker Conjugate

irradiation also the TC—>A isomerization occurs at room temperature. The allene form was
confirmed for differently substituted 3H-naphtho[2,1-b]pyrans in various solvents.'?-103
However, the NMR investigations of various 2H-naphtho[1,2-b]pyrans showed no allene
isomer formation at low temperature, upon photochemical investigations in any of the tested

solvents.'04-107

3.2.1 Plan of the Synthesis

For the attachment to the surface, a synthetic route of the amino-functionalized
naphthopyran-linker conjugate was developed, according to the retrosynthetic scheme in
Figure 3.15. The substitution pattern was chosen to fine-tune the desired properties of the
photoswitch, in order to follow the photochromic changes when attached to the Si(111) surface.
The methyl ester functionality at 5-position was introduced in order to reduce the thermal back
reaction fading rate. Additionally, the ester functionality makes a useful substitution choice for
further characterizations, due to its strong absorption in the IR. The hydroxyl-functionality of the
naphthopyran core 45, was introduced as a coupling functionality for the attachment of the linker.
The synthesis of the naphthopyran core 45 was previously well established in the group of Riick-

Braun, and based on the procedure earlier reported by Gabbutt et al.¥’

Oy_-OMe

Figure 3.15. Retrosynthetic plan of the naphthopyran-linker conjugate 8.
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3 Synthesis of Photoswitch-Linker Conjugates

An amine linker, based on the rigid piperazine structure, was designed with the aim to attach the
final naphthopyran-linker conjugate 8 to the carboxy-terminated Si(111) surface. The mono-Boc
protected piperazine was coupled to the methyl 2-(4-iodophenyl)acetate in a Buchwald-Hartwig
amination reaction, to yield a linker arm. The prepared linker, deprotected to the carboxylic acid,
was coupled with the core naphthopyran 45 in a Steglich esterification reaction, to yield the desired

conjugate for surface attachment.

3.2.2 Synthesis of the Naphthopyran-Linker Conjugate

3.2.2.1 Synthesis of the Naphthopyran Core

Naphthopyran core 45 was obtained in a three-step reaction sequence, starting from commercially
available 1,4-dihydroxy-2-naphthoic acid (51) and benzophenone (52).
First, 1,4-dihydroxy-2-naphthoic acid (51) was protected in a selective methylation reaction, to

afford the desired 1,4-dihydroxy-2-naphthoat (Figure 3.16).'%

OH O
o)
SOA OﬁO
OH 52
51
NaHCOs, Mel ClMg~—==
artBs, Me 0.6 M in THF/toluene
DMF, RT, 48 h THF, RT, 70 h
90 % 77 %
OH O o O._OMe
OMe AlZOS HO N
4 ©/H\© toluene, reflux, 24 h O
OH 20 % O °

M o O
45

OH OH O OH O OH O
2

o
™ Qe L ™ e
N [3,3]-sigmatropic 25 XN
O~ /; rearrangement o \ rearomatization (:9/\ [1,5] H-shift o J

53 54 55 56

T

Figure 3.16. Three steps synthesis route, including the reaction conditions and rearrangement
towards the naphthopyran 45.
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3.2 Naphthopyran-Linker Conjugate

As a methylation reagent, methyl iodide was used, and mixed with the naphthopyran building
block 51 in DMF under basic conditions, at room temperature, over prolonged reaction time. Upon
the purification by column chromatography, the desired methyl ester 46 was obtained in 90% yield.
Here, classical Fisher esterification reaction conditions (methanol, under acidic conditions) would
not have resulted in the desired product, as previously reported.'?

1,1-diphenylprop-2-yn-1-ol (47) was obtained from commercially available benzophenone (52) in
a Grignard reaction with ethylene magnesium chloride in abs. THF, at room temperature, over
prolonged reaction time (Figure 3.16).%* The purification of the product was a challenge, due to its
instability under acidic conditions; the propargylalcohol undergoes side product formation to 3,3-
diphenylacrylaldehyde (60), when the alkyne-substituted carbocation is intercepted with water
followed by tautomerisation via Meyer-Schuster rearrangement (Figure 3.17).!'® Thus,
purification of the product on column chromatography using silica was not an option, due to its
slightly acidic properties. The fractional-bulb distillation showed to be an unsuccessful method,
since upon two separate attempts, it led to obtaining only the mixed fractions. Finally, the product

was purified by column chromatography, using neutral aluminium oxide (Alox) as a stationary

phase, and pentane / ethyl acetate 5:1 as eluents, and obtained in 77% yield.

o o (
H o ‘J\‘ ‘% ‘ ‘iL‘

Figure 3.17. Side product formation via Meyer-Schuster rearrangement of the propargylacohol
47.

The preparation of naphthopyran 45 was carried out in apolar toluene, under acidic catalysis
(aluminum oxide, refluxing overnight), according to Gabbutt et al.®” Reaction proceeds via acidic
catalyzed condensation of the naphthol 46 and propargylalcohol 47 towards alkynyl aryl ether 53
(Figure 3.16). The reaction further proceeds via [3,3]-sigmatropic Claisen rearrangement to obtain
allene 54, which undergoes rearomatization and [1,5] hydrogen-shift to yield naphthopyran 45 in
the open form. Upon the electrocyclization reaction, the naphthopyran 45 was obtained and
isolated in 20% yield. A screening of different acidic catalyst, for the preparation of chromene
compounds from the respective propargylalcohols, was previously tested in the group of Riick-

Braun.!® It was shown for a series of different benzo- and naphthopyrans, that the procedure
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3 Synthesis of Photoswitch-Linker Conjugates

according to Gabbutt et al is more efficient compared to the other previously reported
alternatives.!% In this work, for the here designed chromene, no investigation in this matter were
carried out.

There are several reasons for the low yield of the reaction. Even after 24 h reaction time, the
turnover was incomplete; TLC control showed remaining naphtol in the reaction mixture, upon all
of the propargylacohol was used up. Thus, the poor yield was influenced by the formation of the
side-product 60 via the Meyer-Schuster rearrangement of the propargylacohol in the reaction
mixture, catalyzed by the acidic aluminum oxide (Figure 3.17).!'! The formation of the aldehyde
60 was confirmed in the '"H NMR spectrum, via a doublet at 9.51 ppm (°J = 8.0 Hz) assigned to
the aldehyde proton.'!'? Additionally, the reaction is known to be less efficient when 1-naphtol is
employed in the reaction, compared to 2-naphtol used for the synthesis of

3H-naphtho[2,1-b]pyrans, resulting in generally higher yield of the aldehyde side product.!!®

3.2.2.2 Synthesis of the Piperazine-Based Linker

The linker was prepared following a four-step procedure, starting from the commercially available
2-(4-iodophenyl)acetic acid (50) and piperazine (49). The synthesis of the linker was designed to
proceed by a metal mediated amination of methyl iodophenyl acetate 61 and mono Boc-protected

piperazine 62 (Figure 3.18).

H,S0,, MeOH

OH RT 45h OMe
Pd,(dba)s, 'BusP, Cs,CO3,
50 61 toluene, 100°C, 44 h WOMG
N ©

40 %
Boc,0, DCM
0 002_> RT 24 h conv. 88 % BOCNJ

H

N
. oo J 63
H Boc

ZT

49 62

Figure 3.18. Three steps reaction route and reaction conditions, towards obtaining Buchwald-
Hartwig coupling product 63.

Methyl 2-(4-iodophenyl)acetate was obtained according to the procedure described by Yu et al.!'3

2-(4-Iodophenyl)acetic acid (50) was dissolved in methanol, esterification reaction proceeded

under acidic conditions via Fisher esterification mechanism, by refluxing over a period of 4.5 h

32



3.2 Naphthopyran-Linker Conjugate

(Figure 3.18). Since reactants and the products are in equilibrium, methanol was used in excess to
shift the equilibrium towards the product, resulting in 97 % yield, without requiring a purification
step.

Before the metal-mediated amination, the commercially available piperazine requires a selective
mono-protection, in order to avoid formation of a di-coupled product. Since the amination reaction
proceeds under basic conditions, the Boc-protecting group was chosen for amine protection, due
to its stability towards bases and inertness towards many other nucleophilic reagents.!'* Piperazine
was protected using Boc,O and piperazine in excess, in DCM starting at 0 °C and slowly warming
up to room temperature over prolonged reaction time (Figure 3.18).!'> Upon work-up, the desired
product, tert-butyl piperazine-1-carboxylate (62) was afforded in 89% yield, without further
purification.

The coupling of two linker units proceeded via Buchwald Hartwig amination reaction, which
allows formation of aryl amine compounds, starting from aryl halides and primary or secondary
amines, in a palladium-mediated coupling reaction.!'®!!7 Herein, the obtained methyl 2-(4-
iodophenyl)acetate (61) was coupled with the Boc-protected piperazine 62, using
tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s) as a precatalyst, and tri-tert-butylphosphine
as a ligand, in the presence of Cs,CO3 as the base, and heating in toluene.!'®

The mechanism of the reaction starts with the oxidative addition of the aryl iodide 61 (I). In the
next, the complex is coordinated by the secondary amine and subsequently deprotonated by the
present base, yielding the complex 66 (II) (Figure 3.19).'!® Finally, the new C-N bond is formed
via the reductive elimination (III), leading to the desired product 63 and the regenerated catalyst.
The reaction did not reach completion even after prolonged reaction time (48 h), according to TLC
control. The product was isolated in 40% yield; the starting aryl iodide was recovered by a column
chromatography after quenching of the reaction, resulting in an overall conversion of 88%.
Furthermore, the obtained yield may be influenced by side product formation via the B-H
elimination reaction (IV) (Figure 3.19, B).!?° Imine 67 and a dehalogenated product 69 are the
most likely products of the B-H elimination."”® Additionally, disproportionation of the
arylpalladium halide complex towards dihalo- and diarylpalladium complexes has been reported;

the latter may lead to formation of biaryl side product via reductive elimination.!'!%!?!
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Figure 3.19. Mechanism of the Buchwald-Hartwig amination towards preparation of the linker
63, according to ref. 119.

Additionally, the amination reaction was tested under the Ullmann reaction conditions, using
copper iodide as the catalyst in the metal-mediated coupling reaction.'?>!2 However, under the
tested conditions — Cul as the catalyst, tetramethylethylenediamine (TMEDA) as the ligand,

potassium phosphate as the base, in abs. toluene at 80 °C,'* after prolonged reaction time (30 h),
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3.2 Naphthopyran-Linker Conjugate

no conversion of the educt was observed. The starting material was entirely recovered via column
chromatography.
In this work, no additional experiments were carried out towards optimization of the amination
reaction. Although the Buchwald-Hartwig cross-coupling reactions always follow the general
catalytic cycle route, the catalytic species, and thus the rate limiting step as well, can vary for
different substrates and overall reaction conditions. There are many variables that must be taken
into account (i.e. choice of ligand, solvent, palladium-to-ligand ratio, temperature, etc), since they
can significantly influence the efficiency of the reaction.!?>1?® It is reasonable to believe that
investigation towards tuning the reaction conditions may lead to improved conversion and overall
yield of the reaction.!?”:18
In the final step, the linker ester group was hydrolyzed under basic conditions,!'* in order to obtain
the carboxyl-functionality, available for further coupling reaction with the naphthopyran core
(Figure 3.20). The hydrolysis was carried out in 2 M NaOH aq. / THF solution, at room
temperature overnight. The reaction yielded 94% of the desired product without further
purification.
OMe NaOH, THF, OH
N m RT, 21h me
BocN_J 94 % BocN.__J

63 70

Figure 3.20. Reaction scheme and conditions towards obtaining the piperazine-based linker 70.

3.2.2.3 Synthesis of the Naphthopyran-Linker Conjugate for Immobilization on the

Silicon Surface

The coupling of the naphthopyran core 45, and the linker 70 was carried out in a Steglich
esterification reaction (Figure 3.21).!% N N'-Dicyclohexylcarbodiimide (DCC) was used as a
coupling reagent, and 4-dimethylaminopyridine (DMAP) as a catalyst in the coupling reaction, in
dry DCM, according to the procedure previously reported for phenols in ref. 130. The reaction was

carried out in the dark, and afforded the desired naphthopyran 71 in 70 % yield upon purification.
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Figure 3.21. Formation of the naphthopyran-linker conjugate 71, via Steglich esterification
reaction.

The TLC monitoring of the reaction showed incomplete conversion of the starting naphthopyran
45, after prolonged reaction time (48 h). Furthermore, the purification of the product proved to be
a challenge. The column chromatography with different eluent systems — pentane / ethyl acetate =
5:1, 2:1, 1:1, 1:10 — showed to be unsuccessful towards obtaining pure product, due it strongly
binding to the silica. Additionally, the recrystallization was tested as a purification method, due to
the difference in the polarities of the educts and the product, using varying ratios of ethyl acetate
and cyclohexane (cyclohexane / ethyl acetate = 50:50, 10:50, 50:10, 99:1, 1:99) under reflux, but
all efforts were unsuccessful. Finally, the column chromatography on silica, using pentane / ethyl
acetate = 5:1, with addition of a base (0.1 % NEt3), afforded the pure product. The addition of the
base reduced the acidity of silica, and thus allowed elution of the product which otherwise
remained attached to the column material.

The final step of the naphthopyran-linker conjugate synthesis is the Boc-deprotection, furnishing
the free secondary amine for the attachment to the carboxy-terminated silicon surface. Boc-
cleavage is carried out under acidic conditions;''* using HCI in dioxane at 0 °C (Figure 3.22). The

final product was isolated quantitatively, without further purification, in form of the chloride salt.

O _OMe O._OMe
HCI, dioxane

0] o
OO0 eesmtse K
N O o EE— Cl N O 0
BOCN\) Q quant. H2N+\) Q

71 8

Figure 3.22. Reaction scheme and conditions for the Boc-deprotection towards obtaining
naphthopyran 8.
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3.2.3 Characterization of Photochemical Properties of the Naphthopyran Compounds

Photochemical isomerisation of the naphthopyran compounds occur upon UV light irradiation of
the closed structure. Ring-opening reaction, as previously described, leads to formation of two
main photoisomers, the short lived TC and more stable, long lived TT-form (Figure 3.23). Under
UV irradiation, the amount of the closed form is decreased, while the amounts of the open-form
photoisomers increase. Once the photostationary state is reached, all three forms are in
equilibrium, and the ratio between them should remain unchanged as long as the same light source
is employed. Due to thermal instability of the open isomers, removing the light source influences

ring-closure reaction, and the equilibrium shifts towards formation of the closed form.

Closed form Open TC form Open TT form
short-lived long-lived

45: R=H

O
N N—Boc
_/

Figure 3.23. General photochemical equilibrium of naphthopyran structures described in this
study.

The photostationary states are possible to identify via UV/Vis measurement, since the absorbance
at the Amax stays constant once the equilibrium is reached. UV/Vis measurements were carried out
for both prepared naphthopyran compounds, 45 and 71, under the same conditions. Furthermore,
fatigue resistance was confirmed by performing several cycles and comparing the absorbance at
Amax 1n the photostationary states.

Additionally, NMR mesurements allow identification of the isomer ratios in the photostationary
states, but also the ratios of photoisomers at different points of the photochemical reaction. This
method was employed in order to evaluate the switching process of the prepared naphthopyran
compounds. For identifying the open isomers by elucidation of molecular structure, and

determination of the ratio of isomers in the PSSs. Furthermore, this method was previously used
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and reported as a usefull approach to study the switching mechanism between the different
isomers, and analyze the kinetics of the photochemical and thermal reactions.!?!

Finally, the photochemical reactions were investigated via infrared spectroscopy in solution. These
studies do not necesserily allow identification of each of the photoisomers upon the switching
reactions, due to the signals of TC and TT being similar. Rather, it allows observation of the
changes of the significant signals of the isomers in the different photostationary states, obtained
by bond cleavage, isomerizations and bond formation reactions. Additionally, the data obtained

for these compounds in solution, plays crucial role in evaluation of the switching process on the

photoswitchable silicon surfaces.

3.2.3.1 UV/Vis Studies of the Naphthopyran Compounds

The samples for the UV/Vis photochemical studies were prepared in acetonitrile and degassed
with stream of argon for 15 min. The studies of naphthopyran 71 were additionally done in
tetrachloroethylene (TCE). The measurements were carried out under constant stirring of the

solutions, at a temperature of 21.8 °C £ 0.2, unless otherwise stated.
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Figure 3.24. Absorption spectra of the PSSs of the naphthopyran 45 (A) and 71 (B) in acetonitrile:
upon UV light irradiation, PSS(365 nm) (red); thermal relaxation, PSS(A) (blue); visible light
irradiation, PSS(505 nm) (green); and the initial state (black).

Upon the ring-opening reaction of naphthopyran 45 in acetonitrile solution, under the UV light
irradiation (Airr = 365 nm) the spectra shows increase in the absorbance at 455 nm caused by the
extended delocalization of the m-electrons over both the naphthopyrane moiety and the phenyl

rings (PSS(365 nm)) (Figure 3.24A). A time-resolved photochemical study shows rapid increase
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in absorbance at Amax and very slow return to the closed form, both under thermal relaxation and
visible light irradiation (Air = 505 nm) (Figure 3.25). For comparison, both back reactions are
carried out immediately upon 60 s of irradiation of the samples with the 365 nm light (Figure
3.25B). The thermal relaxation was monitored in the dark at 21.8 °C. For the visible light
irradiation back reaction, simultaneously was the UV light source turned off and visible light
turned on. The visible light irradiation for 50 min increased the temperature to 27.3 °C; the final
spectra was taken upon cooling to the initial temperature. The spectroscopic data are presented in

Table 3.6.
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Figure 3.25. Time-resolved spectra of the naphthopyran 45 in acetonitrile (c = 9.4 - 10° M), under
(A) UV light irradiation, and (B) thermal back reaction (blue), and visible light irradiation back
reaction (green).

For the naphthopyran 71, similarly, upon the 365 nm light irradiation, at the PSS(365 nm), the
spectra shows the absorbance maximum at 463 nm (Figure 3.24B). A time-resolved study shows
thermal relaxation in the dark to be fast, due to the fast bleaching of the TC and formation of the
closed form (PSS(A)) (Figure 3.26). Ring closure of the more stable TT-form proceeds very

slowly, and thus the timeresolved spectra reaches a plateau. The complete return to the closed
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forms occurs upon visible light irradiation (PSS(505 nm)). For comparison, both back reaction are
carried out upon 60 s of irradiation of the samples with the 365 nm light (Figure 3.26B). The

spectroscopic data are presented in Table 3.6.
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Figure 3.26. Time-resolved spectra of the naphthopyran 71 in acetonitrile (c = 9.8 - 10° M), under
(A) UV light irradiation, and (B) thermal back reaction (blue), and visible light irradiation back
reaction (green). (D) Repeatable changes of the average absorbance in the region 458-468 nm upon
reaching the PSS(365 nm) and PSS(505 nm).

Since the visible-light irradiation back reaction allows for fast complete regeneration of closed
form of the naphthopyran 71, the alternation between UV- and visible-light irradiations allows the
evaluation of the fatigue resistance. Figure 3.26D shows the repeatable absorption change upon
several UV/visible-light irradiation cycles of the naphthopyran 71 in acetonitrile solution. The
cycles, consisted of 60 s irradiation with UV-light, followed by the immediate 10 min visible-light
irradiation. upon irradiation with 505 nm LED light, the temperature of the sample increased from
21.8 °C to ~25.5 °C; the spectra of the PSS(505 nm) were taken upon cooling down to the initial
temperature. Remarkable reproducibility without decomposition or side-product formation during
this process was observed upon 5 cycles (Figure 3.26D, the dotted lines present the average values

of the absorbance for the PSSs over 5 cycles).
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3.2 Naphthopyran-Linker Conjugate

Tetrachloroethylene (TCE) is one of the solvents of choice for the investigation of the switching
in solution via FTIR spectroscopy. For this reason, the fatigue resistance was also tested in
tetrachloroethylene and proved reproducibility over several cycles at the Amax of the open forms.
However, some slight inconsistencies were observed in the area below 450 nm (Figure 3.27), most
probably due to reactivity of tetrachloroethylene towards [2+2] photocycloaddition under
prolonged UV light irradiation (A = 350 nm).'3? For this reason, TCE was not further used for

UV/Vis investigations of naphthopyran compounds.

Table 3.6. Spectroscopic data of naphthopyran 45 (in acetonitrile), and 71 (in acetonitrile and
tetrachloroethylene).

Amax closed form Amax open forms
Compound Solvent Aisosb (Nm)
(nm) (nm)
Naphthopyran 45  MeCN 273,282, 388, 402° 254,300, 455 252,260, 285
MeCN 265, 275, 348, 361° 257,294, 463 280
Naphthopyran 71
TCE 351, 369° 462 b

@ observed sholder. ®* TCE UV cut-off wavelength is at 290 nm.
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Figure 3.27. (A) Absorption spectra of the naphthopyran 71 in tetrachloroethylene, the initial state
and at the PSS(505 nm) over 3 cycles. (B) The changes in the average absorbance in the region
458-468 nm upon reaching the PSS(365 nm) and PSS(505 nm).

The kinetics of thermal bleaching of the naphthopyran compounds can be analyzed from
time-resolved absorption spectra, by fitting the experimentally obtained data from the

measurements in acetonitrile to a biexponential (second-order) decay!3*!34:

A(T) = Aje ™ T + Aje 2" + Ay,
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3 Synthesis of Photoswitch-Linker Conjugates

Where A(7) is the absorbance at the Amax, A1 and A» are contributions to the initial absorbance Ao,
ki and k» are rate constants of fast and slow components, respectively, and A is the residual
absorbance when time approaches infinity. The biexponential decay fitting provided correlation
coefficients of >0.99 (Table 3.7). Additionally, a common way of describing the bleaching of the
colored forms is by introduction of 112 and 13/4 values, which are defined as the time taken for the
initial absorbance (Ao) to reduce by Y4 and %, respectively. All spectrokinetic data are presented

in Table 3.7.

Table 3.7. Spectrokinetic data of thermal bleaching of the naphthopyrans 45 (A) and 71 (B), in
acetonitrile solution (¢ =9.4 - 10° M and 9.8 - 10°® M, respectively).

Amax ki1 k2 T2 T34
Compound Ao A1 A2 Ath
(nm) (10°sh) (103 s (s) (s)
45 455 3.634 0.752 213 453 03316 0.3085 0.0007 0.018
71 463 16.38 2.128 67 230 0.3565 0.2651 0.0091 0.0824

The values for the Amax, T1/2, T3/4 and Ao are obtained from the experimental data; ki, k2, A1, A2 and
A are obtained from the biexponential decay fitting of the experimental data.
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The obtained bleaching rate constants, ki and kz, for both naphthopyrans, show faster bleaching
kinetics for compound 71, compared to the compound 45 (Table 3.7). Additionally, the fading
times, T12 and 134, for the naphthopyran 45 are significantly higher than the fading times of the
naphthopyran 71. This behaviour of the two naphthopyrans in the solution can be assigned to two
different factors: (1) stabilization from the electron donating group in the 6-position, stabilizing

the open forms, as previously shown in Figure 3.12, (2) hydrogen bonding formation between the
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3.2 Naphthopyran-Linker Conjugate

carbonyl oxygen of the open forms and the free hydroxyl group in the case of compound 45,
thereby stabilizing the open forms. The influence of the hydrogen bonding on the stabilization of
the open forms has been described before.?®!3 Naphthopyran 71, due to the additional linker, does
not undergo the latter kind of stabilization of its open forms. The bleaching of the opened forms
upon the visible-light irradiation is also slower for naphthopyran 45 (Figure 3.25), for the same

reason.

3.2.3.2 NMR Photochemical Studies of the Naphthopyran Compounds

Naphthopyran samples (acetonitrile-d3, ¢ = 102 M, 0 °C) were irradiated directly in the NMR
tube, and the spectroscopic changes were followed by periodical recording of 'H NMR spectra
during the irradiation and relaxation reactions. The conditions for the measurements are
comparable to the previous NMR work published in the field of 2H-naphthopyrans switching
experiments.!* The assignments were made on the basis of chemical shifts, coupling constants of
the measured 'H and the 2D NMR H,H-COSY experiments. Coupling constants provide crucial
information in assignation of the peaks, due to observed differences in the values between different

protons in CF, TC and TT form.!*!3!
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Figure 3.28. '"H NMR spectra of the naphthopyran 45 in MeCN-d3, at 0 °C before the irradiation,
upon reaching the PSS(365 nm), and upon thermal relaxation. The NMR assignations are color
coded as following: CF (blue), TC (red), and TT (green).
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In the '"H NMR spectra of the initial state of the naphthopyran 45, where only the close form is
present, two pairs of doublets are observed (Figure 3.28). The doublets at 6.44 and 7.48 ppm, with
a coupling constant J = 10 Hz, are assigned to the protons H-3 and H-4, respectively. The other
pair of doublets, at 8.30 and 8.45 ppm, with a coupling constant J = 8.2 Hz are assigned to the
protons H-7 and H-10, respectively. Upon UV light irradiation, integrals of these peaks decrease,
while the new signals appear in the spectra. In the PSS(365 nm), the new doublets at 8.17 and 8.06
ppm, with a coupling constant of 7.8 Hz and 8 Hz, are assigned to the H-10 and H-7 of the TC
form, respectively. The doublet at 8.04 ppm, with the coupling constant J = 12 Hz is assigned to
H-3 of the TC form. The H-4 of the TC form could not be easily identified due to the overlapping
with other aromatic signals. A pair of weak doublets observed at 6.85 and 7.06 ppm, with a vicinal
coupling constant of 12.2 Hz, is assigned to the H-4 and H-3 protons of the TT form, respectively.
Upon thermal back reaction, the signals for both TC and TT decrease, and finally disappear, while
the signals for the closed form increase.

"H NMR spectra of naphthopyran 71 upon reaching the PSSs is showed in Figure 3.29.
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Figure 3.29. '"H NMR spectra of the naphthopyran 71 in MeCN-d3, at 0 °C before the irradiation,
upon UV irradiation and reaching the PSS(365 nm), upon thermal relaxation and reaching the
PSS(A), and upon visible light irradiation and reaching the PSS(505 nm). The NMR assignations
are colour coded as following: CF (blue), TC (red), and TT (green).
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Before the UV-light irradiation, the system of two doublets at 6.50 and 6.91 ppm, with a vicinal
coupling constant of 10 Hz was assigned to H-3 and H-4 of the closed form, respectively.
Furthermore, the signal found at 8.46 ppm for the closed form (J = 8.4 Hz) is assigned to H-10.
Upon the UV-light irradiation and formation of the open forms, the new system of doublets appear
at 8.62 and 6.84 ppm, with a vicinal coupling constant of 11.9 Hz, assigned to the H-3 and H-4 of
the TC form. However, due to the overlap of several aromatic signals, it was not possible to identify
the H-3 and H-4 protons for the TT form. Furthermore, upon the UV-light irradiation, this signal
at 6.46 ppm decreases in intensity, while the doublets at 8.22 (J = 7.8 Hz) and 8.10 ppm
(J="7.8 Hz) increase, assigned to the H-10 for TC and TT form, respectively.

During the thermal relaxation, the signals assigned to the TC form decrease, and finally disappear
from the spectra. At the PSS(A) only signals assigned to the closed form and the TT form are
observed. Irradiation with visible light (Air = 505 nm), leads to TT back reaction towards the TC
form, which finally forms the closed form. The finally obtained "H NMR spectra show only signals

assigned to the closed form.

Table 3.8. Peak assignment, position and coupling constant in '"H NMR, of the three photoisomers,
of naphthopyran 45 and 71 in acetonitrile-d3 at 0 °C.

Assigned Proton position (ppm)
Compound proton in [Coupling constant (Hz)]
NMR CF TC TT
o (‘) 3 6.44 [10] 8.04 [12] 7.06 [12.2]
HO O 13 O 4 7.48 [10] - 6.85[12.2]
7 0 7 8.30 [8.2] 8.06 [8] -
8~~10 Q
9
i 10 8.45[8.2] 8.17 [7.8] -
0 b 3 6.50 [10] 8.62 [12.2] -

meo O 0\3 4 6.91 [10] 6.84[12.2] ;

o 10 8.46 [8.4] 8.22 [7.8] 8.10 [7.8]
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3 Synthesis of Photoswitch-Linker Conjugates

In order to follow the kinetics of the switching process, the 'H NMR spectra were taken
periodically in regular intervals, during the switching process at 0 °C (Figure 3.30). Gradual
change of signal integrals is observed during different parts of the photochemical cycles (A-C),

which allows determination of the photoisomers ratio over time.
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Figure 3.30. Zoom of the 'TH NMR spectra of naphthopyran 71, taken periodically at 0 °C, in order
to follow the peak integral changes during (A) UV light irradiation, (B) thermal relaxation, and
(C) visible light irradiation. The NMR assignations are colour coded as following: CF (blue), TC
(red), and TT (green).

The time-resolved spectra were obtained by plotting the signal integrals over time (Figure 3.31).
For the time-resolved analysis, the peaks in the '"H NMR spectra needed to show no overlapping
with the neighboring signals. For both naphthopyran compounds, it can be observed that upon UV-
light irradiation, the signals for CF decrease in intensity, while signals for both TC and TT increase.
For naphthopyran 45, the thermal back reaction TC—>CF is drastically slowed down, as previously
observed during the UV/Vis investigations. During the thermal back reaction, gradual decrease of
the signals for both TC and TT form is observed, while the signals for closed form increase. A
strong stabilization of the open forms is observed (hydrogen bonding), and thus both TC and TT

form simultaneously revert back to the closed form.
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3.2 Naphthopyran-Linker Conjugate

In the case of naphthopyran 71, during the thermal relaxation in the dark, signals for CF increase,
and TC decrease, due to the spontaneous TC—>CF reaction; however, the intensity of the TT
signals remain unchanged. At the PSS(A), only the closed form and more stable open form, TT,
are present. Finally, by irradiation with the 505 nm light, TT undergoes conversion to TC form at
first, which is observable as simultaneous increase of the TC signal and decrease of the TT signal.
Over time, both decrease, while the CF intensity increases. The ratios of the photoisomers at PSSs

at 0 °C are presented in Table 3.9.
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Figure 3.31. Time-resolved '"H NMR spectra during the switching experiment of naphthopyrans
45 (left) and 71 (right) in MeCN-d3 at 0 °C.

Table 3.9. Calculated ratios of different photoisomers of naphthopyrans 45 and 71 (102 M), upon
reaching the photostationary states, in MeCN-d3 at 0 °C, obtained from the NMR data.

Compound Photostationary state Ratio CF:TC:TT
45 PSS(365 nm) 16:77:7
- PSS(365 nm) 34:48:18
PSS(A) 83:0:17

It is significant to address the greater stabilization of the open forms present for the compound 485,
as previously observed during the UV/Vis measurements. From the determined ratios of the
photoisomers, we can observe that there is almost twice the amount of closed isomer at the
PSS(365 nm) of compound 71 compared to 45. Additionally, the ratios between the TC and TT
isomers at the PSS(365 nm) further emphasize the influence of the stabilization. In the case of
compound 45, the firstly formed TC isomer is strongly stabilized (via hydrogen bonding), thus

further transformation to the TT form occurs at a lower rate, yielding the tenfold ratio between the
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open isomers. For conjugate 71, the ratio between open isomers is ~2.5. Therefore, the stabilization
attributed to both resonance and hydrogen-bonding effects, favors not just the open to the closed

1somer, but also the TC to the TT isomer.

3.2.3.3 FTIR Solution Photochemical Studies of the Naphthopyran Compounds

Photochemical studies in solution were performed in a concentration of the photoswitch of
3-102 M in the following solvents: TCE, MeCN, and DCE. Different solvents are chosen due to

their different properties (Table 3.10). All photochemical studies were performed in two cycles.

Table 3.10. Some physical properties of the solvents used for the IR photochemical studies in
solution.

Solvent Dielectric Polarity/ polarizability Viscosity Boiling point
constant (20 °C) index (m*) (cp, 20 °C) (in °C)
TCE 2.5 0.28 0.89 121
MeCN 37.50 0.75 0.37 82
DCE 10.36 0.81 0.79 83

The initial state of the naphthopyran 45 in all three used solvents show significant peaks in the
carbonyl region, at 1655 cm™!, due to the methyl-ester functionality (TCE, Figure 3.32). The
position maximum of the peaks is shifted to lower wavenumbers compared to peak positions
expected for the esters of aromatic acids (1740-1705 cm™)!3¢, because of intramolecular hydrogen
bonding with the o-hydroxyl group.? The peak of smaller intensity, observed at 1719 cm™ in MeCN
(most polar of the solvents), but not in DCE and TCE, is assigned to the non-hydrogen bonded
ester carbonyl vibration. The peak at ~1448 cm™! is due to the asymmetric bending vibration of the

CH; residue of the methyl ester. Signal assignments are listed in Table 3.11.

? Ref. 136, page 115.
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Figure 3.32. FTIR solution spectra of photoswitching of naphthopyran 45 in TCE, over two cycles;
UV light irradiation (Airr = 365 nm) time 10 minutes, thermal relaxation time 30 minutes. The initial
state (green), PSS upon UV-light irradiation in the 1st (red) and 2nd (orange) cycle, and PSS upon
thermal relaxation in the 1st (blue) and 2nd (purple) cycle.

Upon irradiation with UV light (i = 365 nm), three additional peaks appear at the PSS(365 nm),
at 1593, 1563 and 1530 cm™!, assigned to the C=C stretching vibration of the conjugated double
bonds and extended conjugation including the naphthalene ring.* The band that would be assigned
to the ketone vibration, which is expected upon ring-opening reaction, cannot be observed, due to
the overlapping of the very strong ester band at ~1650 cm™. Both the v(C=0) and &(CHs)
absorption bands of the ester bond experience a shift to lower wavenumbers upon switching to the
open forms, to 1645 and 1442 cm™!, respectively (this behaviour is observable in all three different
solvents, and thus does not depend on the solvent properties). This shift of the ester band may be
due to different ratio of superpositioned bands in the two PSSs (ester and ketone), and/or stronger
hydrogen bonding of the o-hydroxyl group upon extended conjugation in the ring-opened forms.
Two peaks assigned to bending and in-plane deformation of the phenol O-H bond, observable at
1356 and 1334 cm’! at the initial state, are both shifted and decreased in intensity upon UV
irradiation, observable at 1336 and 1321 cm™, respectively. The absorption band at 1284 cm™,
observable only in the PSS(365 nm) is the ketone v(C-CO-C) band, thus confirming the formation

?Ref. 136, Table 3.1.
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of ketone in the ring-opened forms. Additionally, the broader peak of the ester carbonyl in MeCN,
compared to other solvents comes from the water impurities in the solvent, due to O-H bending
vibrations observable as a shoulder at ~1640 cm™'. The significant changes of the signals between

the PSSs are presented in Table 3.11.

Table 3.11. Significant changes of the IR absorption bands and their assignments upon light
illumination of naphthopyran 45 in TCE. Both changes in intensity or the position of the bands are
presented.

IR Absorption bands (cm™)

Assignment Literature!*
Initial, PSS(A) PSS(365 nm)
1655 1645 v(C=0) ester, H-bonded ? ~ 1650 (s)
- 1593 C=C conjugated with C=C or C=0  1660-1580 (s-m)
- 1563 . :
C=C conjugated with C=C or C=O  (1600-1500) (v)
- 1530
1448 1442 0as(CHs) bending 1475-1445 (m-s)
1356 1356 COH bending (phenol) 1410-1310 (s)
1334 1321 in-plane O-H def vib (phenol) 1410-1310 (s)
1286 1284 v(C-CO-C) aryl ketone ~ 1300 (m)
1235 1233 Vasym(C-O-C) ester 1275-1185 (s)

The initial state of the naphthopyran 71 shows three absorption bands in the carbonyl region: at
1773, 1729 and 1703 cm™!, assigned to phenylacetic acid ester, aromatic methyl ester and the
carbamate protection group (TCE, Figure 3.33A). Upon irradiation with 365 nm light, only small
changes in intensities and positions of certain bands are observable. The new band at 1650 cm™ is
assigned to the conjugated ketone carbonyl vibration (this band is not observable in MeCN, due to
the O-H bending vibrations of the water impurities). Additionally, two bands are observable in the

aromatic stretching region, at 1595 and 1545 cm™!, assigned to extended conjugation of the C=C

@ The -CH=CH- in conjugation with aryl moiety, shows a vibration of a medium intensity in the
range 1640-1610 cm™.!*® However, this band is only observable as a shoulder of a more intense
C=O0 stretching vibration.
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double bond and the naphthalene ring, respectively.? Slight changes in the intensity in different
photostationary states were observable for the signals at 1288 cm™ (increase due to v(C-CO-C)
aryl ketone), and decrease of the signal at 1227 cm™! (v,5(C-O-C) ester), comparable to the changes
observed for the naphthopyran 45. The significant changes of the signals between the PSSs are
presented in Table 3.12.
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Figure 3.33. FTIR solution spectra of photoswitching of naphthopyran 71 in TCE (A), over two
cycles; UV light irradiation (Air = 365 nm) time 10 minutes, thermal relaxation time 20 minutes.
The initial state (green), PSS upon UV-light irradiation in the 1st (red) and 2nd (orange) cycle, and
PSS upon thermal relaxation in the 1st (blue) and 2nd (purple) cycle. The changes in the intensity
of the band at ~1595 cm™', in different solvents: TCE (B), MeCN (C), and DCE (D).

The negative peaks at 1617, 1577, 1570, 1559 and 1540 cm! are observed for all three different
solvents, and show increase in the intensity over time (Figure 3.33). These negative peaks are

caused by the decreased s/n ratio (higher noise in this region of the spectra) caused by the water

?Ref. 136, Table 3.1.
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adsorbed on the detector. Because of this reason, it is not possible to accurately analyze changes
in the intensity of the peak at ~1546 cm™ related to the switching of naphthopyran, since the noise
signals influence the shape and intensity of this band. However, this influence of the noise is not
observed for the band at ~1595 cm™!, and thus we used changes in the intensity of this band to

analyze the switching process in solution.

Table 3.12. Significant changes of the IR absorption bands and their assignment upon
photochemical study of naphthopyran 71 in TCE. Both changes in intensity or the position of the
bands are presented.

IR Absorption bands (cm™)

Assignment Literature!*
Initial, PSS(A) PSS(365 nm)
1773 1775 v(C=0) phenyl ester 1800-1750 (s)
1729 1731 v(C=0) methyl ester 1740-1705 (s)
- 1650 v(C=0) ketone conjugated 1680-1650 (s)
- 1595 -C=C- ic ri
- 1545 Sxtgnc?ggr::ls;i;?fo:r (1600-1500) (v)
1288 1289 v(O-C(aromatic)) 1310-1230 (s)
1227 1227 v(C-0O-C) ester 1275-1185 (s)

Additionally, the lower ratio of open-to-closed forms at PSS(365 nm) for the naphthopyran 71,
compared to 45, previously observed in the 'H NMR, is observable due to smaller changes in the
IR signature upon photochemical switching of the compound.

The photochemical process of naphthopyran-linker conjugate 71 can be monitored by following
the changes in the intensity of the band at 1595 ¢cm™ (Figure 3.33). The intensity of the band
increases with the UV-light irradiation, and decreases during the thermal relaxation. As previously
observed in the NMR study, accumulation of the TT form occurs due to a slow TT->TC reaction
under these conditions. Thus, upon 20 min of thermal relaxation, in none of the solvents, complete
return to the initial state was observed.

The methyl-ester v(C=0) band at 1729.2 cm™! (in TCE) experiences a shift to higher wavenumbers
upon UV irradiation, observable at 1731.4 cm™!, and upon thermal relaxation, this band shifts back
to 1728.7 cm™!. This blue shift upon UV irradiation, and the red shift upon thermal relaxation is

observable in all three used solvents, suggesting that the shift is not influenced or assisted by any
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of the solvent properties, but due to changes in the vibration energies of the naphthopyran itself
(Figure 3.34 B). The repeatable shift in the position of the methyl-ester v(C=0) band is also
observable for the naphthopyran 45 upon photochemical studies in different solvents (Figure
3.34A).
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Figure 3.34. Repetable changes of the v(C=0) methyl-ester absorption band position of
naphthopyrans 45 (A) and 71 (B), upon UV-light irradiation and thermal relaxation, over two
cycles, in TCE (black), MeCN (red), and DCE (blue). Dotted lines represent the PS states, upon
UV-light irradiation (pink) and thermal relaxation (grey).

Additionally, for naphthopyran 71, there is a correlation between the average v(C=0) band
positions (in both photostationary states) and the used solvents, which goes along with the solvent
index of polarity/polarizability (n*), and measures the ability of the solvent to stabilize a charge
or a dipole.!®” The stabilization of the dipole decreases the vibration frequency and shifts the
v(C=0) absorption band to lower wavenumbers. The higher this index is, the better the solvent
stabilizes the C=O dipole, and the band at lower wavenummber is observed. However, this
correlation between the n* and v(C=0) band positions is not observable for the naphthopyran 45,
due to the methyl-ester bond being already highly stabilized by hydrogen-bonding to the free

hydroxyl group in the orto-position.
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4 Photoswitchable Self-Assembled Monolayers on Silicon Surfaces

4.1 Preparation and Functionalization of SAMs on Si(111) Surfaces

Hydrosilylation reaction allows for easy functionalization of the hydrogen-terminated silicon
surfaces with an unsaturated bond, i.e. carbon-carbon, carbon-oxygen (mainly alkene, alkyne, and
aldehyde).* The reaction has been shown to be mediated thermally or photochemically, in order
to prepare a surface radical, which reacts with an unsaturated bond in order to form a Si-C bond.
The proposed mechanism of the hydrosilylation reaction starts at radical cation at the Si surface
(Figure 4.1).13® The reaction with the unsaturated carbon-carbon bond leads to formation of the
carbon-centered radical, the intermediate state, which may abstract hydrogen atom from the
neighboring surface Si-H bond, creating a new dangling bond and a stable Si-C bond.!*'*! The

formed dangling bond proceeds the reaction via the radical chain mechanism.

i i

* HC, H H:C, radical-chain

CH, -atom CH, e
HoOH H o A R HooH H ‘ transfer HoHo ‘ mechanism
/,S‘i\V,S‘i\V,S‘kV,S‘k - /,S‘i\V,S‘LV,S‘kv,S‘k - /,S‘i\V,S‘LV,S‘i‘v,S‘k .
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Si(111) Si(111) Si(111)
surface radical cation carbon-centered radical

Figure 4.1. Proposed mechanism of the monolayer formation on the H-terminated Si(111) surface.

The formed monolayers are thermodynamically and kinetically stable, due to the stability and
strength of the covalent Si-C bond. Thus, side reactions or degradation due to the oxidation are not
likely to occur. Additional advantage is the existence of only one coupling point between surface
and each monolayer molecule attached, which ensures no multilayer or irregular structure
formation, coming from the hydrosilylation reaction itself. The main disadvantage of this approach
is the difficulty in avoiding oxidation of the surface; thus the procedure requires working under
inert atmosphere and use of dried and degassed chemicals.

The choice of the functionality at the terminal end of the monolayer molecule is crucial for the
preparation of high quality densely packed SAMs, as well as for the further functionalization of
the surface. One of the limiting factors is the reactivity of the H-Si bond of the hydrogen-

terminated surface towards variety of functional groups, e.g. alcohols'**!4| aldehydes!'**~1%,
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1457198 " amines'®’, etc. SAMs preparations using the carboxylic acid functionality

carboxylic acids
at the terminal end have been previously reported, however they do, in low level, show also the
reverse attachment to the surface, competing with the preferred reaction between CH,=CH- and
the substrate, leading to Si-O(CO)R bond formation.!*>:146¢ Compared to the SAMs prepared from
the ester-functionalized monolayer molecules, these structures also show lower level of ordering
and packing on the surface.!>*!! Additionally, the direct grafting of the monolayer molecules with
a carboxy-functionalities at the terminal end may form dimers during the process, thus induce
formation of a bilayer structures on the surface.'*® Thus the ester grafting, and subsequent
hydrolysis, makes a better synthetic approach. Furthermore, preparation of the high-quality diluted
monolayers, by mixing the carboxy-terminated monolayer with an alkene (e.g. 1-decene), proved
to challenging due to the segregation of the structures on the surface.'>?> The dilution of surface
functional groups allows formation of the less crowded functionalities at the terminal end of the
monolayer, which showed to be especially beneficial for the sterically demanding reactions at the
terminal end.'*? Additionally, the dilution may change the properties of the surface at the terminal
end, i.e. polarity, and thus provide different immediate environment for the attached photoswitch-
linker conjugate.

In the group of Riick-Braun, the procedures for the formation of the SAMs on Si(111) have been
already established and the obtained monolayers characterized, including both neat and diluted
carboxy-terminated monolayers, obtained via hydrolysis of the ester-terminated SAMs,!3:14:6>82
The neat self-assembled monolayers are prepared by grafting of methyl 10-undeceonoate, while
for the diluted SAMs the methyl 10-undecenoate is mixed with 1-decene, and as a mixture grafted
on the surface via thermal hydrosylilation reaction; the following hydrolysis under acidic
conditions yields carboxy-terminated monolayers. This way prepared carboxy-terminated
monolayers were used for coupling of alcohols and amines, using HCTU as a coupling reagent,
towards formation of ester® and amide'* bonds on the surface, respectively. In this work, the
carboxy-terminated surfaces were coupled with both primary and secondary amine photoswitch-

linker-conjugates, towards preparation of the amide-bond coupled photoswitchable surfaces on

Si(111).
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4.1.1 Formation of Hydrogen-Terminated Si(111) Surface

Double side polished wafers (Si/’tronix, double side polished Si(111) £ 0.02°, FZ, n-type
(P-doped) were cut in rectangle shape (1.1 cm x 2.5 cm). For preparation of ATR crystals, the
shorter rim was grinded to a 45° angle, and finally polished. After cleaning in organic solvents,
the wafers were ready for further use. For the preparation of hydrogen-terminated Si(111) surface,
the wafer was first oxidized in Piranha solution (H2SO4 / H202, 3:1), to remove any chemisorbed
or physisorbed impurities from the surface (organic and inorganic contaminants, including dust,
silica, silicon and metals). In order to remove the oxide layer, the wafer was etched in 40% NH4F
aq. solution,**!5 to which 50 mM ammonium sulfite monohydrate was added as an oxygen
scavenger'>S. This allowed for anisotropic etching of the surface, resulting in no defect structures,
steps and islands.!*® Thus, the obtained surface was nearly-atomically smooth, with the terrace
structures, Si-H bonds being oriented perpendicular to the surface. The surface density of the Si-H

bonds was determined to be 7.83-10'# / cm?2.148155
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Figure 4.2. Hydrogen-terminated surface on Si(111). (A) Reaction conditions of the oxidation and
etching reactions. (B) IR spectra of the H-terminated surface, referenced to the oxide layer,
recorded in p- (black) and s-polarization (red). (C) Structure of the H-terminated Si(111) surface.

The orientation of hydrogen atoms on the surface was confirmed by the ATR-FTIR spectroscopy
— the hydrogen-terminated surface, references to the Si/SiOx, shows a single signal at 2083.7 cm’!
in p-polarization, responsible for the Si-H stretching vibration; no signal is observable in s-

polarization mode (Figure 4.2).14%157 The negative signals were observed for the v(SiOx)
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absorption bands at 1055 cm™! (detected by both s- and p-polarized light, transverse optical mode)
and at 1226 cm™! (detected only by p-polarized light, longitudinal optical mode).!*® The transverse
optical mode corresponds to the vibration parallel to the plane of the oxide surface, while the

longitudinal optical mode responds to vibrations that are orthogonal to this plane.

4.1.2 Formation of Carboxy-Terminated SAMs on Si(111)

Monolayers were prepared on a freshly obtained H-terminated Si surface, employing the process
of thermal hydrosilylation at high temperature, in the glove box.®! Methyl 10-undecenoate (72) or
a mixture of methyl 10-undecenoate and 1-decene (73) (V/V, 1:1) were grafted, to obtain neat and
diluted ester-terminated monolayers, respectively (Figure 4.3). Dilution of the monolayer reduces
the concentration of functionalities at the terminal end, and allows the formation of densely packed
and order monolayers compared to the neat SAMs. It is important to note, however, that the ratio
of the monolayer units in the solution does not necessarily reflect the ratio on the surface, and the

here given ratios are reported as the initial solution values.
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Figure 4.3. Synthetic route towards formation of (a) neat, and (b) diluted carboxy-terminated
monolayers on Si(111).

Upon formation of the monolayer, the IR spectra show an intense signal at 1746 cm™!, assigned to
the methyl-ester carbonyl stretching vibration (Figure 4.4A). This band is expectedly of lower
intensity for the diluted monolayer, due to less concentration of ester monolayer molecules on the

surface, compared to the neat monolayer.
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Figure 4.4. IR spectra of the neat (black) and diluted (red) ester-terminated monolayer on Si(111).

Additionally, the IR spectra shows strong signals at 2852 and 2922 cm!, which correspond to the
veym(CH2) and vas(CH2) absorption bands, present in both neat and diluted monolayers
(Figure 4.4B). The positions of these peaks in the alkyl stretching region gives qualitative
information on the ordering and packing of the monolayer — the shift of the vas(CH2) band towards
the value for the crystalline-pure alkyl-monolayer (2917 cm™) suggest better ordering of the
monolayer.'>® Thus, both neat and diluted monolayers show high quality of ordered and densely
packed structures. Furthermore, comparing the obtained monolayers, the signals for diluted
monolayer are of slightly higher intensity (Figure 4.4B). This may be due to a higher coverage of
the monolayer molecules on the surface, due to the reduced bulkiness of the functionalities on the
terminal end when 1-decene is introduced. Additionally, the intensity of the v.s(CH3) and vsym(CH3)
are both higher for the diluted monolayer, which also suggests a higher concentration of the
monolayer molecules on the surface. The bending CH absorption bands - 6(CHz), 8.s(CH3), and
Ssym(CH3) are observed at 1466, 1440, and 1365 cm™!, respectively. The absence of the signals in
the Si-O stretching region (1250-1000 cm™) suggests no substrate oxidation during the thermal
grafting reaction.

Finally, upon the hydrolysis of the ester functionality in a 5.5 M HCI solution (degassed with an
argon stream prior to the reaction for 1 h), at 40 °C for 3 h, carboxy-terminated SAMs are obtained.
The conditions for the hydrolysis reaction of the ester-terminated monolayer were previously
optimized in the research group of Riick-Braun.®? The efficiency of the reaction is evaluated by
the position of v(C=0) signal (Figure 4.5); the v(C=0) absorption band is observed at 1714 cm™,
due to formation of the carboxy-functionality upon the hydrolysis reaction, suggesting the

complete hydrolysis.

59



4 Photoswitchable Self-Assembled Monolayers on Silicon Surfaces

A L L L L

)
e
=
e
o
&
= 3(CH
& V(C=0)l (CRa) 8.ym(CHy)
m .
= Ester-terminated SAM
- . — 3,5(CH3)  5(0H
—— Carboxy-terminated SAM V(C=0)carboxy s
3000 2500 2000 1500 1000
Wavenumbers (cm™)
B 5 C_
5 S
e e
S ©
S 5
3 \ 3
E v,(CH,) € .
2 lvym(CHy VN T 2 v(SiH)
= Veym(CHz) E 2200 2100 2000
3000 29l00 2800 2200 21I00 ZOIOO 19I00 18IOO 17I00 1600
Wavenumbers (cm™) Wavenumbers (cm™)

Figure 4.5. IR spectra of ester-terminated (black) and carboxy-terminated (red) SAMs on Si(111).
(A) Wide range IR spectra. (B) The zoom of the alkyl stretching region. (C) The Si-H stretching
region, referenced to the silicon oxide, shows the oxidation of the Si-H bond during the hydrolysis
step.

In the alkyl region, the decrease in the intensity of the vsym(CH3) of the carboxy-terminated SAMs
goes along with the successful hydrolysis reaction. The comparison between the v(CH>) absorption
bands of ester- and carboxy terminated monolayers show no changes in the monolayer structure
upon the hydrolysis reaction. Additionally, the 5(CHz) absorption band at 1466 cm™, remains
unchanged after the reaction. However, both sym and as 6(CH3) absorption bands, at 1440 and
1365 cm!, decrease in intensity, as expected. The absorption band of the §(OH), of the carboxy-
functionality, is assigned to the new signal at 1415 cm™.

The oxidation of the unreacted Si-H bonds occurs during the hydrolysis reaction. In the IR spectra,
referenced to the silicon oxide, this can be observed as the decrease in the Si-H signal at 2077 cm!,
upon the hydrolysis reaction (Figure 4.5C). Additionally, the slight change in the intensity of the
signals in the Si-O stretching region, below 1250 cm’!, suggests the oxidation of the silicon

substrate.
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The hydrolysis reaction of the diluted monolayers proceeds under the same conditions. The
completion of the hydrolysis reaction is again confirmed by the position of the v(C=0), for
carboxy-terminated SAM assigned at 1714 cm™ (Figure 4.6A). The alkyl stretching region here
does not change significantly upon the hydrolysis reaction, as observed for the neat monolayer as
well; the vas(CH3) absorption band at 2958 cm™ only slightly decreases in intensity, due to methyl
groups still being present on the surface of the decene moieties. Similarly, the intensity of the
8as(CH3) absorption band at 1440 cm™ also does not change significantly, only a slight decrease in
intensity is observed, while the 5(CH>) at 1463 cm™! stays unchanged as observed for the neat

SAMs. Furthermore, the signal of the §(OH) absorption band is here observable at 1410 cm™.
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Figure 4.6. IR spectra of ester-terminated (black) and carboxy-terminated (red) SAMs on Si(111).
(A) Wide range IR spectra. (B) The zoom of the alkyl stretching region. (C) The Si-H stretching
region, referenced to the silicon oxide, shows the oxidation of the Si-H bond during the hydrolysis
step.

Only slight oxidation of the substrate is observable, due to the changes in the Si-O stretching region
(below 1250 cm’!, Figure 4.6B), as well as the Si-H signal referenced to the silicon oxide, at
2077 cm™! (Figure 4.6C).
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4.1.3 Functionalization of Carboxy-Terminated SAMs via Amide Bond Formation

Reaction on Si(111)

The Si(111) wafers were further functionalized via the amide-bond formation, coupling the amine
photoswitch-linker-conjugate to the carboxy-functionality at the terminal end of the monolayer,
using HCTU as a coupling reagent, under inert conditions (glove box). Fulgimide-linker conjugate
7 immobilization was carried out on both neat and diluted SAMs, following the procedure by

Michalik.?!
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Figure 4.7. Reaction conditions towards formation of photoswitchable SAMs on Si(111).

In order to test the coupling reaction of the secondary amine naphthopyran-linker conjugate on the
surface, the coupling of the linker (Boc-protected piperazine 62) was first tested. HCTU as a
coupling reagent, at 50 °C, 5 h in glove box, proved to be effective enough for the sterically
demanding piperazine secondary amine on densily packed carboxy-terinated monolayer.
Additionally, HATU as a coupling reagent was also tested under the same reaction conditions, but
two showed comparable results in the IR (Figure 4.8). The dominant bands assigned to the vas(CHz)
and vsym(CHz) of the monolayer molecules, are located at 2922 and 2852 cm', respectively.
Additionally, the strong band, asymmetrical in shape, with the maximum at 1643 cm™ is assigned
to the amide bond, and a shoulder at 1657 cm™! to the hydrogen bonded carbamate bond. The non-

hydrogen bonded carbamate carbonyl bond shows a weak band at 1692 cm™'. The intense band
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with the peak maximum at 1427 cm! is caused by bending vibrations of the CH; of the piperizine

unit, and CHj3 of the tert-butyl group.
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Figure 4.8. Boc-piperazine 62 test-coupling reaction to the carboxy-terminated SAMs on Si(111),
using HCTU (black), and HATU (red) as coupling reagent.

Furthermore, the immobilization of the naphthopyran-linker conjugate was proceeded using
HCTU, at 50 °C, over longer reaction time (18 h) in the glove box, and resulted in formation of

the photoswitchable SAMs.
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4.1.4 Fulgimide-Terminated SAMs on Si(111)

Fulgimide-terminated monolayers were prepared on both neat and diluted samples on Si(111). For
immobilizations of fulgimide-linker conjugate 7 (E/Z, 85:15) on both neat and diluted SAMs, the
same reaction conditions were employed (HCTU, DIPEA, room temperature, 2 h, in glove box).
Samples were washed with acetonitrile and DCM, and stored under argon.

Upon immobilization of the fulgimide-linker conjugate on the neat SAMs, the alkyl stretching
region does not change significantly (Figure 4.9). The peak positions of both vis(CHz) and
vsym(CH2), observed at 2922 and 2852 cm!, respectively, do not change, suggesting that the
densely packed monolayer is not disturbed by the photoswitch attachment reaction. Additionally,
the signals slightly increase in intensity after the coupling reaction, which is expected due to the

added methylene moieties of the ethylene diamine linker.
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Figure 4.9. IR spectra of neat ester- (black), carboxy-(red), and fulgimide-terminated SAMs on
Si(111), referenced to the spectrum of H-Si(111).

The v(C=0) absorption band of the newly formed amide bond, also known as amide I vibration,
is located at 1649 cm’. In concentrated samples, this band is observable in the region

1680-1630 cm™!, due to the hydrogen bonding between the amide bonds.?

@ For dilute solutions, when the amide bond does not participate in hydrogen bonding, the amide I

band is observable in the region 1700-1665 cm™.!3
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Hydrogen bonds decrease the C=0O bond frequency, and thus the band is observed at lower
wavenumbers. Contrary, in the diluted monolayers, the hydrogen bonding is not present due to
reduced amount of carboxy-functionalities on the surface, and the band is observed at the higher
wavenumbers. Here, it is assumed that the densely packed structure with fulgimide head-groups
on the surface is obtained, with hydrogen-bonds formed both between the photoswitch units and
with unreacted carboxy-functionalities on the surface. Amide II band is mainly responsible for the
N-H bending motion, combined with the C-N stretching vibration, here observed at 1547 cm™.
The imide functionality usually exhibits two absorption bands, being assigned to symmetric and
asymmetric stretching vibrations of the C=0 bonds.'®® An intense signal at 1689 cm™! and a weaker
at 1739 cm™! are assigned to the vas(C=0) and vsym(C=0) imide absorption bands, respectively.
The C=C stretching vibration, conjugated with either the indole ring or the imide carbonyl bond,
is responsible for a weak signal at 1601 cm™'; a signal ~1600 cm™ is caused by the presence of an
alkene conjugation.'*® Several weak bands in the region 1460 to 1360 cm™ are mainly due to the
different C-H deformation motions of various functionalities, including the methylene and methyl
C-H bending motions, scissoring modes, and alkene C-H in-plane vibrations. A slight increase in
the intensity of the bands in the 1250-1000 cm™ region is due to the oxidation of the silicon
substrate, during the fulgimide coupling reaction.

The IR spectra of the diluted fulgimide-terminated SAMs is shown in Figure 4.10. The intense
absorption band at 1689 cm™ is assigned to the asymmetric, while the weak band at 1739 cm™ is
assigned to the symmetric stretching vibration of the imide carbonyl groups of the fulgimide
moieties. The bands at 1658 cm™ and 1548 cm™ are assigned to the amide I and amide II absorption
bands, respectively. When compared to the neatly prepared SAMs, a shift of the amide I band is
observed for the diluted SAMs, from 1649 to 1658 cm™, respectively. This goes along with the
reduced amount of hydrogen bonding between the surface amide- and carboxy-functionalities, due
to the dilution of the monolayer. The signal assigned to the v(C=C) stretching vibration responsible
for the presence of further alkene conjugation is observed at 1595 cm™'. Additionally, several weak
signals, responsible for the various C-H bending deformations, are found in the 1460-1350 cm™.
The slight substrate oxidation is also observed for the diluted fulgimide-terminated monolayers,

due to an increase in the intensity of the region 1250-1000 cm™.
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Figure 4.10. IR spectra of diluted ester- (black), carboxy-(red), and fulgimide-terminated SAMs
on Si(111), referenced to the spectrum of H-Si(111).

4.1.4.1 Photochemical Studies of Fulgimide-Terminated SAMs on Si(111)

The photochemical studies of both the neat and the diluted fulgimide-terminated monolayers, were
carried out via ATR-FTIR spectroscopy. Upon UV-light irradiation, the fulgimide head groups of
the fulgimide-terminated monolayer were switched from the open E-form to the closed C-form.
Additionally, under UV irradiation, also the Z-to-E and E-to-Z isomerization takes place (Figure
4.11). The switching of the fulgimide-terminated SAMs were conducted by alternations of UV and
visible light irradiation, and the two photostationary states PSS, PSS(365 nm) and PSS(545 nm),
respectively, were evaluated by ATR-FTIR spectroscopy. The switching experiments with the
fulgimide head groups were carried out under inert gas atmosphere (nitrogen), and were allowed

for 30 min per irradiation period. Apart from that, the samples were stored in the dark.
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Figure 4.11. Fulgimide Z-to-E and E-to-Z, as well as E-to-C and C-to-E photochromism upon
UV(365 nm) and vis(545 nm) irradiation of neat and diluted SAMs on Si(111).

Evaluation of the two photostationary states by ATR-FTIR spectroscopy is possible due to the
changes in the position and intensity of the vas(C=0) imide absorption bands that fulgimide
moieties exhibit upon ring-opening and —closure reactions. For the neat SAMSs, upon
immobilization of fulgimide-linker conjugate 7 (85:15, E/Z), the imide vas(C=0) absorption band
is found at 1689.5 cm™ (Figure 4.12). Upon UV light irradiation (Air = 365 nm), ring-closure
reaction occurs, yielding an increase closed-form ratio on the surface, and the band shifts to
1695 cm™ PSS(365 nm). Irradiation with visible light (Air = 545 nm), induces the ring-opening
back reaction increasing the ratio of the open forms at PSS(545 nm). The vais(C=0) imide
absorption band shifts to 1691 cm™. The E/Z photoisomerisation is not detectable by IR
spectroscopy. The alternation of the UV and visible light irradiation, over 5 cycles, results in
repeatable shifting of this band between, on average, 1695 cm™ (PSS(365 nm)) and 1691 cm’!
(PSS(545 nm)). No sign of decomposition or fatigue of the photoswitching process on the surface
was observed over 5 irradiation cycles.

Similarly, the same trend was observed for the photochemical studies of diluted SAMs Si(111)
surfaces (Figure 4.12). In the initial state, upon immobilization of the fulgimide-linker conjugate
7, the imide vas(C=0) absorption band was found at 1689.5 cm™'. Upon alteration of the UV and
visible light irradiation, the imide C=0 band shifts, on average, between 1693 and 1691 cm!, for
PSS(365 nm) and PSS(545 nm), respectively. This sample suffered from lower signal-to-noise
ratio, leading to the peaks not having a regular shape, which may be the reason for shorter range

of peak shifting between the two photostationary states, compared to the neatly prepared SAMs.
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Additionally, both the neat and diluted sample show repeatable changes in the position and
intensity of the vsym(C=0) absorption band, observed at 1739 ¢cm™ in the initial state upon

immobilization; this band shifts to 1758 cm™ upon reaching the PSS(365 nm), and shifts back to

1739 cm™ at the PSS(545 nm) (Figure 4.12).

A

Figure 4.12. Repeatable changes upon alternating UV and visible light irradiation of the neat (A,B)
and diluted (C,D) fulgimide-terminated SAMs, upon immobilization (black), PSS(365 nm) (blue),
and PSS(545 nm) (red), over 5 irradiation cycles.
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4.1.5 Naphthopyran-Terminated SAMs on Si(111)

Upon the coupling reaction with naphthopyran 8 (at 50 °C in MeCN, in the glove box, over 18 h),
the band responsible for the C=0 stretching vibration is found at 1641 cm™, assigned to the amide
stretching vibration of the newly formed bond (Figure 4.13). The observed O-H bending vibration
from the carboxy-functionality at 1415 cm™ is reduced in the intensity, as expected. Additionally,
the two ester v(C=0) absorption bands are now observable, due to the ester functionalities present
in the naphthopyran moiety: at 1765 and 1725 cm™!, corresponding to the naphthyl- and methyl
ester, respectively. Both ester groups are located at lower frequencies compared to the values
detected in solution studies. This can be explained by the changes in vibration of the C=0O bond
via hydrogen bonding with the unreacted carboxy-functionalities from the surface, which influence
the decrease in frequency of the bond. The absorption bands at 1612 and 1517 cm™ are assigned

to the stretching vibration of the aromatic units.
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Figure 4.13. IR spectra of ester- (black), carboxy-(red), and naphthopyran-terminated SAMs on
Si(111), referenced to the spectrum of H-Si(111).

Additionally, vibrations corresponding to the bending motion of C-H bonds, of the CH> and CHj3
units are observed at 1446 and 1465 cm™'. Furthermore, the intensive band with the maximum at
1230 cm! is assigned to the C-O-C stretching vibration of the ester units of the naphthopyran
moiety. The wide band in the region 1200-1000 cm™ is assigned to the C-O stretching vibrations
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from the naphthopyran moiety, and Si-O stretching vibration due to the oxidation of the substrate
upon the naphthopyran coupling reaction.

In Figure 4.14, the survey XPS and high-resolution spectra for carboxy- and naphthopyran-
terminated monolayers are presented.® For both samples, Si (2s and 2p), Cls and Ols, were
observable as major peaks. Additionally, the sample with the naphthopyan-terminated monolayers
contains the N1s signal, due to the nitrogen atoms present in the naphthopyran moiety. The high-
resolution XPS spectra of both the carboxy- and naphthopyran-terminated sample were analyzed,
and fitted data are presented in Table 4.1.

The Cls peak of the carboxy-terminated sample shows the expected signature, already known in
the literature,'* dominated by a high intensity peak for the C-C bond from the alkyl backbone of
the monolayer at 284.8 eV. Additionally, the peak at lower energy, at 283.6 eV is assigned to the
Si-C bond of the carbon atom directly attached to the silicon surface. At higher energy, peak at
289.5 eV is assigned to the C=0O bond of the carboxy-functionality. Upon the naphthopyran
immobilization, the peak analysis of the Cls scan shows additional signals due to existence of
carbons with different chemical environments. The signal responsible for carbon attached to the
oxygen or nitrogen atoms (C-O, C-N) is now observable at 285.7 eV. At the higher energies, the
two peaks are responsible for C=0 bonds, from the amide and ester functionalities, at 287.4 and
289.1 eV. A wide signal of small intensity at 292.0 eV is assigned to the n-n* satellite peak. The
single- and double-bonded oxygen of the carboxy-functionality is observed in O1s spectra, at 532.8
and 532.0 eV, respectively. Additionally, a small contribution is observable by a peak at 531.5 eV,
assigned to Si-O, observable due to a surface oxidation.

After the naphthopyran coupling reaction, the ratio of the components in the Ols spectra changes.
Higher intensity of the peak at 531.3 eV suggests substrate oxidation, as previously observed in
the FTIR data. The C-O and C=0 peaks change the ratio, C=O now being the most dominant peak,
due to two ester and the amide functionalities from the naphthopyran-terminated monolayer. The
C-O peak is attributed to the C-O bonds of the two esters functionalities and the remaining
unreacted carboxy-groups of the monolayer moieties on the surface. Additionally, due to these
different contributions, the full-width at half maximum (FWHM) increases for both C-O and C=0

upon the coupling reaction. Peak fitting analysis of the N1s peak of the naphthopyran-terminated

* The XPS spectra were taken in the research group of Prof. Dr. Arne Thomas (Institute of
Chemistry, Technische Universitét Berlin)

70



4.1 Preparation and Functionalization of SAMs on Si(111) Surfaces

monolayer gave two component peaks, located at 399.5 and 400.0 eV, which were assigned to

amine and amide C-N bonds, respectively.
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Figure 4.14. XPS-survey and high-resolution scans of the Cls, Ols and N1s core levels of (A)
carboxy- and (B) naphthopyran-terminated SAMs on Si(111). The black lines present the recorded
data, while the blue lines are fitted data.
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Table 4.1. Characteristics of the components of the Cls, Ols and N1s signals obtained upon the
peak fitting of the high resolution XPS spectra — assignments, binding energies (eV) and full-width
at half maximum (FWHM) (eV) - for (A) carboxy- and (B) naphthopyran-terminated monolayers;
The black lines present the recorded data, while the blue lines are fitted data.

Sample Assignment Binding energy (eV) FWHM (eV)
Cls Si-C 283.6 1.5
C-C 284.8 1.3
(A) Carboxy-

COOH 289.5 1.6

terminated
Ols Si-O 531.5 1.5

monolayer
C=0 532.0 1.4
C-O 532.8 1.6
Cls Si-C 283.6 1.6
C-C 284.7 1.3
C-0,C-N 285.7 1.6
(B) Naphthopyran- C(O)N 287.4 1.8
terminated COOR 289.1 1.8
monolayer n-n* satellite 292.0 2.6
Ols Si-O 531.3 1.4
C=0 5323 1.7
C-O 533.5 2.0
Nls C-N amine 399.5 1.0
C-N amide 400.0 1.1

The calculation reported in ref. 14, allows evaluation of the efficiency of the amide coupling, on
the basis of an increase of the Cls signal. The Cls signal for the naphthopyran-terminated
monolayer is larger by a factor of ~2.3 than the signal for carboxy-terminated monolayer. The
naphthopyran moiety contains 39, while the linker contains 11 carbon atoms. Since the work is
comparable to the one in ref. 14 due to the same alkyl linker in the monolayer, and the attachment
of the heavy photoswitch on top, it is assumed that the same damping effect of the XPS signal in
the molecular level takes place. Thus, the same factor of 0.6 is used, the authors introduced to

explain the XPS intensities.'* Therefore, using the final calculation developed by the authors, we
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obtain the surface to consist of ~0.48 of naphthopyran molecules per 1 monolayer molecule:
(0.48 - 39+ 0.6 - 11)/11 =2.3. Therefore, it can be concluded a high density of the functionalized
monolayer molecules, where on average every second alkyl linker is functionalized with a

naphthopyran moiety.

4.1.5.1 Photochemical Studies of Naphthopyran-Terminated SAMs on Si(111)

As learned from the naphthopyran 71 photochemical studies in solution, upon UV irradiation, the
ring-opening reaction occurs, leading to an increase of both open TC and TT form, and a decrease
in the amount of the closed form (Figure 4.15); PSS(365 nm) consists all three photoisomers.
Thermal relaxation leads to quick fading of the short lived TC form, leading to a mixture consisting
only CF and slowly fading TT form (plateau formation, Figure 3.26) at PSS(A). Finally, irradiation
with visible light (505 nm) induces the ring-closure reaction of the TT form; the resulting
PSS(505 nm) contains only the closed form. On the surface, a photochemical study was carried
out with the naphthopyran-terminated sample under inert conditions. Two strategically different
switching experiments were done: (I) Photochemical cycles consisting of UV irradiation
(Airr =365 nm) and thermal relaxation, alternating between PSS(365 nm) and PSS(A), and (II)
Photochemical cycles consisting of UV irradiation, thermal relaxation and visible light irradiation
(Mir = 545 nm), overall resulting in switching between three states - PSS(365 nm), PSS(A), and
PSS(545 nm). It is important to note here that visible light irradiation was done with the 545 nm
LED, compared to the 505 nm used for the solution studies, due to the set-up limitations. For both
UV irradiation and thermal relaxation, it was allowed 30 min per photochemical and thermal
reactions; however, for visible light irradiation with 545 nm light, it was allowed for 50 min

irradiation periods.

73



4 Photoswitchable Self-Assembled Monolayers on Silicon Surfaces

o) (o)
o hv, 0 hv4
5@ hvy, / A 0} hvy, / A
N N N
[ﬂmj [jfmj [,TN]
Closed form Open TC form Open TT form

short-lived long-lived

Figure 4.15. Photoisomerisation of the naphthopyran 8, on the Si(111) surface.

Studies in solution suggested that changes in the peak maximum position of the methyl-ester
v(C=0) absorption band are an indicator of the switching process; thus, the changes in the position
of the v(C=0) methyl-ester absorption bands may give a valuable insight into the switching
behaviour on the surface. Upon immobilization of the naphthopyran on the surface, the position of
the C=0 band is found at 1724.9 cm™'. Upon UV light irradiation, the band shifts to 1725.5 cm™.
Yet, upon thermal relaxation, the absorption band does not shift back to the initial value, but
reaches the 1725.3 cm™ (PSS(A)). Repeatable changes are observed for the 3 irradiation cycles
(Figure 4.16B, cycles (1)), where the v(C=0O) absorption band shifts, on average, from 1725.5 to
1725.3 cm™!, between the PSS(365 nm) and PSS(A), respectively. Visible irradiation of the sample
at PSS(A) caused further shift of the v(C=0) absorption band towards lower wavenumbers,
reaching the position at 1725.1 cm™!, on average. Since the irradiation with visible light was not
carried out with an optimal light wavelength, the complete return to the initial state was not
obtained, but instead a new photostationary state (PSS(545 nm)). Repeatable changes are recorded
over three cycles going from 1725.5 cm™ at PSS(365 nm), over 1725.3 cm™ at PSS(A) towards the
1725.1 cm™ at PSS(545 nm), as shown in Figure 4.16B (cycles (II)).

Furthermore, the switching may be evaluated by following the changes in the intensity of the band
at 1595 cm™! (Figure 4.16C). There is a significant increase in the intensity of the peak upon the
first UV light irradiation, from the initial state (black) to PSS(365 nm) (red). At the PSS(A) upon
thermal relaxation, the intensity of the band decreased (blue). During the cycles (II), visible light
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irradiation further decreased the intensity of the band (green); however the initial state was not

reached.
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Figure 4.16. Photochemical study of naphthopyran-terminated SAMs on Si(111). Overlayed
spectra of the initial state (black) upon reaching the PSSs: PSS(365 nm) (red), PSS(A) (blue), and
PSS(545 nm) (green). (D) Steady-state difference-absorption spectra between the photostationary
states, due to the ring opening (blue) and ring closure (red) of the naphthopyran ring, for the cycles

(.

The steady-state difference-absorption spectra between the photostationary states of
naphthopyran-terminated SAM show repetable changes of the IR signature (Figure 4.16D). The
main changes in the intensities between the PSS(365 nm) (blue lines) and PSS(A) (red lines) are
in the methyl ester v(C=0) absorption bands at ~1725 cm™!, the C=C stretching vibration of the
conjugated double bond and extended conjugation of the naphthalene ring at 1595 and 1545 cm™.
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These changes go along with the changes observed during the IR studies of naphthopyran 71 in
solution.

The three-state system observed during photochemical studies on the surface goes along with the
slow bleaching of the TT form, previously observed in studies in solution. During the first cycle,
the most significant change in the position of the band is observed, due to CF - TC,and TC - TT.
A slow fading of the TT form is detected, reaching a plateau on the surface, and does not returned
to closed form PSS(A). However, the slow bleaching of the open forms may be additionally
influenced by the properties of the surface itself. Due to the carboxy-terminated surface in the
vicinity of the naphthopyran head groups, the acid-functionality can influence the switching
process by stabilizing the open forms due to the hydrogen bond formation / proton-transfer
between the ketone-oxygen and carboxy-functionality of the surface.?®!3* This would explain the
more prominent shift upon the first UV-light irradiation, during which the open forms are formed.
The open forms are then stabilized, and the system does not completely revert back to the closed
form. Only a small portion of naphthopyran head-groups are then able to switch during the
irradiation / thermal relaxation cycles. The slow back reactions, both under thermal relaxation and
upon visible irradiation conditions, proved to be slower when hydrogen bonding is present, due to
the stabilization of the TC open form, as seen in the solution studies of compound 45.
Additionally, naphthopyrans require an approximetely 90° rotation of the half of the molecule,
when switching between the closed and open forms; thus the trend observed for the changes in the
position of v(C=0) methyl ester absorption band can be also influenced by to the limiting factors
of the densily packed monolayers. The reduced switching properties, due to the lateral steric
hindrance, of the chromophoric compounds attached to the densily packed self-assembled
monolayers has been reported before for Si and Au surfaces.'*'®! Additionally, the slow color
fading reaction of naphthopyrans embedded into polymer matrices has been reported before; the
densily packed structures can limit movement of the naphthopyran molecules, reduce the possible
rotations, and thus slow down both ring-opening and ring-closure reaction.?”!6>

The observed changes in the intensity of the bands at 1595 cm™!, as well as the shift of the v(C=0)
ester band, upon UV irradiation in solution, were not as strongly observable on the surface, as in
solution studies. This may be due to several different reasons: 1) The concentration of
naphthopyran molecules on top of the monolayer is much lower than the concentration in the

solution studies, so the changes in the IR are of lower intensity, 2) due to the densily packed
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monolayer, the naphtopyran moieties are switching in confined space, which may influence the
partial reduction and blocking of the vibrations, and 3) switching in the liquid medium differently
influences the kinetics compared to switching in densely packed naphthopyran moieties in the
solid phase / gas interface on the surface.

Additionally, the intensity of the IR signature in the region from 1450-1250 cm! slightly increases
with each cycle during the irradiation process, and decreases upon thermal relaxation. In Figure
4.17 changes in the 2" and 3" cycle are shown; the signature for PSS(365 nm) reached in 2™ cycle
(red) decreases in the intensity when the PSS(A) is reached (blue), additional UV light irradiation
increases the intensity of the signals (PSS(365 nm), 3™ cycle, orange) even further, which again
decreases during the thermal relaxation (PSS(A), 3 cycle, violet). Finally, the prolonged visible
light irradiation (50 min) does not influence the intensity of the signals (PSS(545 nm), 3™ cycle,
green). Overall, a gradual shift of the intensity is observed over 5 performed cycles (Figure 4.16A).
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Figure 4.17. The zoom of the ATR-FTIR spectra of the naphthopyran-terminated monolayer, upon
reaching the PSSs in 2™ and 3™ cycle. Both the repeatable shift between the PSS(365 nm) and
PSS(A), as well as an overall gradual increase of intensity in the region 1450-1250 cm™ is
observable.

These repetable changes and the shift in the intensity in this region were not observed in the
solution studies of the naphthopyran 71, and thus are attributed to the changes on the silicon
surface. One of the possible explanations for this phenomenon is that this behaviour might be
influenced by warming up the sample upon prolonged irradiation with UV light causing the
increase in the intensity, and subsequently cooling down during the thermal relaxation. However,
since this observation was not previously observed for the fulgimide-terminated SAMs on

silicon(111), there might be additional naphthopyran-based properties influencing this behaviour.
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4.2 Preparation and Functionalization of SAMs on Oxidized Si(100) Surfaces

Trifunctional organosilanes are attractive in terms of the obtained monolayer structure — a threefold
functionality at the anchoring end allows them to form bonds directly with the hydroxyls on the
surface, as well as a cross-linked network with the neighboring monolayer molecules (Figure
4.18). This network increases surface coverage and stability of the monolayer, compared to
structures developed from monofunctional organosilanes. The main disadvantage of the
trifunctional organosilanes comes from the poor reproducibility, due to the possibility for the
formation of oligomers and thus attachment of aggregates to the surface, resulting in disordered

and multilayer structures. The silane deposition process strongly depends on several parameters

t42,163,164 t163

such as water conten , solvent!'®® silane concentration'6>1 temperature!'®”-1%® humidity,*’
and deposition time'®®. In comparison, the monofunctional organosilanes (R3SiX, most common
R(CH3),2S1X) are favored in terms of reproducibility of the resulting monolayer on the surface,
since they can form only one type of bond (Sisurface-O-Sisilane), thus attachment of the aggregates to
the surfaces and formation of multilayers is not possible. The limitations of using monofunctional
organosilanes is lower surface coverage compared to trifunctional organosilanes'®>, which is

limited by the size of the hydrocarbon side groups!”®
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Figure 4.18. Sketch of the monolayer structures obtained from tri- and monofunctional
organosilanes.

Self-assembled monolayer formation during the silanization process goes through a four-step
mechanism*>!%* (Figure 4.19). In the first step, silane molecules are physisorbed at the surfaces
mediated by the thin water layer that is already absorbed by the polar oxide surface. In the next
step, the silanes get hydrolyzed by the water molecules, creating corresponding hydroxysilanes
(RSi(OH)3). These hydroxysilanes are hydrogen bonded to the polar oxide surface, but still capable

of lateral movements across the surface. In the third step, the hydrogen bonded species undergo
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aggregation through lateral movement via attractive forces, such as van der Waals forces between

the hydrocarbon chains, dipol-dipol interactions and hydrogen bond interactions. Once aggregated,

the species become significantly less mobile. Finally, in the last step, condensation between

anchored hydroxysilanes and the surface Si-OH bonds occurs, resulting in the formation of

covalent Si-O-Si bonds. In the same step, the polymerization with the neighboring silane species

(cross-linking) takes place, yielding the covalent network between the monolayer molecules,

which increases stability.
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Figure 4.19. Scheme of the proposed four-step mechanism for SAM formation on silicon oxide

using organosilanes.

The water content can highly influence the quality of the formed monolayer. It was suggested in

Sagiv’s early work!”! that water absorbed on the surface was crucial to hydrolyze chlorosilane
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molecules. Thus, when an optimal amount of water is present in the system, hydrolysis of
organosilanes occurs only in the proximity of the surface. In this case, molecules attach to the
surface one by one; cross-link polymerization results in formation of the monolayer. Prolonged
reaction times do not induce formation of the multilayers.!”? Additional physisorbed monolayer
molecules can later be removed by proper washing procedures. In the case when there is an
insufficient amount of water molecules in the system, hydrolysis of the silane molecules does not
fully occur, and silanization reactions result in incomplete surface coverage.*? On the contrary, if
the water concentration in the system is high, hydrolysis of silane molecules occur in the bulk
solution, resulting in formation of large, extensively cross-linked aggregates, which attach to the
surface with just a few covalent bonds.!”? Thus, the resulting structure has multi-layer assembly.

In order to obtain SAMs with an epoxide functionality at the terminal end,
(3-glycidyloxypropyl)trimethoxysilane (GPTMS) was used. Epoxysilanes are compounds often

used for monolayer preparation on hydroxylated surfaces, including silicon oxide®®!%

, glass
slides'”®, oxidized platinum surfaces!’* and silicon nitride surfaces®*. GPTMS is often used in
commercial applications for coatings on fibers, and has been used to make organic/inorganic
hybrid materials in epoxy/amine systems.!”> Epoxy-terminated monolayers are attractive because
they can react with various amino-functionalized molecules®®!">17>176 " thus being used for

immobilization of peptides'”’. They were also studied in the reaction with glycols!’®

and carboxy-
terminated polymers!”’.

Czochralski method grown crystals (CZ) showed to be of poorer quality compared to Float zone
(FZ) silicon wafers. This mainly comes from the higher impurity concentration (oxygen level in
CZ and FZ silicon is ~5-10'" atoms/cm® and ~5-10'° atoms/cm’, respectively). This higher
interstitial oxygen concentration in CZ silicon can be observed in the IR data, in the region below

1120 cm™! ', For this reason, the silanization experiments were performed on float zone silicon

wafers.
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4.2.1 Formation and Characterization of Si(100) Oxide Layer

Double side polished wafers (Sil tronix, Si(100) = 0.5°, FZ, p-doped (Boron); Si(100) £+ 0.5°, FZ,
non-doped) were cut in rectangle shape (1.1 cm x 2.5 cm). For preparation of ATR crystals, the
shorter rim was grinded to a 45° angle, and polished. After cleaning in organic solvents, the wafers
were ready for further use. In order to obtain a reproducible formation of Si/SiOx interfaces for
further modification, a three-step process was employed (Figure 4.20): (a) Silicon wafers were
first oxidized in Piranha solution (H2SO4 / H202, 3:1), to remove any chemisorbed or physisorbed
impurities from the surface. (b) The freshly oxidized surface was then etched in 2.5 % aqueous HF
solution, in order to completely remove the oxide layer and form Si-H termination. During this
step metal ions that may have diffused into silicon oxide during the oxidation step, e.g. from the
external contaminants, are eliminated.'8! (c) Finally, the wafer was oxidized in Piranha solution,

in order to form a silicon oxide layer'®? and to maximize the number of hydroxyl groups>>.
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Figure 4.20. Reproducible formation of silicon oxide layers. Reaction conditions: (a) Piranha
solution (H2SO4 / H202, 3:1), 100 °C, 1 h; (b) HF 2.5 % (aq), RT, 1 min; (c) Piranha solution
(H2SO4/H202, 3:1), 100 °C, 1 h. (B) IR spectra of freshly prepared silicon-oxide layer, referenced
to the H-terminated sample, measured in p-polarization (black) and s-polarization (red).

In the IR spectra of the silicon oxide layer referenced against the H-terminated silicon surface, the
dominant peaks were observed at 1055 cm™ (detected by both s- and p-polarized light, transverse

optical mode) and at 1226 cm™! (detected only by p-polarized light, longitudinal optical mode)
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(Figure 4. 20).'3® Other absorption bands in the area, including the shoulder at around 1150 cm™
(detected by s-polarized light) indicate the formation of defects in the oxide layer.'**The negative
peaks in the area 2150 to 2050 cm™' correspond to the loss of Si-H bonds, due to oxidation. The
dominant peak in this range at 2112 cm™' is assigned to the absorption band of the unstrained
dihydrides, the predominant structure of H-terminated Si(100).'®* The peak at 2087 cm™ is
assigned to the vibration of monohydride Si-H species. The shoulder at ~2129 cm™' suggests
strained monohydride species, which is an indication of the non-atomically flat surface
structure.'®*

The thickness of the freshly prepared oxide layer was verified via ellipsometry measurement,
carried out with a Sentech SE 850 ellipsometer, in the research group of Prof. Dr. K. Petermann
(Institute of Hochfrequenztechnik-Photonik, Technische Universitét Berlin). The thickness of the
Si0O; layer alone was determined from reference samples, and was calculated to have a value of

1.49 nm.
4.2.2 Formation of Epoxy-Terminated SAMs on Oxidized Si(100)

Monolayers were prepared on freshly oxidized wafers, in the glove box, using 1% volume

concentration of (3-glycidyloxypropyl)trimethoxysilane (74, GPTMS) in toluene, and reaction
times of 24 h (Figure 4.21).
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Figure 4.21. Reaction conditions for the preparation of epoxy-terminated monolayer.

The water presence is known to be crucial for monolayer formation with trimethoxysilanes.!”!
Only for water concentrations <10 ppm in toluene ATR-FTIR analysis of the epoxy-terminated

monolayer obtained from GPTMS showed characteristics of a monolayer, whereas samples
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prepared in toluene with higher water content (> 66 ppm) provided signatures known for multilayer
formation and generation of aggregates.®

The intensity of the signals in the v(C-H) absorption region is higher with the increase of the water
content in the solvent, suggesting higher amount of molecules attached to the surface (Figure 4.22).
The vas(CH3) absorption band at ~2963 cm™! indicates incomplete hydrolysis of the silane methoxy-
groups, and this signal was observed for the sample prepared with ~10 and 66 ppm water.
However, this band was not observed for the sample prepared in toluene saturated with water.
These two observations can be explained due to two competing processes happening at the same
time — (1) the condensation reaction at the surface, and (2) the hydrolysis of the remaining

methoxy-groups. '

With a low amount of water in the solvent, the hydrolysis reaction is
happening with the water molecules already being adsorbed on the polar surface; the hydrolysis
and the condensation in the bulk solution, as well as the condensation reaction on the surface are
slow.'® In the sample saturated with water, both reactions are fast and are happening in the bulk
solution; thus all methoxy-groups are hydrolyzed, allowing the formation of silane oligomers and
aggregates in the bulk solution, and the aggregates were attached to the surface.

Peak analysis (deconvolution) of the signal in the alkyl region allowed for analysis of peak maxima
position and full width at half-maximum (FWHM). The area below the absorption bands was
deconvoluted, using Gaussian curve to fit the raw spectra (Figure 4.22, B-D). The fitting procedure

was applied to the exact same region in all the data sets (software used is Origin v9.2). The obtained

values are presented in Table 4.2.

? Water content in toluene samples were determined by a Karl-Fisher titration, carried out in the
research group of Prof. Dr. Matthias Driel3 (Institute of Chemistry, Technische Universitét Berlin).
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Figure 4.22. ATR-FTIR spectra of epoxy-terminated monolayers, prepared from toluene solution
with different water concentrations: 10 ppm (black), 66 ppm (red) and toluene saturated with water
(blue). (B-D) Deconvoluted IR spectra of the C-H stretching region of the epoxy-terminated
monolayer. The fitted curve is color-coded according to the representation in (A).

For the sample saturated with water, the intensity of the vas(CH2) and vsym(CH2) absorption bands
were the highest, and observed at 2933.7 and 2875.9 cm™!, respectively. By lowering toluene water
content to 10 ppm, the peak positions for both vas(CHz) and vsym(CH2) absorption bands showed
the significant shift to lower wavenumbers, to 2931.3 and 2869.0 cm™!, respectively. This shift
indicates a better ordering and packing of the monolayer molecules on the surfaces.'®

The analysis of the full width at half-maximum of the v.s(CH2) and vsym(CH2) stretching vibrations
provided additional information on orientation and packing of the monolayers, !¢ because with
lower water content their FWHM value decreased (Table 4.2). This difference in FWHM value is
caused by the local variation in molecular packing around the oscillating dipoles and/or by
increasing the number of molecules in all-trans conformation, thus resulting in improved packing

due to the lower water content in toluene.'%°
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Table 4.2. Peak positions of the vas(CH3), vsym(CH3), vas(CHz2) and vsym(CH2) absorption bands and
the FWHM of the vas(CH2) and vsym(CH>) absorption bands, for the epoxy-terminated monolayer
obtained upon the peak analysis of the obtained raw FTIR data. The visualization shows changes
in peak position and FWHM of vas(CH») and vsym(CHb2) absorption bands depending on the water
concentration in toluene.

Toluene water Position of the absorption bands (cm™) FWHM (cm™)
content (ppm) vas(CH3)  veym(CH3)  vas(CHp) vsym(CH2) Vas(CH2)  vsym(CH2)
10 2962.5 2899.6 2931.3 2869.0 37.6 45.5
66 2964.6 2904.8 2933.9 2871.3 38.3 49.5
saturated - - 2933.7 2875.9 37.2 61.5
2940 T T T 2880 65 T T T
—a—v,(CH,) absorption bands o —v,{CH,) absorption bands
. ——vg,m(CH,) absorption bands R 1 — Vgym(CH,) absorption bands ]
'Tg 'Tg - 55 4 _
g 2935 L 2875 g § 50 ] A
g - £ g
=] 5 £ 454 B
3 / 3 z
© - © 40 4 -
> 20304 [ og70 = S
" 35 4
1 T T 30 T T T
10 66 sat 10 66 sat
Water concentration in toluene (ppm) Water concentration in toluene (ppm)

The higher intensities of the signals in the region below 1280 cm™ with the increase of the water
concentration in toluene, go along with the previously reported IR analyses of monolayer
formation at various humidity levels,*” suggesting the presence of irregular multilayer
structures'®®. However, this region presents a challenge for the appropriate assignation of the
spectra due to overlapping of different bands: Si-O-Si vibrational modes (bonds between silane
molecules and the oxide surface, and cross-linked networks between monolayer molecules on the
surface), non-hydrolyzed Si-O-C bonds, C-O bonds from the glycidoxy group and C-H bending
vibrations. The band at 1194 cm™ can be assigned to both the CH, wagging absorption band of the
-(CHz)3- chain (reported at 1196 cm™! in ref. 187, and at 1200 cm™' in ref. 188) and the rocking
absorption band of the C-H bonds in O-CH3 (reported at 1190 and 1191 cm™ in ref. 189). The band
at 1100 cm™! is assigned to the v(C-O) absorption band of the glycidoxy group.'®” A complex mode
involving C-O stretching motion coupled with Si-O stretching and CH3 rocking motions is located
1187

at ~1091 cm™! 1681871907193 The epoxide ring stretching vibration (at ~1260 cm™)!%7, is not often
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observable in the IR spectra, due to its very low absorption intensity. However, a signal is observed
at 1263 cm™ (66 ppm sample, a shoulder 10 ppm and saturated sample), an indication of an

additional vibrational contributions, e.g. C-H deformation band in SIOCH;'%

, or Si-C deformation
band in Si-CH2-R!*%!¥°_ In the range 1480-1360 cm™ bending vibration absorption bands of the
alkyl chains are expected.

The water contact angle for the GPTMS monolayers (10 ppm sample) was 54.1° + 2.7, and in
accordance to the literature.®>!'%® It is was previously reported that multilayer formation goes along
with an increase in contact angle.®” Here, for the 66 ppm samples an angle of 62.0° + 2.5 was
determined.

The thickness of the monolayer was determined for the sample prepared in 10 ppm toluene. Two-
layer model SiO»/GPTMS was used, refractive indices of the epoxysilane monolayer and the
silicon oxide are assumed to be constant and equal to the bulk values of 1.429 and 1.461,
respectively. Thickness of the oxide below the organic layer was calculated to be in range
1.30-1.42 nm. The monolayer thickness was determined to be 0.9 nm, which goes along with the
previously reported values for the GPTMS monolayer (0.85 = 0.15 nm),'® and is in agreement
with the extended conformation of the GPTMS molecule (0.9-1.0 nm). This suggests, on average,

an orthogonal orientation of the molecules and their head groups towards the surface.

4.2.2.1 Variation on Work-up Procedures upon Formation of Epoxy-Terminated SAMs

The work-up procedure after the silanization reaction and monolayer formation is crucial. In the
literature removal of all physisorbed molecules was described with either ethanol or

36,194,195 and also by additional sonication using these solvents,!98:16%173:175.196 Herein three

toluene,
different work-up procedures were tested for epoxide-terminated monolayer formation with
10 ppm samples (Figure 4.23): procedure (1) washing of the wafer with toluene (3 %< 5 ml) and
ethanol (3 x 5 ml), and subsequent sonication in ethanol for 20 minutes; procedure (2) washing of
the wafer with toluene (3 % 5 ml) and ethanol (3 x 5 ml), and subsequent sonication in toluene for
20 minutes; procedure (3) washing of the wafer with toluene (5 x 5 ml) and subsequent sonication
in toluene for 10 minutes). Furthermore, all samples were baked in the oven at 150 °C for

10 minutes.
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Figure 4.23. (A) Three work up procedures. (B) The zoom of the C-H stretching region of the
epoxy-terminated monolayer, obtained upon three different work up procedures. (C) The zoom of
the C-H stretching region of the sample worked up according to the procedure (3).

Various washing procedures showed a significant difference in shape and intensity of the IR bands
only in the alkyl-stretching region. Only samples including ethanol in the washing procedure
showed a significant contribution to the vas(CH3) absorption band at ~2960 cm™ (Figure 4.23A),
probably due to adsorption of ethanol molecules to the monolayer. However, toluene guaranteed
removal of adsorbed and/or weakly bound monolayer molecules during the washing and sonication
procedures, and no detectable adsorption (Figure 4.23B). Strong signal at ~1650 cm™ observable
for the work-up procedures (1) and (2) is assigned to the O-H bending vibration of remaining
ethanol absorbed on the surface upon washing.

Baking of the wafer after formation of the monolayer, promotes condensation of hydrogen bonded

silanols to form siloxane bonds, both towards the surface and for cross-network formation.'*>
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4.2.3 Formation of Alkyl-Terminated SAMs on Oxidized Si(100)

In order to confirm the results obtained for the epoxy-terminated monolayer derived from GPTMS,
alkyl SAMs were prepared following the same procedure, using trimethoxy(propyl)silane (75)
(Figure 4.24).
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Figure 4.24. The IR spectra of the alkyl-terminated monolayers, prepared from toluene solution
with different water concentrations: ~10 ppm (black), and 66 ppm (red). (A) Reaction conditions
for the preparation of the alkyl-terminated SAMs. (B-D) Deconvoluted IR spectra of the C-H
stretching region of the alkyl-terminated monolayer. The fitted curve is color-coded according to
the representation in (B).

In the IR, again the higher intensities of the bands in both C-H and Si-O stretching vibration region

are observed for the sample prepared in toluene with higher water content (66 ppm). Furthermore,
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the higher intensity of the v,s(CH3) absorption band (2964 cm™) and C-H deformation band in
SiOCHj; (1263 cm™) is observable for the sample prepared in toluene (66 ppm), suggesting
incomplete hydrolysis of methoxy-groups, possibly due to formation of aggregates and irregular
structures. Additionally, upon deconvolution of the v(CH) region, a shift towards lower
wavenumbers of the bands is observed in the sample prepared with lower water content (vas(CH3):
from 2964 to 2960 cm’!, vis(CHz): from 2931 to 2927 cm™, and vsym(CH2): from 2871 to
2860 cm™'), thus suggesting better ordering and packing of the monolayer.

Static contact angle for the samples prepared in toluene with the lowest water content (10 ppm)
were determined to be 51.2° + 2.3. As described for the epoxy-terminated monolayer, the sample
prepared in toluene with higher water content tend to form multilayer structures, and thus the
contact angle increases;” the contact angle for the samples prepared in toluene (66 ppm) was

determined to be 64.2° +2.9.

4.2.4 Functionalization of Epoxy-Terminated SAMs via Epoxide Ring-Opening Reaction
on Oxidized Si(100)

The ring-opening reaction on the epoxy-terminated monolayer with fulgimide-linker-conjugate 7
proved to be challenging, and after some initial experiments model studies towards an acetylene-
terminated monolayer were investigated using propargylamine (76). However, reactions in toluene
(156 mM) at room temperature or 60 °C (glove box) for 4 h according to Escorhuela ef al.>® gave
no turnover according to IR-analysis. Moreover, activation of the epoxide using Lewis acids (TiCls
in DCM, Ti(iOPr)4 in DCM, and BF3- OEt; in THF; 156 mM) failed. Finally, after the improvement
of the whole process starting with the silanization reaction for high quality epoxide-terminated
monolayers, ring-opening with propargylamine (156 mM) in toluene proceeded at elevated
temperature (80 °C) during 24 h reaction time (Figure 4.25). The reaction was also tested in

N-methyl-2-pyrrolidone (NMP) for 20 h at 90 °C,'7 but was unsuccessful.
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Figure 4.25. Preparation of the acetylene- and fulgimide-terminated monolayers on oxidized
Si(100). Reagents and conditions: (a) 156 mM propargylamine (76) in toluene, 80 °C, glove box,
24 h; (b) 5.4 mM fulgimide 7 in toluene / 1,4-dioxane (10:1), 90 °C, glove box, 24 h.

4.2.5 Acetylene-Terminated SAMs on oxidized Si(100)

Upon the ring-opening reaction with propargylamine (76), the shape and the positions of the peak
maxima in the C-H stretching region did not change significantly (Figure 4.26). The intensity
increased for both vas(CH2) and vsym(CH2) absorption bands, because of the additional CH> group
from the propargylamine moiety. Additionally, a slight shift to lower wavenumbers was observed
for both CH, absorption bands (from 2931.3 to 2928.9 cm™ for v,(CH2), and from 2869.0 to
2862.7 cm™! for vsym(CH2)), thereby suggesting adjustment in packing due to loss of sterically
demanding epoxide ring head groups. A weak absorption band at 2121 cm™' originates from the
C=C bond vibration. A wide asymmetric band with the peak maximum at 1612 cm™' was assigned
to O(N-H) absorption bands of the secondary amine, both in its protonated and non-protonated
form. Protonated secondary amines (NH.") show vibrations in a region from 1620-1560 cm™,
while the vibrations of the non-protonated amines (NH) are located at 1580-1490 cm™.!*¢ In
addition, asymmetry and high intensity of the bands suggest overlapping with the water O-H

bending vibration from the water adsorbed on the surface.
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Figure 4.26. The IR spectra of the epoxy- (black) and acetylene-terminated (red) monolayers,
referenced to silicon-oxide. The zoom of the C-H stretching region of the epoxy- (black) and
acetylene-terminated (red) monolayers.

The area with two broad absorption bands with maxima at 1438 and 1373 cm™! contains a variety
of weak-medium vibrations. The alcohol O-H in plane vibration band is a broad signal with a peak
at 1370 cm™!, also occurring as two absorption bands. C-H wagging vibrations of secondary
alcohols are located in the range 1400-1330 cm™, while the position of the C-H deformation
vibration depends on the hydrogen bonding, being located at 1440-1400 cm™ when bonded, and
1410-1350 cm™! when not involved in hydrogen bonding. Additionally, absorption bands observed
in this region are the C-H wagging vibration overtone of C=C-H (1375-1225 cm™), and CH;
deformation vibrations (1485-1430 cm™). Small changes in the intensity of the signals in the region
below 1200 cm™ suggest only minor changes in the Si-O-Si network, due to oxidation of the

substrate upon the epoxide ring-opening reaction.
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4.2.6 Fulgimide-Terminated SAMs on Oxidized Si(100)

Ring-opening of the epoxide-terminated monolayer with the fulgimide-linker-conjugate 7
(E/Z = 85:15) was hampered by the low solubility in toluene, and 3 mM or 4.8 mM concentrations
of compound 7 (15, or 24 pumol) in toluene at 80 °C for 20 h did not furnish monolayer
functionalization. Changing the solvent to a mixture of toluene/1,4-dioxane (10:1, 27 umol,
5.4 mM), increased the amount of fulgimide 7 in solution, thus proved to be successful at 90 °C,
but only by mildly stirring the solution, and ensuring that the silicon wafer would not get
mechanically damaged. The reaction at 80 °C, without stirring the solution did not yield in
monolayer functionalization. When conducting epoxide opening in the glove box, ATR-FTIR-
analysis showed no further oxidation of the monolayer or the substrate itself.

Upon the fulgimide immobilization on the surface, characteristic vsym(C=0) and vas(C=0)
absorption bands of the imide group of the fulgimide head group were observed at ~1734 and
~1700 cm’!, respectively (Figure 4.27), previously also observed for fulgimide-terminated SAMs
on Si(111). Furthermore, a wide asymmetric band with a peak maximum at 1608 cm™ was
observable and assigned to the 6(N-H) absorption bands of the secondary amine, both in its
protonated and non-protonated form, and 6(O-H) from the water adsorbed on the surface. Two
broad absorption bands with maxima at ~1455 and ~1350 cm™!, are also observable upon epoxide
ring-opening, corresponding to an overlap of a variety of weak-medium vibrations. A weaker
intensity of this band compared to the one observed for the acetylene-terminated monolayer
indicates a possible lower conversion for the epoxide ring-opening with fulgimide-linker-
conjugate 7 than with propargylamine. This might be due to the size of both molecules, with the
fulgimide-linker-conjugate being sterically more demanding resulting in lower coverage of the

surface.

92



4.2 Preparation and Functionalization of SAMs on Oxidized Si(100) Surfaces

A T T T
E V’v M
c
=2
= -
_E v(CH) vsym(C=O)/
S 3(NH)
7] —
N2) Vas(C=0) 5(0OH)
E
2
© | —— Epoxy-terminated SAM
= Fulgimide-terminated SAM v(C-0), v(SiOx)
1 1 1 1 1
3000 2500 2000 1500 1000
Wavenumbers (cm™)
Bs Cz
B 2
3 5
£ e
A 83
c o
2 S
w w
2 k7]
£ £
7] W
5 | — Epoxy-terminated SAMs @
= | — Fulgimide-terminated SAMs =
3000 2900 2800 3000 2900 2800
Wavenumbers (cm™) Wavenumbers (cm™)

Figure 4.27. The IR spectra of epoxy-terminated (black) and fulgimide-terminated monolayers
(red). (B) The zoom of the C-H stretching region of the epoxy- (black) and fulgimide-terminated
(red) monolayers. (C) Deconvoluted IR spectra in the same region of the fulgimide-terminated
monolayer. The red curve presents the fitted curve upon the deconvolution.

Furthermore, the shape of the C-H stretching region did not change significantly upon the ring
opening with the fulgimide. Although the ring opening reaction adds a few methylene groups for
each fulgimide linker, the intensities of the vas(CH2) and vsym(CH2) absorption bands stayed almost
the same. One of the reasons for this may be partial reduction and blocking of the vibrations of the
methylene groups, because of influences of the neighborhood of the molecules and hydrogen
bonding. The fulgimide molecules are also not necessarily located on top of the monolayer due to
the rough surface, in comparison to the work on Si(111).'*

In Figure 4.28 the highly resolved XPS spectra of the epoxy- and fulgimide-terminated monolayers
are presented.” The Si2p, Cls, Ols and N1s are observable as major peaks in the survey, and their
contribution to the surface composition is shown in Table 4.3. The N1s signal in the XPS spectrum

of the fulgimide-terminated sample comprises contributions from N-atoms of the fulgimide

a XPS measurements were carried out in the research group of Prof. Dr. Wolfgang Unger at the
BAM Federal Institute for Materials Research and Testing, Berlin.
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moiety, secondary amine N species of the linker unit, and from impurities observed for the epoxy-
terminated monolayer. Nitrogen impurities are known to be present in the samples,'*® and may go

along with samples being stored under nitrogen gas over longer time periods.

Table 4.3. Atomic surface composition for the epoxy- and fulgimide-terminated monolayer on
oxidized Si(100) surfaces, as obtained from the XPS measurement.
Elemental composition (surface concentrations [at%])

Sample -
P Si 0 C N
Epoxy-terminated SAMs 47.55 35.45 16.45 0.40
Fulgimide-terminated SAMs 41.25 31.60 23.85 1.85
| Si2p z| C1s 3| N1s 5| Ofs
3 3 e s s
= = CO A7 z z
2 ‘ 2 2
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Figure 4.28. High-resolution XPS spectra of the Si2p, Cls, N1s and O1s core levels of the epoxy-
and fulgimide-terminated samples on oxidized Si(100).

Peak-fitting analysis of the XPS data for Cls gave insight into chemical environments of the
observable C-atoms (Table 4.4). The spectra of the epoxy-terminated sample exhibited a peak at
285.0 eV, originating from C-C and C-H bonds. Ether and epoxide C-O bonds are not
distinguishable, appearing at 286.1-288.0 and 286.1-287.1 eV, respectively;'®® here observed at
286.6 eV. Additionally a peak above 288.6 eV is assigned to (O=C-O) groups; the existence of

this peak for epoxy-terminated monolayers was reported before,>®:166:194

and it might be an
indication for a surface modification with atmospheric carbon dioxide at high temperature in the
oven.’” The deconvoluted C1s spectra of the fulgimide-terminated monolayer showed increase in

the C-C component, due to the additional contribution of the fulgimide head-groups. Comparable
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to the epoxy-terminated sample, peaks are observed at 286.7 eV (C-O, C-N) and 288.9 eV (O=C-
O(N)).

Peak fitting analysis of the N1s peak of the fulgimide-terminated monolayer gave two component
peaks: a strong signal at 400.1 eV assigned to aromatic/imide C-N bonds and aliphatic C-N bonds.
An additional signal is observable at 402.3 eV and assigned to charged amine species (both
protonated and hydrogen-bonded).?’*’! In the ATR-FTIR spectra of the fulgimide-terminated
monolayers absorption bands for protonated and hydrogen bonded amine species were observed,
too (Figure 4.27). The highly resolved Ols region showed only one signal, at 532.0 eV, assigned

to Si-O bonds, as well as various C-O bonds from the monolayer and fulgimide moieties.

Table 4.4. Spectral data of the components of the Cls and N1s signals obtained upon the peak
fitting analysis of high-resolution XPS spectra - binding energies (eV), component peak area (%)
and full-width at half maximum (FWHM) (eV) - for epoxy- and fulgimide- terminated monolayers.

Sample on Assignment Binding ener
Si([1)00) (gfoup) positiﬁn (eV%y Area (o) FWHM (eV)
C-C,C-H 285.0 48.5 1.2
Epoxide C-O0 286.6 44 .4 1.4
0=C-O 288.9 7.1 1.7
C-C,C-H 285.0 61.9 1.3
C-0, C-N 286.5 29.1 1.4
Fulgimide 0=C-O(N) 288.6 9.0 2.0
N-C 400.1 95.5 1.7
N-C (charged) 402.3 4.5 1.0

For the fulgimide-terminated monolayer an immobilization yield was calculated from the C/N ratio
of the surface. The chemical formula of the molecules forming this monolayer comprises
26 C-atoms and 3 N-atoms. In the case of a full coverage, the C/N ratio would be 26/3 = 8.67.
However, the experimentally obtained C/N ratio for the fulgimide-terminated sample is higher:
23.85/ 1.85 = 12.89 (Table 4.3). Therefore, it can be concluded that the immobilization yield is
not 100%. From the nitrogen surface concentration of the fulgimide-terminated surface, the
calculated carbon surface concentration for fulgimide-termination is 1.85 - 8.67 = 16.04, and
the residual amount of carbon detected on the surface is derived from unreacted epoxide units:
23.85—-16.04 = 7.81. Since the epoxy-terminated monolayer has 6 carbon atoms per immobilized

molecule, the fulgimide:epoxide ratio can be calculated:
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16.04  7.81

fulgimide : epoxide = e e 0.61:1.30~=1.0:2.13.

Accordingly, we may speculate that one out of every three epoxy-head groups of the monolayer is

modified with fulgimide-linker-conjugate 7, giving an estimate for the overall derivatisation

efficiency for the on-chip epoxide ring-opening reaction in the order of 32 %.

4.2.6.1 Photochemical Studies of Fulgimide-Terminated Monolayers on Oxidized Si(100)

Upon UV-light irradiation, the fulgimide head groups of the fulgimide-terminated monolayer were
switched from the open E-form to the closed C-form (Figure 4.29). The switching of the fulgimide-
terminated SAMs were conducted by alternations of UV and visible light irradiation, and the two
photostationary states, PSS(365 nm) and PSS(545 nm), were evaluated by ATR-FTIR
spectroscopy and water contact angle measurements. The switching experiments were carried out
comparable to the fulgimide-terminated samples on Si(111), under inert gas and were allowed for

30 min per irradiation period. Apart from that, the samples were stored in the dark.

s . [ . . L .
0 oo 0 sj 0 0 0.0 & 0 0 o.
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Figure 4.29. Fulgimide E-to-C and C-to-E photochromism upon UV (Air = 365 nm) and visible
(Airr = 545 nm) light irradiation.

After the immobilization procedure with fulgimide 7 (E/Z = 85:15), the vas(C=0) absorption band
was located at 1698.9 cm™! (Figure 4.30). Upon irradiation, the imide absorption band is shifted
from 1699.5 to 1698.7 cm™ (in PSS(365 nm) and PSS(545 nm), respectively) in the first cycle.
However, a gradual shift of the position of the vas(C=0) absorption band of the open forms
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(PSS(545 nm)) over five cycles is observed, from 1698.9 (after immobilization) to 1698.4 cm™
(Figure 4.30B). For this, changes in the orientation, location and the ratios of the photoisomers of
the fulgimide molecules might be responsible, and additionally variations in water content and
surface temperature. In addition, there is a decrease in the intensity and broadening of vas(C=0)
absorption bands in both PSS, over five cycles (Figure 4.30, C,D). This broadening of the signals,
and the appearance of a shoulder at lower frequency (1694 cm™) might be an indication for
weakening of the C=0 bond. The hydrogen bonding is capable of lowering frequency of the C=0
bond, and thus the peak is observed at lower wavenumbers.'*® Additionally, the alterations in water
content and hydrogen bonding may partially impede the vibration of the C=O bonds, leading to a

decrease of the intensity of these absorption bands over time.
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Figure 4.30. ATR-FTIR spectra of the vas(C=0) absorption band of the fulgimide-terminated
monolayer at the PSSs, upon 5 UV/Vis irradiation cycles: initial state (black), PSS(365 nm) (blue),
and PSS(545) (red). Broadening of the signal is observed upon several cycles: (C) 1 cycle, (D)
5t cycle.

Monolayer formation on silicon oxide suffers from a lower level of ordering of the monolayer
itself, due to the roughness of the oxide surface. Therefore, monolayer molecules can adopt various

orientations, resulting in some terminal functionalities being hidden or hindered,!” causing
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different environments for the photoswitchable molecules and capacities for water. These possible
variations may dictate differences in the vibrational energy of the imide C=0 bonds of the various
fulgimide molecules on the surface, leading to the observed broadening of the absorption bands
over several irradiation cycles. Photoswitchable SAMs on highly ordered S(111) did not show this
kind of shift, since all of the fulgimide moieties are being located on top of the monolayer.

Additionally, the switching process was studied by water contact angle measurements. The
wettability of the surface directly depends on the surface composition, and due to ring-opening
and ring-closing of the fulgimide molecules upon UV/Vis irradiation, repeatable changes in
wettability over several cycles are expected. Therefore, the switching process was monitored over
five cycles, and the contact angles were measured after each irradiation process (Figure 4.31).
After the immobilization of the (E/Z)-fulgimide-linker-conjugate 7 (E£/Z = 85:15) a contact angle
of 64.0° was recorded. Irradiation with 365 nm light, furnished the PSS(365 nm) containing the
C-form and a more polar surface (contact angle 57.7°). The ring-opening reaction with 545 nm
light reproducibly gave a less polar surface and a contact angle of 62.5° for PSS(545 nm), and thus

a lower value in comparison to the value for the starting 85:15 (E/Z)-mixture.

66 — UV (365 nm)
- - - Vis (545 nm)
64 -
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®
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] 58.2°
56 -
54 T T T T T T . .
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Irradiation cycles

Figure 4.31. Changes in wettability of the fulgimide-terminated monolayer upon reaching PSSs
over five UV/Vis irradiation cycles. Dotted lines present the average position for each of the two
PSS:s.

The dipole moments were previously calculated for all fulgimide forms (E-form: 2.409 au,
Z-form: 1.337 au, and C-form: 1.980 au).!> However, the changes in wettability observed from the
contact angle measurements upon photoisomerisation do not go along with the changes of the

calculated dipole moments, which would assume a more polar surface for the PSS(545 nm) with
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the (E/Z)-forms, but only when reaching a defined orientation of the dipole moments. However,
the C-form was reported to have very high averaged hyperpolarizability compared to the open
forms, 37224 au compared to 1811 and 683 au, respectively. In addition, surrounding water
molecules due to their own electric dipole moment can increase this effect, thereby making the
fulgimide-terminated monolayer with the PSS(365 nm) enriched in C-form more polar furnishing

a better wettability of the surface.
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5 Conclusion

In this work, the unique property of photochromic compounds to reproducibly switch between
different states were used to functionalize silicon wafers, with the aim of preparation of light-
sensitive smart materials. Two types of photochromic compounds, fulgimides and naphthopyrans,
were synthesized and fully characterized. Their photochromic properties were investigated using
various different methods — UV/Vis measurements, NMR and FTIR spectroscopy. Their different
thermodynamic stability governs their photochemical properties; fulgimide photoisomers being
stable, thus the switching alternates between two states only upon light irradiation. On contrary,
naphthopyran open isomers are thermodynamically labile, thus their switching is directed both by
light irradiation and thermal relaxation in the dark. Both systems showed remarkable fatigue
resistance during the investigations in solution.

For their immobilization onto silicon wafers, the concept of self-assembled monolayers was
employed. Immobilization of the photochromic compounds was carried out on monolayers on
oxide-free Si(111) and oxidized Si(100) surfaces. For the evaluation of the obtained monolayer
structures, several analytical methods were used, such as ATR-FTIR spectroscopy, X-ray
photoelectron spectroscopy, ellipsometry and contact angle goniometry; they confirmed high
quality of the prepared monolayer structures. Furthermore, they allowed examination of
photochromism of the photoswitch-functionalized surfaces. For all prepared photoswitchable
surfaces, repeatable changes between the states were observed upon light-illumination and/or
thermal relaxation in the dark. Furthermore, comparison between the various photoswitchable
monolayers suggested influence of the underlying monolayer properties onto the photochemical

behavior of the photochromic moieties on top.

5.1 Synthesis of Photoswitch-Linker Conjugates

In this work, fulgimide-linker conjugate 7 with free primary amine functionality was synthesized,
with the aim of attachment to the variously terminated surfaces. The synthesis proceeded in nine
reaction steps, from commercially available 2-methylindole 20, to yield fulgimide conjugate 7 (E/Z

ratio 85:15, 'TH NMR) in 8.4 % overall yield (Figure 5.1).

101



5 Conclusion

0 o) £1z°y-0Et ez @
i i i V), v
Rl N ) i) e 9 YN0
Ho 81% N 84 % N 62% 49 %
H Ts N N
Ts H
21 19 22 16

E17 o N/\/NHBoc
vii), viii)
20 o
60 % @\/t%
N
H
HZN/\/NHZ vi) HZN/\/NHBOC 34
17 82 % 32
ix)l 83 %
2% NNNHZ
i) DMA, POCIs, 0 °C -> 80 °C, 3 h; ii) p-TsCl, NaOH, DCM (tech.), RT, 48 h; o
iii) Diethyl 2-(propan-2-ylidene)succinate (18), n-BuLi, DIPA, THF, -78 °C -> RT, 48 h; )
iv) KOH (20 % aq)/EtOH (1/1), reflux, 24 h; v) DCC, DCM, RT, 2 h; vi) Boc,O, DCM, RT, 24 h; H
vii) DCM, reflux, 24 h; viii) CDI, DCM, RT, 5 days; ix) HCI in dioxane, 0 °C -> RT, 2 h. 7

Figure 5.1. Synthetic route towards formation of fulgimide-linker conjugate 7.

Furthermore. naphthopyran-linker-conjugate 8 was synthesized and characterized. Contrary to the
linker attached to the fulgimide structure, here a more rigid, piperazine-based linker was used. The
synthesis proceeded via the nine-step synthetic route presented in Figure 5.2, affording the desired
naphthopyran compound 8 as a salt, in 3.1 % overall yield.

In the linker synthetic route, the Buchwald-Hartwig amination reaction (Figure 5.2, iii) did not
show complete conversion in toluene at 100 °C over 44 h, and side product formation of imine and
dehalogenated educt was speculated as possible reason for lowering the yield of this reaction
(Chapter 3.2.2.2, Figure 3.19). An optimization of this reaction step, including the choice of the
catalyst source, ligand, base, solvent and temperature were not investigated in this work. However,

it is believed that future optimization of this step may increase the obtained yield of the reaction.
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viii) DCC, DMAP, DCM, 0 °C -> RT, 48 h; ix) HCI in dioxane, 0 °C -> RT, 1.5 h.

Figure 5.2. Synthetic route towards formation of naphthopyran-linker conjugate 8.

5.2 Photochromism of Photoswitch-Linker Conjugates

Photochemical studies were performed for both fulgimide-linker conjugate 7, and related fulgide
analogue 16, with the use of UV/Vis measurements. Both photochromic compounds were
investigated in acetonitrile and chloroform. Additionally, for both compounds, as expected, a
complete reproducible switching without signs of fatigue in solution were observed in
measurements in acetonitrile, upon alternation of UV (Air = 365 nm) and visible light

(Mirr= 565 nm) irradiations, over 5 cycles.!*

The switching of both the naphthopyran core 45 and naphthopyran-linker conjugate 71 were
characterized in detail. Both UV/Vis time-resolved and '"H NMR time-resolved spectra of the
photochemical studies showed the open forms reaching a plateau upon thermal relaxation for both
naphthopyran compounds; compound 45 was bleaching significantly slower compared to the

conjugate 71 (Figure 5.3). From the 'H NMR investigations, it was shown that naphthopyran
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building block 45, contained a ratio of the photoisomeric species at PSS(365 nm) of 16:77:7
(CF:TC:TT). The thermal back reaction was very slow, so that signals of both open isomers were
fading simultaneously. For the naphthopyran-linker-conjugate 71 the ratio of photoisomers at
PSS(365 nm) was determined to be 34:48:18 (CF:TC:TT). Additionally, the TC->CF
transformation occurs fast; at PSS(A) only the CF and TT forms were observed (83:17,
respectively). The closed form was completely restored upon visible light irradiation. The slow
45-TC bleaching is assigned to stabilization from the electron-donating group (OH) in 6-position,
as well as hydrogen bonding of the phenyl OH, stabilizing the carbonyl oxygen of the open forms;
this effect is not observed for the naphthopyran-linker conjugate 71.
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Figure 5.3. Time-resolved spectra of naphthopyran 45 (left) and naphthopyran-linker conjugate
71 (right) of 'H NMR signals during one irradiation cycle; photoisomers: closed form (blue), TC
form (red), TT form (green).

The photochemical switching was analyzed in solution via FTIR spectroscopy for both
naphthopyran compounds 45 and 71, in solvents of different polarity, i.e. TCE, MeCN and DCE.
Photochemical studies by alternation of irradiation with UV light (Air = 365 nm) and thermal
relaxation were conducted, and revealed, amongst others, repeatable changes in the position of
methyl ester v(C=0) absorption band, independent from the solvent used, and changes in the

intensity of the signal responsible for the conjugated C=C bond vibration at ~1595 ¢m™136:202
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Additionally, UV/Vis absorption studies of naphthopyran 71 in acetonitrile showed completely
reproducible photochemical cycles without a sign of fatigue upon alternation of UV (Air =365 nm)

and visible light (Air = 505 nm) irradiation.

5.3 Monolayer Structures on Si(111) and Si(100)

Self-assembled monolayers were prepared on oxide-free silicon(111) and oxidized silicon(100)

wafers (Figure 5.4).
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Figure 5.4. Overview of photoswitchable self-assembled monolayers on silicon surfaces, prepared
in this work.

On Si(111) SAMs were prepared via hydrosilylation of methyl-10-undecenoate (72) on

H-terminated Si(111) surface. Diluted monolayers, with a reduced number of functionalities at the
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terminal end, were obtained by grafting a mixture of methyl undecenoate and 1-decene (73) (V/V,
1:1). Subsequent hydrolysis of ester-terminated SAMs, yielded a carboxy-terminated monolayer.
Further functionalization of the carboxy-terminated oxide-free Si(111) surfaces were carried out
with both fulgimide- 7 and naphthopyran-linker conjugate 8, via amide bond formation, using
HCTU as a coupling reagent. Results previously reported for neat fulgimide-terminated SAMs on
Si(111) showed efficiency of the coverage of ~50 %, suggesting that every other monolayer
carboxylic acid head-group is functionalized with a fulgimide moiety'*. A dilution of carboxylic
acid functionalities at the terminal end of the SAMs, prepared in this work using a 1:1 ratio of the
monolayer molecules (methyl-10-undecenoate and 1-decene), suggests ~50 % of groups at the
terminal end of the SAM carrying a carboxylic acid functionality. Thus, maximum coverage of
fulgimide 7 onto the diluted monolayer would yield a structure where every second monolayer
linker is functionalized: the complete functionalization of carboxylic acid head groups.
Consequently, this results in the same possible coverage of both neat and diluted monolayers.
However, the main difference comes from the polarity of the underlying monolayer in the
immediate vicinity of the fulgimide moieties; the neat SAMs contain very polar unreacted
carboxylic acid functionalities, while the diluted SAMs mainly contain nonpolar methyl groups
from the decene monolayer units.

The coupling efficiency of the naphthopyran 8 attachment was also determined, using X-ray
photoelectron spectroscopy (XPS) and a comparable approach previously applied to the fulgimide
neat SAMs in ref. 14. The grafting efficiency was determined to be ~50 %, resulting in high density
of the naphthopyran units on top of the SAMs, where every second monolayer molecule is
decorated with a photoswitch unit. This suggest similar packing density and concentration of the
photoswitch on top of the surface, for both P-type and T-type photoswitchable SAM structures on
Si(111).

On oxidized Si(100), epoxy-terminated self-assembled monolayer was prepared, by silanization
reaction with (3-glycidyloxypropyl)trimethoxysilane (74). The amount of water present in the
solvent during the silanization reaction proved to be essential for the formation of reproducible
and high quality monolayers. Analysis of the v(CHz) peak positions provided information on
ordering and packing of the monolayer molecules, suggesting that more densely packed structures
were prepared with toluene of low water content (10 ppm). This was further confirmed by applying

the same procedures on preparation of an alkyl-terminated monolayer without a functionality at
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the terminal end, by silanization of trimethoxy(propyl)silane (75). Additionally, the choice of
solvent for the work-up procedure after monolayer formation also was crucial. According to
obtained IR data, only toluene gave reproducible results; procedures involving ethanol often
resulted in adsorption of solvent on top of the monolayer. High-quality monolayers were further
confirmed via contanct-angle and ellipsometry measurements. Contact angle for epoxy-terminated
monolayer was determined to be 54.1°, which is in accordance with the literature values for regular
monolayer structures. Thickness of the monolayer was determined to be 0.9 nm, which is in
agreement with the extended conformation of the GPTMS molecule (0.9-1.0 nm), and previously
reported values for the GPTMS monolayer structures.

Functionalization of the monolayer was carried out via an epoxide ring-opening reaction with
propargylamine (76) and fulgimide-linker-conjugate 7. XPS investigation of the fulgimide-
terminated SAMs on oxidized Si(100) suggested =32 % derivatisation yield of fulgimide-linker-
conjugate 7; a lower yield than previously observed for the amide bond formation on densely
packed carboxy-terminated Si(111) surfaces.'

On-chip photochemical studies on fulgimide-terminated monolayers, both on Si(111) and Si(100),
exhibited repeatable changes of vas(C=0) absorption bands, upon alternation of UV (Air = 365 nm)
and visible light irradiation (Air = 545 nm). Highly ordered monolayers on Si(111), where
fulgimide moieties are located on top of the monolayers show regular changes between two
photostationary states (PSS(365 nm) and PSS(545 nm)), over 5 irradiation cycles. Contrary, due
to the roughness of the oxide surface, the structure of monolayers on oxidized Si(100) suffers from
a lower level of ordering of the monolayer itself. Thus, monolayer molecules can adopt various
orientations causing different environments for the fulgimide head-groups (some embedded in the
monolayers, while others being on top). These possible variations, as well as monolayer ability to
adsorb water on its surface, may have an influence on vibrational energy of the imide C=O bonds
of the various fulgimide molecules immobilized on the surface, leading to the observed broadening
of the absorption bands over several irradiation cycles. The shoulder at lower wavenumbers
(~1680 cm™) was observed for fulgimide samples on oxidized Si(100) and diluted SAMs on
Si(111). Different level of ordering of the monolayers influence switching read-out of the
fulgimide decorated monolayers. However, obviously for all scenarios a two state system was

evaluated with IR spectroscopy.
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Figure 5.5. Photochemical studies of fulgimide-terminated SAMs on Si(111) and Si(100) surfaces.

Additionally, the contact angle measurements of fulgimide-terminated SAM on oxidized Si(100)
surface revealed repeatable changes in wettability upon alternating UV and visible light irradiation.
These changes are shown to depend, amongst others, upon the hyperpolarizability of the different

fulgimide photoisomers. '3

The photo-induced switching of the naphthopyran-terminated Si(111) surface was evaluated by
ATR-FTIR spectroscopy, by following the changes in the methyl ester v(C=0) absorption band
position (1725 cm™), as well as the intensity of the conjugated C=C bond stretching vibration

(1595 ecm™), upon several cycles.
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5 Conclusion

Compared to the solution studies, the accumulation of the open forms is higher on the surface; it
is caused by the fading rate on surface being slower compared to solution studies. This can be
explained by the different immediate environments of the naphthopyran compounds - the fading
rate being different in liquid medium compared to solid phase / gas interface observed for the
surface studies. Moreover, the confined space of the densely packed naphthopyran moieties on the
surface can also impact the reduction of the fading rate. Furthermore, stabilization of the
naphthopyran open forms via hydrogen bonding with the unreacted carboxy-terminated surface
may additionally cause accumulation of the open forms. As silimar intramolecular stabilization via
hydrogen bonding was previously observed in the solution studies of naphthopyran 45. The
existence of the stabilization results in a three state cycle of naphthopyran-terminated SAMs going
through three different states: PSS(365 nm) = PSS(A) = PSS(545 nm). From the PSS(545 nm)
upon UV light irradiation, PSS(365 nm) is again reachable. Thus, the switching between the states

is a one-directional process.
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Figure 5.6. Differences between photochemical studies of naphthopyran-linker conjugate 71 in
acetonitrile solution and naphthopyran-terminated SAMs on Si(111).
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5 Conclusion

P-type and T-type photoswitchable SAMs on Si(111), exhibit different stability of their states
during the photochemical studies. Fulgimide-terminated monolayers are strictly switched between
two photostationary states, PSS(365 nm) and PSS(545 nm), upon irradiation with UV and visible
light, respectively. Here, the influence of the underlying monolayer does not play significant role
in the photochemical process. On the other side, the naphthopyran-terminated monolayer reaches
three different states during one cycle, the PSS(365 nm), PSS(A) and PSS(545 nm). The highly
polar carboxy-terminated monolayer underneath the naphthopyran moieties acts as a stabilization
factor for the open forms (TC and TT), thus decreasing the rate of the thermal back reaction on the
surface and facilitating accumulation of the open photoisomers. Upon visible light irradiation

(Mirr = 545 nm) the system reaches the third stable state for starting the complete cycle again.
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6 Experimental Section

6.1 General Information

All starting materials and reagents were purchased in the highest available purity and were used
without further purification, unless otherwise stated. Solvents used for extractions and purification
(i.e. column chromatography, recrystallization) were of technical purity, and were dried and
distilled prior to use: ethyl acetate over potassium carbonate; DCM, pentane, and cyclohexane over
phosphorus pentoxide. Solvents used for reactions were of p.a. purity, and dried and distilled prior
to use according to standard procedures:*?* toluene, dioxane, and THF over sodium/benzophenone,
DCM over calcium hydride.

All reactions were monitored by analytical thin-layer chromatography (TLC, silica gel, Merck 60
F254 plates) and visualized by UV light (A = 254 nm), and staining reagents: potassium
permanganate, ninhydrine, or Seebach reagent (phosphomolybdic acid/Ce(SOs4)z) stain.
Preparative flash-chromatography was performed on MP Biomedicals GmbH silica gel 60
(32 — 63 um, 60 A). For purification of compound 47 Acros Organics neutral aluminium oxide
(Brockmann I, 50-200 um, 60 A) was used. Solvents used as eluents are specified in the procedure
for a particular substance.

'H NMR spectra were recorded on a Bruker Avancell 400 MHz spectrometer or a Bruker
Avancelll 500 MHz spectrometer. Chemical shifts are given as dimensionless J-values in ppm,
and coupling constants J are in Hz. Solvents are mentioned for the particular substances; their
residual signals were used as internal standards: CDCI3 & = 7.26 ppm, MeOD-d3 6 = 3.31 ppm,
DMSO-d6 6 = 2.50 ppm. The number of protons was determined by integration the corresponding
signals. Multiplicities of the signals were abbreviated as follows: s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, b = broad. 1*C NMR spectra were recorded at 100 or 125 MHz on a
Bruker Avancell 400 MHz spectrometer or a Bruker Avancelll 500 MHz spectrometer,
respectively. Chemical shifts are given as dimensionless J-values in ppm. Solvent residual signals
were used as internal standards: CDClz 6 = 77.16 ppm, MeOD-d3 & = 49.00 ppm, DMSO-d6
8 =39.52 ppm. Correlation 2D NMR spectroscopy measurements ('H-'H COSY, 'H-'*C HMQC,
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'H-13C HMBC) were recorded on either a Bruker Avancell or a Bruker Avancelll spectrometer.
All NMR spectra were measured at room temperature, unless otherwise stated.

Melting points were recorded on a Biichi M-560 melting point apparatus using open capillary
tubes; the values remain uncorrected.

Infrared spectra were recorded as ATR (attenuated total reflectance) on Thermo Nicolet Magna-
IR 750 FTIR spectrometer and are reported as wavenumbers in cm'. The intensity of the peaks
were abbreviated as follows: s = strong, m = medium, w = weak, br = broad.

The samples for mass spectra and high-resolution MS were measured on a Finnigan MAT 95 S,
and were ionized at an ionization potential of 70 eV. Ionization of the samples for the high-
resolution MS measurement was carried out in positive ion mode by electron-spray ionization
(ESI), unless otherwise specified.

Elemental analyses were performed on Thermo FlashEA 1112 Organic Elemental Analyzer.
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6.2 Synthesis of Fulgimide-Linker Conjugate

6.2 Synthesis of Fulgimide-Linker Conjugate
1-(2-Methyl-1H-indol-3-yl)ethan-1-one (21)%!

2-Methylindole (10.2 g, 77.8 mmol, 1.00 eq) was dissolved in N,N-
4 ,/10 1 dimethylacetamide (38.5 mL, 414.1 mmol, 5.32 eq) at 0 °C. Phosphoryl

\1 chloride (9 mL, 96.3 mmol, 1.24 eq) was added dropwise into the stirred
6 ) H o reaction mixture over time of 20 min. The reaction mixture was refluxed at
7

80 °C for 2.5 h. After cooling to room temperature, the mixture was added
to water (250 mL). The phases were separated, the water phase was extracted with DCM
(5 x 100 mL). The water phase was set to pH = 10 with 20% aq NaOH, upon which the yellow
solid precipitated. The solution was filtered, and the crude solid was recrystallized from ethanol.

The compound 21 was obtained in 81 % yield (10.6 g, 62.8 mmol) as pale yellow solid.

Mp: 201 °C (Lit.: 197-200 °C)***. Ry: 0.52 (Pentane/EtOAc = 1:1). "H-NMR (400 MHz, DMSO-
d6): 6 =8.01 (m, 1H, H-4), 7.36 (m, 1H, H-7), 7.13 (m, 2H, H-5, H-6), 2.67 (s, 3H, H-9), 2.50 (s,
3H, H-11). 3C-NMR (100.6 MHz, DMSO-d6): = 193.0 (C-10), 144.2 (C-1), 134.7 (C-8), 126.9
(C-3), 121.7 (C-6), 121.3 (C-5), 120.6 (C-4), 113.5 (C-2), 111.2 (C-7), 30.9 (C-11), 15.0 (C-9). IR
(ATR): v=3125 (m), 3093 (m), 3058 (m), 2969 (m), 2932 (m), 1610 (s), 1578 (s), 1443 (s), 1390
(s), 1193 (s), 1068 (m), 969 (m), 739 (s), 660 (m), 588 (s). HR-MS (ESI) for Ci1H;2NO [M+H]"
calculated: m/z = 174.0913, found: m/z = 174.0908. EA for C11H11NO calculated: C 76.28%, H
6.40%, N 8.09%, found: C 76.28%, H 6.35%, N 8.08%.
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1-(2-Methyl-1-tosyl-1H-indol-3-yl)ethan-1-one (19)®!

1-(2-Methyl-1H-indol-3-yl)ethanon (9.0 g, 52 mmol, 1.0 eq),

4 ° 10 1 p-toluenesulfonyl chloride (20.1 g, 105 mmol, 2.0 eq) and NaOH (4.2 g,
> : 2\ 1 105 mmol, 2.0 eq) were dissolved DCM (technical grade, 350 mL) and
6 8 N ’ stirred for 48 h at room temperature. The reaction mixture was washed with

! Oﬁ\STZO " water (150 mL), the organic phase was separated, washed with brine (150

mL), dried over MgSO4 and concentrated in vacuo. The crude product was
{5 b recrystallized from cyclohexane, to give compound 19 as colourless solid

16 in 84% yield (14.3 g, 43.7 mmol).

Mp: 108 °C (Lit.: 108 °C)*!. Ry: 0.41 (Hexane/EtOAc = 3:1). 'TH-NMR (400 MHz, CDCl3): § =
8.29 (m, 1H, H-4), 7.88 (m, 1H, H-7), 7.72 (m, 2H, H-13), 7.34 (m, 2H, H-5, H-6), 7.24 (m, 2H,
H-14), 2.90 (s, 3H, H-9), 2.63 (s, 3H, H-11), 2.36 (s, 3H, H-16). BC-NMR (100.6 MHz, CDCl;):
5 = 196.3 (C-10), 145.7 (C-15), 143.1 (C-1), 136.1 (C-8), 136.0 (C-12), 130.3 (C-14), 127.1 (C-
3), 126.7 (C-13), 124.8 (C-6), 124.5 (C-5), 120.9 (C-2), 120.8 (C-7), 114.7 (C-4), 32.3 (C-11),
21.8 (C-16), 14.4 (C-9).2 TR (ATR): v = 2925 (w), 1669 (s), 1596 (m), 1540 (m), 1452 (m),1379
(s), 1359 (s), 1225 (m), 1172 (s), 1088 (m), 957 (m), 813 (m), 720 (m), 564 (s), 540 (s). HR-MS
(ESI) for CisHisNOsS [M+H]" calculated m/z = 328.1002, found m/z = 328.0998. EA for
Ci1sH17NOsS calculated: C 66.04%, H 5.23%, N 4.28%, S 9.79%, found: C 66.20%, H 5.20%, N
4.12%, S 9.90%.

@ In small concentrations in NMR, cyclohexane is visible: 'H NMR (CDCl3): § = 1.43 (s).
BBC NMR (CDCl3): § =26.9.2%,
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3-(Ethoxycarbonyl)-4-(2-methyl-1-tosyl-1H-indol-3-yl)-2-(propan-2-ylidene)pent-3-enoic
acid (22)%!

1-(2-Methyl-1-tosyl-1H-indol-3-yl)ethan-1-one  (19) (3.0 g,
9.1 mmol, 1.00 eq) and isopropylidenesuccinic acid diethylester (18)
(3.0 g, 14.0 mmol, 1.54 eq) were dissolved in dry THF (in 26 mL
and 10 mL, respectively). The solutions were left stirring under inert
atmosphere over molecular sieves (4 A) over night.
Diisopropylamine (2 mL, 14.3 mmol, 1.57 eq) and n-butyllithium
(8.5mL, 1.6 M in hexane, 13.6 mmol, 1.49 eq) were dissolved in dry

THF (15 mL) under inert atmosphere at -78 °C. To this solution,
15 previously dried isopropylidenesuccinic acid diethylester was added
16 dropwise via cannula and stirred at -78 °C. After 90 min 1-(2-
Methyl-1-tosyl-1H-indol-3-yl)ethan-1-one was added dropwise via cannula, and the reaction
mixture was stirred for additional 1 h at -78 °C. The solution was left to warm up to the room
temperature, and stirred for additional 2 days. The reaction mixture was acidified with ice cold 2 N
aqg. HCI solution (200 mL), the phases were separated and the aqueous phase was extracted with
ethyl acetate (3 x 100 mL). The combined organic layers were washed with brine (100 mL), dried
over MgSQOy4, and the solvent was removed in vacuo. The crude product was purified by column
chromatography on silica gel (first, cyclohexane/EtOAc = 1:2 + 0.1% NEt;, and then
cyclohexane/EtOAc = 1:2 + 0.2% AcOH). The product 22 was obtained as pale orange solid in
62 % yield (2.8 g, 5.6 mmol); ratio of isomers E:Z = 74:26, according to the 'H-NMR.

Mp: 83-84°C (Lit.: E-isomer: 80-82 °C, Z-isomer: 84 °C)*'. Ry: E-isomer: 0.37, Z-isomer: 0.14
(Pentane/EtOAc = 3:1). "TH-NMR (400 MHz, CDCl3): E-isomer: 6 = 8.11 (d, >J = 8.3 Hz, 1H, H-
4),7.60 (d, >J = 8.4 Hz, 2H, H-22), 7.22 (m, 3H, H-5, H-7, H-23), 7.12 (m, 1H, H-6), 4.27 (m, 2H,
H-19), 2.38 (s, 3H, H-11), 2.33 (m, 6H, H-9, H-25), 1.71 (s, 3H, H-16), 1.60 (s, 3H, H-15), 1.30
(t,°J=7.1 Hz, 3H, H-20). Z-isomer: = 8.16 (d, °J = 8.0 Hz, 1H, H-4), 7.68 (d, >°J = 8.4 Hz, 2H,
H-22), 7.22 (m, 4H, H-5, H-6, H-7, H-23), 3.64 (m, 2H, H-19), 2.49 (s, 3H, H-9), 2.33 (m, 3H, H-
25), 2.26 (s, 3H, H-16), 1.97 (s, 3H, H-15), 1.94 (s, 3H, H-11), 0.52 (t, >J = 7.0 Hz, H-20). 3C-
NMR (100.6 MHz, CDCl3): E-isomer: 6 = 171.6 (C-18), 167.6 (C-17), 153.8 (C-14), 144.8 (C-
24), 144.1 (C-12), 136.4 (C-8), 136.3 (C-21), 132.8 (C-1), 131.4 (C-10), 130.0 (C-23), 128.0 (C-
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3), 126.4 (C-22), 124.8 (C-13), 124.2 (C-5), 123.4 (C-6), 122.9 (C-2), 119.6 (C-7), 114.6 (C-4),
60.9 (C-19), 25.2 (C-15),22.3 (C-16),21.9 (C-11), 21.6 (C-25), 14.4 (C-20), 13.8 (C-9). Z-isomer:
0=171.2 (C-18), 167.4 (C-17), 153.8 (C-14), 144.8 (C-24), 141.6 (C-10), 136.5 (C-21), 136.2 (C-
8), 131.7 (2C, C-1, C-12), 130.0 (C-23), 129.5 (C-3), 126.5 (C-22), 124.2 (C-13), 124.1 (C-5),
123.7 (C-6), 123.3 (C-2), 119.1 (C-7), 114.6 (C-4), 60.5 (C-19), 24.6 (C-15),22.7 (C-16), 22.3 (C-
11),21.6 (C-25), 13.6 (C-9), 13.3 (C-20).* IR (ATR): v=2979 (w), 1683 (m), 1598 (w), 1453 (m),
1373 (m), 1171 (s), 1091 (m), 1050 (m), 812 (w), 746 (m), 661 (s), 572 (s), 541 (s). HR-MS (ESI)
for C27H30NO6S [M+H]" calculated: m/z = 496.1788, found m/z = 496.1788. EA for C27H20NO¢S
calculated: C 65.44%, H 5.90%, N 2.83%, S 6.47%, found: C 65.40%, H 5.98%, N 2.57%, S
5.90%.

3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-4-(propan-2-ylidene)dihydrofuran-2,5-dione (16)%!

3-(ethoxycarbonyl)-4-(2-methyl-1-tosyl-1H-indol-3-yl)-2-(propan-2-
ylidene)pent-3-enoic acid (22) (2.50 g, 5.0 mmol, 1.00 eq) was
dissolved in abs. ethanol (50 mL). Upon adding a freshly prepared
20 % KOH aq solution (50 mL), the solution color changed to brown.

The reaction mixture was refluxed at 80 °C, while stirring, for

24 hours. After cooling down to the room temperature, the reaction
mixture was poured into an ice-cold 2 M aq. HCI solution (100 mL), upon which a yellow
precipitate formed. The aqueous phase was saturated with NaCl, and extracted with EtOAc
(3 x 100 mL). The combined organic phase was washed with brine (100 mL), dried over MgSQOa,
and the solvent was removed under reduced pressure. The crude product was obtained as dark oil
(1.61 g). The crude product was suspended in freshly distilled DCM (90 mL). To the solution,
DCC (2.08 g, 10.1 mmol, 2.02 eq) was added, and the reaction mixture was stirred in the dark, at
room temperature. The suspension was stirred for 2 hours (TLC monitoring). The solvent was
partially removed under reduced pressure, and the white precipitate was filtered off. The solution

was concentrated under reduced pressure, and purified by column chromatography (DCM). The

2 In small concentrations in NMR, ethyl acetate is visible: 'H NMR (CDCls): § = 4.08 (m), 2.05
(s), 1.26 ().2%,
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product was obtained as a yellow solid in 49 % yield (0.73 g, 2.5 mmol), over 2 steps, ratio of the
isomers E:Z = 85:15 ("H NMR).

Mp: 94 °C (decomposition) (Lit.: 92 °C (decomposition))’®. Ry: 0.44 (Pentane/EtoAc = 3:1). 'H-
NMR (500 MHz, DMSO-d6): E-isomer: § = 11.51 (s, 1H, NH), 7.35 (d, *J = 8.0 Hz, 1H, H-4),
7.35(d, *J = 8.5 Hz, 1H, H-7), 7.10 (m, 1H, H-6), 7.02 (m, 1H, H-7), 2.74 (s, 3H, H-11), 2.20 (s,
3H, H-9), 2.12 (s, 3H, H-16), 0.88 (s, 3H, H-15). Z-isomer: = 11.61 (s, 1H, NH), 7.57 (d, *J =
8.0 Hz, 1H, H-4), 2.38 (s, 3H, H-16), 2.35 (s, 3H, H-9), 2.31 (s, 3H, H-11), 1.99 (s, 3H, H-15).
I3C-NMR (125.7 MHz, DMSO-d6): E-isomer: 5=163.8 (C.17), 163.5 (C-18), 152.3 (C-14), 149.3
(C-10), 135.9 (C-1), 135.5 (C-8), 125.4 (C-3), 121.5 (C-6), 121.2 (C-13), 119.9 (C-5), 119.2 (C-
4), 117.3 (C-12), 115.7 (C-2), 111.2 (C-7), 25.5 (C-15), 23.1 (C-11), 22.1 (C-16), 13.4 (C-9). Z-
isomer: 26.8 (C-15), 24.4 (C-11), 21.8 (C-16), 13.0 (C-9).* IR (ATR): v = 3335 (m), 2922 (w),
1798 (s), 1740 (s), 1588 (m), 1424 (m), 1230 (s), 1174 (m), 1135 (m), 973 (m), 926 (s), 745 (s),
722 (s), 620 (m). HR-MS (ESI) for C1sHisNO3 [M+H]" calculated: m/z =296.1281, found m/z =
296.1275. EA for CisH17NOs calculated: C 73.20%, H 5.80%, N 4.74%, found: C 71.43%, H
5.84%, N 4.36%.

tert-Butyl (2-aminoethyl)carbamate (32)*!

Ethylenediamine (5.75 mL, 85.5 mmol, 5.98 eq) was dissolved in

HoN /1\/“ \ﬁ/ o}k5 79 mL DCM, and stirred at room temperatl%re. Di-tfrt-butyl
2 o dicarbonate (3.13 g, 14.3 mmol, 1.00 eq) was dissolved in DCM

(150 mL), and added dropwise to the stirring reaction mixture over

6 h. The reaction mixture was stirred for additional 40 h, at room temperature, during which white
precipitate formed. The reaction mixture was filtered, and the organic phase was washed with
saturated aq. solution NaxCOs3 (200 mL), and dried over MgSQOs. Solvent was removed under

reduced pressure. The product was obtained without further purification as pale yellow oil (1.82 g,

11.4 mmol, 80 %).

% In small concentrations in NMR, DCM is visible: 'TH NMR (DMSO-d6): § = 5.76 (s). °C NMR
(DMSO-d6): § = 54.8; and H grease: '"H NMR (DMSO-d6): & = 1.24 (s), 0.84 (5).2%.
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Rr: 0.31 (MeOH). '"H-NMR (400 MHz, CDCls): 6 = 5.05 (s, 1H, NH), 3.14 (q, °J = 5.8 Hz, 2H,
H-2), 2.77 (t, °*J = 5.8, 2H, H-1), 1.57 (m, 2H, NH), 1.41 (s, 9H, H-5). ¥C-NMR (100.6 MHz,
CDCl3): 6 = 156.3 (C-3), 79.2 (C-4), 43.3 (C-2), 41.9 (C-1), 28.5 (C-5). IR (ATR): v = 3349 (m),
2976 (m), 2932 (m), 2869 (w), 1683 (s), 1521 (s), 1364 (m), 1275 (m), 1247 (m), 1164 (s), 872
(w), 636 (w). HR-MS (ESI) for C7H17N20, [M+H]" calculated: m/z = 161.1285, found m/z =
161.1282. EA for C7Hi16N»O» calculated: C 52.48%, H 10.07%, N 17.49%, found: C 51.26%, H
9.90%, N 16.81%.

tert-Butyl-(2-(3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-2,5-diox0-4-(propan-2-
ylidene)pyrrolidin-1-yl)ethyl)carbamate (34)°"

y 3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-4-
N2 02\2623 (propan-2-ylidene)dihydrofuran-2,5-dione (16,
o) 0.86 g, 2.91 mmol, 1.00 eq) was dissolved in
freshly  distilled DCM. fert-Butyl (2-
aminoethyl)carbamate (32, 0.52 g, 3.25 mmol,

1.12 eq) was added, and the reaction mixture was

refluxed at 50 °C, in the dark, for 24 h. After

cooling down to the room temperature, 1,1’-carbonyldiimidazole (0.96 g, 5.92 mmol, 2.03 eq), was
added to the reaction mixture. It was stirred in the dark, at room temperature. Additional 0.12 g
(0.74 mmol, 0.25 eq) CDI was added after 72 h, and the reaction mixture was stirred for additional
24 h. The reaction mixture was washed with water (100 mL), and the aqueous phase was extracted
with DCM (4 x 40 mL). Combined organic phases were washed with brine (120 mL), and dried
over MgS0Os4. Solvent was removed under reduced pressure. The product was purified by column
chromatography (DCM/MeCN = 10:1). The pure product 34 (£/Z = 85:15) was obtained as yellow
solid (0.76 g, 1.74 mmol, 60 % over two steps).

Mp: 85 °C (Lit.: 85 °C)®!. Ry: 0.32 (DCM/MeCN = 10:1). 'TH-NMR (400 MHz, CDCL3): E-isomer-
5 =28.48 (s, 1H, NH), 7.41 (d, 3J = 7.7 Hz, 1H, H-4), 7.28 (d, 3/ = 7.8 Hz, 1H, H-7), 7.14 (m, 1H,
H-7), 7.10 (m, 1H, H-5), 5.05 (m, 1H, NH), 3.78 (m, 2H, H-19), 3.41 (m, 2H, H-20), 2.78 (s, 3H,
H-11), 2.17 (s, 6H, H-9, H-16), 1.40 (s, 9H, H-23), 0.95 (s, 3H, H-15). Z-isomer: 6 = 8.71 (s, 1H,
NH), 7.50 (d, 3J = 7.7 Hz, 1H, H-4), 7.05 (m, 1H, H-5), 4.91 (m, 1H, NH), 3.60 (m, 2H, H-19),
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3.24 (m, 2H, H-20), 2.45 (s, 3H, H-16), 2.37 (s, 3H, H-9), 2.31 (s, 3H, H-11), 1.98 (s, 3H, H-15),
1.43 (s, 9H, H-23). BC-NMR (100.6 MHz, CDCl3): E-isomer: & = 169.4 (C-17), 168.9 (C-18),
156.1 (C-21), 148.1 (C-14), 143.8 (C-10), 135.7 (C-8), 132.9 (C-1), 126.4 (C-3), 123.8 (C-13),
122.8 (C-12), 122.0 (C-6), 120.5 (C-5), 119.7 (C-4), 117.5 (C-3), 110.7 (C-7), 79.3 (C-22), 39.9
(C-20), 37.5 (C-19), 28.5 (C-23), 26.2 (C-15), 22.5 (C-11), 22.1 (C-16), 13.6 (C-9). Z-isomer: & =
169.0 (C-18), 166.3 (C-17), 156.1 (C-21), 147.1 (C-14), 142.4 (C-10)?, 137.6 (C-1)", 135.4 (C-8),
127.1 (C-3), 124.5 (C-13), 123.8 (C-12), 121.5 (C-6), 120.2 (C-5), 119.3 (C-4), 113.0 (C-2), 111.1
(C-7), 79.6 (C-22), 40.9 (C-20), 37.6 (C-19), 28.5 (C-23), 27.1 (C-15), 24.8 (C-11), 21.8 (C-16),
13.3 (C-9).>¢ IR (ATR): v = 2977 (m), 2931 (m), 2851 (w), 1686 (s), 1517 (m), 1427 (m), 1390
(s), 1366 (s), 1249 (m), 1169 (s), 1047 (m), 836 (m). HR-MS (ESI) for C2sH3N304 [M+H]"
calculated: m/z = 438.2387, found m/z = 438.2386. EA for C25H31N304 calculated: C 68.63%, H
7.14%, N 9.60%, found: C 66.79%, H 7.21%, N 8.69%.

1-(2-aminoethyl)-3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-4-(propan-2-ylidene)pyrrolidine-
2,5-dione (7)%!

HCI in dioxane (4 M, 10 mL) was added dropwise to
fulgimide 34 (0.19 g, 0.43 mmol), over 20 min, while stirring
at 0 °C. The green reaction mixture was stirred for 1 hat 0 °C,
and slowly warmed up to the room temperature while stirred

for additional 1 h. The solvent was removed under reduced

pressure. The crude product was dissolved in DCM (50 mL),
and the solution was washed with aqueous NaOH solution (0.1 M, 50 mL). Organic phase was
separated, and the aqueous phase was extracted with DCM (3 x 30 mL). Combined organic phase
was washed with brine (50 mL), dried over MgSOs, and the solvent was removed under reduced

pressure. The product was purified by column chromatography (DCM/MeOH = 5:1). It was

2 The signal not observable in *C NMR, found through the HMBC 2D NMR measurement.

® Traces of closed isomer (C) is also observed in the IH NMR spectrum; due to the low intensity
of the signals, those are not assigned.

¢ In small concentrations in NMR, DCM is visible: 'H NMR (CDCl:): & = 5.30 (s). °C NMR
(CDCl3): & = 53.5.2%,
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obtained 122 mg of the pure product 7 (0.36 mmol, 83 %), in the form of yellow solid
(E/Z = 85:15).

Mp: 93 °C (Lit.: 90-92 °C)¥!. Ry: 0.17 (DCM/MeOH = 5:1). "TH-NMR (500 MHz, MeOD-d3): §
=7.32(d, *J="7.8 Hz, 1H, H-4), 7.28 (d, *J = 8.0 Hz, 1H, H-7), 7.08 (m, 1H, H-6), 7.01 (m, 1H,
H-5), 3.74 (m, 2H, H-19), 2.92 (m, 2H, H-20), 2.77 (s, 3H, H-11), 2.20 (s, 3H, H-9), 2.14 (s, 3H,
H-16), 0.94 (s, 3H, H-15). ¥C-NMR (125.7 MHz, MeOD-d3): = 170.6 (C-17), 170.1 (C-18),
150.0 (C-14), 146.7 (C-10), 137.4 (C-8), 135.4 (C-1), 127.3 (C-3), 125.1 (C-13), 122.9 (C-12),
122.5 (C-6), 120.9 (C-5), 120.3 (C-4), 117.9 (C-2), 111.9 (C-7), 40.0 (C-20), 36.3 (C-19), 26.2 (C-
15), 23.1 (C-11), 22.1 (C-16), 13.4 (C-9).* IR (ATR): v = .3355 (m), 3173 (w), 2993 (m), 2852
(w), 1736 (m), 1683 (s), 1592 (m), 1458 (m), 1427 (s), 1390 (s), 1217 (w), 1178 (w), 1146 (w),
1036 (w), 838 (m), 729 (m). HR-MS (ESI) for C20H24N30, [M+H]" calculated: m/z = 338.1863,
found m/z = 338.1859. EA for C20H23N30: calculated: C 71.19%, H 6.87%, N 12.45%, found: C
68.37%, H 6.21%, N 10.14%.

2 In small concentrations in NMR, DCM is visible: '"H NMR (MeOD-d3): § = 5.49 (s); and H
grease: 'H NMR (MeOD-d3): § = 1.29 (s), 0.89 (m).2%.
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6.3 Synthesis of Naphthopyran-Linker Conjugate
Methyl 1,4-dihydroxy-2-naphthoate (46)'%

1,4-Dihydroxy-2-naphthoic acid (4.00 g, 19.6 mmol, 1.00 eq) and
o /2 anhyd. NaHCOs (1.70 g, 20.2 mmol, 1.03 eq) were dissolved in dry
DMF (40 mL) at room temperature, under inert conditions. Mel

(1.32 mL, 21.2 mmol, 1.08 eq) was added dropwise within 20 min. The

reaction mixture was stirred at room temperature for 2 days, until TLC
monitoring indicated complete consumption of the starting material. The mixture was added to
1 M HCI solution (60 mL). The brown suspension was extracted with EtOAc (6 X 60 mL).
Collected organic phase was washed with water (2 X 100 mL), dried over Na>SOs, filtered, and
the organic solvent was removed under reduced pressure. The crude product was dissolved in
heated EtOAc, filtered, and solvent was removed under reduced pressure. Finally, the pure product
was obtained as a dark green solid (3.85 g, 17.6 mmol, 90 %) by flash column chromatography
(pentane/EtOAc = 1:1).

Mp: 193°C (Lit.: 193 °C)'%, Rt = 0.53 (Pentane/EtOAc = 5:1). 'H-NMR (400.1 MHz, MeOD-
d3): 0 =8.30 (m, 1H, H-9), 8.14 (m, 1H, H-6), 7.60 (m, 1H, H-7), 7.52 (m, 1H, H-8), 7.08 (s, 1H,
H-3), 3.96 (s, 3H, H-12). 3C-NMR (100.6 MHz, MeOD-d3): 6 =172.6 (C-11), 155.3 (C-1), 146.4
(C-4), 130.9 (C-5), 129.5 (C-7), 127.1 (C-8), 126.7 (C-10), 124.5 (C-9), 123.3 (C-6), 105.8 (C-2),
105.1 (C-3), 52.8 (C-12).* IR (ATR): v=3376 (m), 3193 (w), 2953 (w), 1634 (s), 1437 (s), 1354
(s), 1291 (s), 1254 (s), 1148 (s), 1073 (m), 990 (m), 792 (m), 762 (s), 662 (m), 472 (m). HR-MS
(ESI) for CoH19N>O, [M+H]": calculated: m/z = 219.0652, found: 219.0651. EA for Ci2H004
calculated: C 66.05%, H 4.62%, found: C 64.93%, H 4.44%.

2 In small concentrations in NMR, diethyl ether is visible: 'H NMR (MeOD-d3): 6 =3.49 (q), 1.18
(t).2%.
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1,1-diphenylprop-2-yn-1-ol (47)°}

Benzophenone (18.2 g, 0.10 mol, 1.00 equiv) was dissolved in abs. THF
(200 mL), at room temperature. Ethynylmagnesium chloride solution

(0.6 M solution in THF/toluene, 330 mL, 0.20 mmol, 2.00 equiv) was added

dropwise within 24 h. After complete addition, the reaction mixture was
magnetically stirred for further 70 h at room temperature. The solution was
diluted with 750 mL of diethyl ether and carefully hydrolyzed with 200 mL of a saturated NH4Cl
solution while stirring. The separated aqueous layer was extracted with Et2O (3 x 300 mL). The
combined organic layers where washed with brine (2 x 200 mL), dried over MgSO4 and
concentrated under reduced pressure. The crude alcohol 47 was purified by column
chromatography on neutral Alox (pentane/EtOAc = 5:1) affording a colorless oil (16.1 g,
77.31 mmol, 77%).

Rt = 0.80 (Pentane/EtOAc = 5:1). 'H-NMR (400.1 MHz, CDCls): § = 7.62 (m, 4H, H-5), 7.34 (m,
4H, H-6), 7.28 (m, 2H, H-7), 2.89 (s, 1H, H-3), 2.80 (b s, 1H, OH).* 3C-NMR (100.6 MHz,
CDCL): 0 = 144.6 (C-4), 128.5 (C-6), 128.0 (C-7), 126.1 (C-5), 86.5 (C-1), 75.7 (C-3), 74.5 (C-
2).IR (ATR): v=13551 (s), 3273 (s), 3084 (w), 3061 (w), 3026 (W), 2116 (W), 1596 (w), 1489 (s),
1448 (s), 1324 (m), 1155 (s), 1001 (s), 888 (s), 752 (s), 642 (s), 540 (m). HR-MS (ESI) for C5sH30
[M-H]": calculated: m/z = 209.0961, found: m/z = 209.0962. EA for C;sH;2O calculated: C
86.51%, H 5.81%, found: C 85.16%, H 5.70%.

Methyl 6-hydroxy-2,2-diphenyl-2H-benzo[h]chromene-5-carboxylate (45)’

Under inert atmosphere, methyl 1,4-dihydroxy-2-naphthoate (46)
(3.00 g, 13.75 mmol, 1.00 eq) and 1,1-diphenylprop-2-yn-1-ol (47)
(2.86 g, 13.75 mmol, 1.00 eq) were dissolved in abs. toluene
(180 mL). To the solution, acidic aluminium oxide (activated,
Brockmann I; 11.00 g, 104.90 mmol, 7.6 eq) was added, and the

reaction mixture was refluxed for 24 h. The reaction mixture was

2 In small concentrations in NMR, DCM is visible: 'H NMR (CDCl3): § = 5.30 (s).2%.
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6.3 Synthesis of Naphthopyran-Linker Conjugate

filtered warm, washed with hot toluene (4 x 50 mL) and acetone (3 x 30 mL). The solvent was
removed under reduced pressure. The product was purified by column chromatography

(pentane/DCM = 1:1), to afford the pure product (1.12 g, 2.74 mmol, 20 %) as yellow-orange solid.

Mp: 137 °C. Rr = 0.28 (Pentane/DCM = 5:1). 'TH-NMR (400.1 MHz, CDCl3): § = 12.21 (s, 1H,
OH), 8.37 (d, *J = 8.0 Hz, 1H, H-6), 8.35 (d, >*J = 7.8 Hz, 1H, H-9), 7.66 (m, 1H, H-7), 7.52 (m,
5H, H-8, H-17), 7.44 (d, >J = 10.0 Hz, 1H, H-1), 7.30 (m, 4H, H-18), 7.23 (m, 2H, H-19), 6.20 (d,
3J =10.0 Hz, 1H, H-2), 4.02 (s, 3H, H-15). BC-NMR (100.6 MHz, CDCl;): 6 = 172.5 (C-14),
157.2 (C-11), 144.9 (C-16), 141.3 (C-4), 129.8 (C-7), 128.9 (C-5), 128.2 (C-18), 127.6 (C-19),
127.3 (C-2), 126.9 (C-17), 126.7 (C-8), 125.5 (C-10), 124.3 (C-9), 124.0 (C-1), 122.1 (C-6), 113.3
(C-13), 102.2 (C-12), 81.5 (C-3), 52.5 (C-15). IR (ATR): v=3060 (W), 2949 (w), 1648 (s), 1579
(m), 1489 (m), 1446 (s), 1329 (s), 1234 (s), 1169 (s), 1101 (m), 1015 (m), 810 (w), 764 (s), 698
(s), 636 (w). HR-MS (ESI) for C27H2104 [M+H]": calculated: m/z = 409.1434, found: m/z =
409.1436. EA for C27H2004 calculated: C 79.40%, H 4.94%, found: C 77.18%, H 4.88%.

Methyl 2-(4-iodophenyl)acetate (61)''

To a solution of 2-(4-iodophenyl)acetic acid (4.03 g, 15.38 mmol,
5 3 107 1.00 eq.) in methanol (30 mL) concentrated sulfuric acid was added
6 @) (98.00%, 2.20 mL, 2.65 eq.) and the reaction mixture was heated under

reflux for 4 h. After cooling down to room temperature, methanol was
removed under reduced pressure, and water (80 mL) was added to the residue. The mixture was
then extracted with DCM (3 x 50 mL), the combined organic layers were washed with saturated
aqueous solution NaHCO3 (50 mL), water (100 mL) and brine (100 mL). The organic phase was

dried with Na>SO4 and the solvent was removed under reduced pressure. The product (3.00 g,

14.11 mmol, 97 %) was obtained as yellow oil.

Rr = 0.89 (Pentane:EtOAc = 1:1). "TH-NMR (400.1 MHz, CDCl3): 6 = 7.65 (m, 2H, H-5), 7.03 (m,
2H, H-4), 3.69 (s, 3H, H-7), 3.57 (s, 2H, H-2). BC-NMR (100.6 MHz, CDCl3): 6 = 171.6 (C-1),
137.8 (C-5), 133.7 (C-6), 131.4 (C-4),92.8 (C-3), 52.3 (C-7), 40.8 (C-2). IR (ATR): v=2950 (m),

» In small concentrations in NMR, DCM is visible: '"H NMR (CDCl5): & = 5.30 (s); and pentane
1.27 (m), 0.88 (m).2%.
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1733 (s), 1591 (w), 1484 (s), 1434 (s), 1252 (s), 1158 (s), 1060 (m), 1007 (s), 797 (s), 565 (W).
HR-MS (ESI) for CoHolO, [M]" calculated: m/z = 275.9642, found: m/z = 275.9641. EA for
CoHolO; calculated C 39.16%, H 3.29%, found: C 40.32%, H 3.65%.

tert-Butyl piperazine-1-carboxylate (62)!1°

Piperazine (6.30 g, 73.14 mmol, 3.12 eq) was dissolved in DCM (200 mL)
ZﬁNH and cooled to 0 °C. Boc2O (5.11 g, 23.37 mmol, 1.00 eq) was dissolved in

0 N J DCM (200 mL), and added dropwise to the stirred piperazine solution
A j)g within 4 h, while stirring at 0°C. The reaction mixture was stirred overnight
5 %/ and let to warm up to room temperature. The mixture was filtered, the

precipitate was washed with ice cold DCM (2 X 30 mL). The organic
solvent was removed under reduced pressure. The oil residue was dissolved in water. The
precipitate was filtered off, washed with water, and the aqueous phase was saturated with K,COs3,
and the product was extracted with Et;O (3 x 70 mL). The organic phase was dried over Na>SOs,
filtered, and the solvent was removed under reduced pressure. The product (3.84 g, 20.62 mmol,

89%) was obtained as colourless oil.

Rr=0.24 (MeOH). 'TH-NMR (400.1 MHz, CDCl3): § = 3.45 (m, 4H, H-2), 2.87 (m, 4H, H-1), 1.45
(s, 9H, H-5). BC-NMR (100.6 MHz, CDCl3): § = 154.9 (C-3), 79.9 (C-4), 51.4 (C-2), 45.8 (C-1),
28.5 (C-5). IR (ATR): v = 3218 (m), 2936 (s), 2823 (s), 2804 (s), 2745 (m), 1689 (s), 1415 (s),
1243 (s), 1168 (s), 1132 (s), 1002 (m), 833 (s), 769 (m), 617 (m). HR-MS (ESI) for CoH9N>O»
[M-H]": calculated: m/z = 187.1441, found: m/z = 187.1441.

tert-Butyl 4-(4-(2-methoxy-2-oxoethyl)phenyl)piperazine-1-carboxylate (63)

5 3 1.0 12 Under a nitrogen atmosphere methyl 2-(4-

7 6 o iodophenyl) acetate (61) (3.24 g, 11.74 mmol,

SﬁN 1.00 eq.) was added to a solution of tert-butyl

O%N \) piperazine-1-carboxylate (62) (2.77 g, 14.87 mmol,

y >10(O 1.27 eq.) in abs. toluene (15 mL) and stirred for one
hour over molecular sieves. The dried solution was
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6.3 Synthesis of Naphthopyran-Linker Conjugate

then added to a solution of Pd>(dba)s (0.14 g, 0.15 mmol, 0.03 eq.), tri-tert-butylphosphane (0.60 g,
2.95 mmol, 0.25 eq.) and Cs2CO3 (5.86 g, 17.82 mmol, 1.52 eq.) in abs. toluene (10 mL). The
reaction mixture was stirred for 20 h at 100 °C. Additional Pd>(dba)s (0.05 g, 0.06 mmol,
0.0008 eq.) was added to the reaction mixture, which was stirred for additional 22 h at 100 °C. The
mixture was filtered and the solvent removed under reduced pressure. The product was purified
by column chromatography (pentane/EtOAc = 5:1) to afford the product as orange oil (1.57 g,
4.70 mmol, 40%, abs. yield, 45% rel. yield (88% conv.)).

Rt =0.32 (Pentane/EtOAc = 5:1). "H-NMR (400.1 MHz, CDCl3): § = 7.20 (d, >°J = 8.2 Hz, 2H, H-
5), 6.97 (m, 2H, H-4), 3.68 (s, 3H, H-12), 3.62 (m, 4H, H-8), 3.56 (s, 2H, H-2), 3.14 (m, 4H, H-
7), 1.48 (s, 9H, H-11). BC-NMR (100.6 MHz, CDCl3): = 172.4 (C-1), 154.8 (C-9), 130.3 (C-4),
129.1 (C-3)%, 117.3 (C-5), 80.2 (C-10), 52.1 (C-12), 50.1 (C-8), 43.3 (C-7), 40.4 (C-2), 28.5 (C-
11). IR (ATR): v =2977 (m), 1735 (m), 1689 (s), 1615 (m), 1516 (s), 1419 (s), 1364 (m), 1249
(s), 1228 (s), 1160 (s), 1121 (s), 1001 (m), 915 (m), 810 (m), 770 (w), 528 (w). HR-MS (ESI) for
Ci1sH27N204 [M+H]" calculated: m/z = 335.1965, found: m/z = 335.1971. EA for CisH2sN204
calculated C 64.65%, H 7.84%, N 8.38%, found: C 64.60%, H 7.97%, N 8.29%.

2-(4-(4-(tert-Butoxycarbonyl)piperazin-1-yl)phenyl)acetic acid (70)

To a solution of tert-butyl 4-(4-(2-methoxy-2-

4 2
, 65 3 1 -OH oxoethyl)phenyl)piperazine-1-carboxylate (63)
8 N O (1.59 g, 4.75 mmol, 1 eq.) in THF (15 mL), 2 M NaOH
0 N J (10 mL) was added dropwise and the reaction mixture
107)6 was stirred at room temperature for 21 h. The solvent
11 >( was removed under reduced pressure, and the aqueous

phase extracted with EtOAc (3 x 30 mL). The aqueous
phase was carefully acidified to pH =4 with 1 M HCl and then extracted with EtOAc (3 x 50 mL).

The combined organic layers were washed with brine (50 mL), dried over Na>SOq, filetered and

@ The signal not observable in *C NMR, found through the HMBC 2D NMR measurement.
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the solvent was removed in vacuo to yield 2-(4-(4-(tert-butoxycarbonyl)piperazin-1-

yl)phenyl)acetic acid (69) as orange solid (1.44 g, 4.49 mmol, 94 %).

Mp.: 119 °C. Ry = 0.40 (pentane/EtOAc = 1:2). 'H-NMR (400.1 MHz, CDCl3): 6 = 7.19 (d, °J =
8.5 Hz, 2H, H-5), 6.92 (m, 2H, H-4), 3.57 (m, 6H, H-2, H-8), 3.12 (m, 4H, H-7), 1.48 (s, 9H, H-
11). BC-NMR (100.6 MHz, CDCls): 6 = 177.3 (C-1), 154.9 (C-9), 130.3 (C-4), 117.1 (C-5), 80.2
(C-10), 49.8 (C-8), 43.7 (C-7), 40.2 (C-2), 28.6 (C-11). IR (ATR): v= 3188 (m), 2968 (w), 2928
(w), 2813 (w), 1731 (s), 1659 (s), 1619 (s), 1520 (m), 1464 (m), 1437 (s), 1371 (s), 1319 (w), 1255
(m), 1203 (w), 1169 (s), 1134 (s), 1084 (w), 1045 (m), 1003 (m), 912 (s), 828 (m), 805 (s), 761
(s), 743 (w), 707 (w), 649 (w), 605 (W), 529 (w), 453 (w). HR-MS (ESI) for C17H23N204 [M-H]
calculated: m/z =319.1663, found: m/z = 319.1653. EA for C17H24N204 calculated: C 63.73%, H
7.55%, N 8.74%, found: C 63.03%, H 7.48%, N 8.18%.

tert-Butyl 4-(4-(2-((5-(methoxycarbonyl)-2,2-diphenyl-2Hbenzo[h]chromen-6-yl)oxy)-2-
oxoethyl)phenyl)piperazine-1-carboxylate (71)

A  mixture of 2-(4-(4-(tert-
butoxycarbonyl)piperazin-1-

yl)phenyl)acetic acid (70)

23 ,, 2!
2W O (0.100 g, 0.312 mmol, 1.1 eq.)
26
27?'\] 5 O and DCC (0.064 g, 0.312 mmol,
o) NJ 1.1 eq.) in DCM was cooled to
28

2.0 0°C and stirred for 15 min.
30>( Methyl 6-hydroxy-2,2-diphenyl-

2H-benzo[h]chromene-5-
carboxylate (45) (0.116 g, 0.284 mmol, 1 eq.) and DMAP (0.0173 g, 0.142 mmol, 0.5 eq.) were

added and the suspension was stirred in the dark for 48 h at room temperature. After completion
of the reaction, the mixture was filtered and water was added to the residue before it was extracted
with DCM (3 x 50 mL). The combined organic layers were washed with NaHCO3 and brine and
were then dried over Na;SO4. The solvent was removed under reduced pressure to get the crude
material. The crude product was dissolved in ice cold Et;O and filtered. The solvent from the

filtrate was removed under reduced pressure. Finally, the product was purified by column
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chromatography (pentane/EtOAc = 5:1 + 0.1 % Et3N) to yield the pure product as an orange solid
(0.141g, 0.199 mmol, 70 %).

Mp: 135 °C. Rt = 0.85 (Pentane/EtOAc = 1:1). 'TH-NMR (500.1 MHz, DMSO-d6): § = 8.43 (d, *J
= 8.8 Hz, 1H, H-6), 7.73 (m, 2H, H-7, H-9), 7.61 (m, 1H, H-8), 7.52 (m, 4H, H-17), 7.36 (m, 4H,
H-18), 7.27 (m, 4H, H-19, H-23), 6.97 (d, >J = 8.8 Hz, 2H, H-24), 6.87 (d, >J=10.1 Hz, 1H, H-1),
6.66 (d, *J =10.1 Hz, 1H, H-2), 3.99 (s, 2H, H-21), 3.77 (s, 3H, H-15), 3.46 (m, 4H, H-27), 3.09
(m, 4H, H-26), 1.42 (s, 9H, H-30).* 3C-NMR (125.7 MHz, DMSO-d6): § = 170.3 (C-20), 165.0
(C-14), 153.9 (C-28), 150.1 (C-25), 145.2 (C-4), 144.3 (C-16), 138.6 (C-11), 130.2 (C-23), 129.2
(C-2),128.5 (C-7), 128.4 (C-18), 128.2 (C-8), 127.7 (C-19), 126.6 (C-10), 126.0 (C-17), 125.3 (C-
5), 124.2 (C-22), 122.5 (C-9), 121.9 (C-6), 120.5 (C-1), 119.6 (C-12), 116.0 (C-24), 112.8 (C-13),
82.3 (C-3), 79.0 (C-29), 52.7 (C-15), 48.4 (C-26), 43.2 (C-27)°, 39.0 (C-21)%, 28.1 (C-30). IR
(ATR): v=2928 (m), 1764 (s), 1722 (w), 1689 (s), 1616 (m), 1517 (s), 1449 (w), 1422 (w), 1388
(W), 1364 (s), 1286 (s), 1225 (s), 1167 (s), 1101 (s), 1013 (m), 1000 (s), 969 (W), 913 (m), 866 (W),
809 (w), 753 (s), 699 (s), 529 (w), 468 (m). HR-MS (ESI) for C44H3N>O7 [M+H]" calculated:
m/z = 711.3065, found: m/z = 711.3057. EA for C44H42N>0O7 calculated: C 74.35%, H 5.96%, N
3.94%, found: C 73.19%, H 6.02%, N 3.85%.

 In small concentrations in NMR, pentane is visible: 'H NMR (DMSO-d6): § = 1.27 (m),
0.86 (m).>*.

® The signal not observable in '*C NMR, found through the HMBC 2D NMR measurement.

¢ The signal is detected by HMBC 2D NMR spectra, however not observed in '*C NMR because
of the overlap with the solvent peak.
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4-(4-(2-((5-(Methoxycarbonyl)-2,2—diphenyl-2H-benzo[h]chromen-6-yl)oxy)-2-
oxoethyl)phenyl)piperazin-1-ium chloride (8)

Under cooling at 0 °C, a solution of 4 M
HCl in dioxane (5 mL) was added
dropwise to tert-butyl 4-(4-(2-((5-
(methoxycarbonyl)-2,2-diphenyl-2H-
benzo[h]|chromen-6-yl)oxy)-2-

oxoethyl)phenyl)piperazine-1-
carboxylate (71) (0.052 g, 0.073 mmol, 1.00 eq) and stirred for 1.5 h. After the reaction was
complete, the solvent was removed under reduced pressure, and the pure product was obtained

without further purification as orange solid (0.047 g, 0.073 mmol, quant.).

Mp.: 97 °C. "TH-NMR (500.1 MHz, DMSO-d6): = 8.98 (s b, 2H, NH>), 8.44 (d, >J=8.3 Hz, 1H,
H-6), 7.74 (m, 2H, H-7, H-9), 7.62 (m, 1H, H-8), 7.52 (m, 4H, H-17), 7.36 (m, 4H, H-18), 7.28
(m, 4H, H-19, H-23), 7.01 (d, °J = 8.8 Hz, 2H, H-24), 6.86 (d, °J = 10.1 Hz, 1H, H-1), 6.66 (d, °J
=10.1 Hz, 1H, H-2), 4.01 (s, 2H, H-21), 3.77 (s, 3H, H-15), 3.35 (m, 4H, H-26), 3.22 (s, 4H, H-
27). BC-NMR (125.7 MHz, DMSO-d6): 6 = 170.3 (C-20), 165.1 (C-14), 149.2 (C-25), 145.2 (C-
4), 1443 (C-16), 138.8 (C-11), 130.5 (C-23), 129.3 (C-2), 128.6 (C-7), 128.5 (C-18), 128.3 (C-8),
127.8 (C-19), 126.6 (C-10), 126.0 (C-17), 125.4 (C-5), 125.0 (C-22), 122.5 (C-9), 122.0 (C-6),
120.6 (C-1), 119.7 (C-12), 116.2 (C-24), 112.9 (C-13), 82.3 (C-4), 52.8 (C-15), 45.6 (C-26), 42.7
(C-27), 39.4 (C-5)*° IR (ATR): v =2950 (m), 1759 (m), 1715 (m), 1615 (m), 1517 (m), 1491 (m),
1449 (s), 1367 (s), 1288 (s), 1225 (s), 1169 (m), 1110 (s), 1013 (s), 1000 (s), 960 (m), 915 (w),
883 (w), 810 (w), 749 (s), 698 (s), 536 (m), 485 (s), 449 (m). HR-MS (ESI) for C39H35N20s
[M+H]" calculated: m/z = 611.2540, found: m/z = 611.2539. EA for C39H35N20sCl calculated: C
72.38%, H 5.45%, N 4.33%, found: C 69.54%, H 6.23%, N 2.96%.

% The signal is detected by HMBC 2D NMR spectra, however not observed in '*C NMR because
of the overlap with the solvent peak.

b In small concentrations in NMR, dioxane is visible: 'H NMR (DMSO-d6): § = 3.57 (s).
3C NMR (DMSO-d6): § = 66.4.2%.
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6.4 Preparation of the Self-Assembled Monolayers on Si(111) and Si(100) Surfaces

6.4.1 General Information

Reagents were purchased in the highest available purity, and solvents were obtained in p.a. or
spectroscopic grade purity; all were used without purification, unless otherwise stated. Hexane and
dichloromethane (stabilized with amylene) was purchased from Acros Organics. Acetonitrile and
acetone were purchased from Roth. Ethanol, methanol and toluene were purchased from Fisher
Scientific. Toluene for silanization reactions was distilled over Na/benzophenone, stored over
molecular sieves in the glove box, and filtered through a syringe filter (Phenomenex, PTFE
membrane, 0.45 um) immediately before use. The water concentration in toluene was determined
by Karl-Fisher titration.?°® The toluene sample saturated with water was obtained by adding a drop
of water to 5 mL toluene, and shaking the solution in order to saturate it with water; the
concentration of water in this sample was not determined. Hydrogen peroxide (H202, 31%),
sulfuric acid (H2SO4, 96%), and ammonium fluoride (NH4F, 40%) were of VLSI grade (very large
scale integration grade), purchased from BASF. Hydrofluoric acid (HF, 49.5-50.5%) was
purchased from Sigma Aldrich and used diluted as 2.5% solution. Trichloroethylene (p.a., >99.5%)
and (3-glycidyloxypropyl)trimethoxysilane (GPTMS) were purchased from Sigma-Aldrich.
Trimethoxy(propyl)silane was ordered from Alfa Aesar. Methyl undec-10-enoate (97%) was
purchased from Sigma-Aldrich, distilled twice under reduced pressure (124 °C, 14 mbar), and
stored in a glovebox. 1-Decene (94%) was distilled three times under reduced pressure (98 °C,
111 mbar), and stored in a glovebox; before the last distillation, 1-decen was refluxed over sodium
under inert atmosphere for 1 h. Ultrapure Milli-Q water (18 MQ cm) was obtained from a MilliPore
four-bowl system.

Samples for attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) were
cut in rectangle shape, dimensions 1.1 % 2.5 cm, from silicon wafers (Si/’tronix, double side
polished Si(111) + 0.02°, FZ, n-type (P-doped), R = 10-30 Qcm, d = 500-550 um; Sil tronix,
double side polished Si(100) = 0.5°, FZ, non-doped, R = 1000-1600 Qcm, d = 500-550 um). The
short side was grinded at 45° angle with a commercially available wet sandpapers in an ascending
grit order (P180 — P1200, grain sizes 82 — 15 pm; usually used eight different grit sizes of grit

paper, or as many different sizes in the range P180 - P1200 as commercially available). The
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samples were further polished with a polycrystalline diamond-tipped polishing paste (DP paste) of
a grain size of 6 um, 3 um and 1 um, using a polishing solution for cooling (DP-Lubricant Green)
and special polishing cloths as pads (MD-Pan, @ = 250 mm), obtained from Struer. The prepared
ATR crystals were, prior to use, carefully scratched along the longer side of the sample.

ATR-FTIR spectra were recorded on a Bruker Vertex70v ATR-FTIR spectrometer containing a
liquid nitrogen-cooled mercury—cadmium—telluride (MCT) detector, while the sample
compartment was kept under nitrogen. The spectral range between 370 and 4000 cm™' was
investigated, with 4 cm™! resolution. The irradiation was carried out with a set-up equipped with

LED diodes that directly attaches to the sample holder, and irradiates both sides of the silicon ATR
wafer. IR data were analyzed using the software OPUS 6.5 (Bruker).

Figure 6.1. Sample compartment of the Bruker ATR-FTIR spectrometer: (1) sample holder,
(2) silicon ATR wafer, (3) mirrors, (4) polarizator, (5) detector, (6) light source. The red line is
drawn to guide the eye by following the IR light beam during the measurement.
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W -

Figure 6.2. Sample holder unit (1) of the Bruker ATR-FTIR spectrometer with a self-prepared
ATR silicon wafer (2), and irradiation elements equipped with LED diodes for both UV
(365 nm) and visible light (545 nm) irradiation (3).

Samples for X-ray photoelectron spectroscopy (XPS) were cut in rectangle shape, dimensions
lem x 1 cm, from silicon wafers (Silchem, single side polished Si(111), n-type, 7.5 Q cm,
thickness 525 pm; Sil’tronix, double side polished Si(100) + 0.5°, FZ, non-doped,
R =1000-1600 Qcm, d = 500-550 pm).

XPS measurements on Si(111) wafers were performed by the research group of Prof. Dr. Arne
Thomas (Institute of Chemistry, Technische Universitit Berlin). The measurements were carried
out using a Thermo Scientific K-Alpha” X-ray Photoelectron Spectrometer. All samples were
analyzed using a microfocused, monochromated Al K a X-ray source (1486.68 eV; 400 um spot
size). The K-Alpha* charge compensation system was employed during analysis to prevent any
localized charge buildup. The samples were mounted on conductive carbon tape and resulting
spectra analyzed using the Avantage software from Thermo Scientific. Before the last synthesis
step, the sample was broken into two 1 cm x 1 cm pieces in order to evaluate the last coupling
reaction.

XPS measurements on Si(100) wafers were performed by the research group of Prof. Dr. Wolfgang
Unger (BAM Federal Institute for Materials Research and Testing, Berlin). The measurements
were carried out by an AXIS Ultra DLD electron spectrometer manufactured by Kratos Analytical,
UK. XPS spectra were recorded using monochromated Al Ka excitation at pass energy of 80 eV
for survey spectra and 20 eV for highly-resolved core level spectra. The electron emission angle
was 0 degree and the source-to-analyzer angle was 60 degree. The binding energy scale of the

instrument was calibrated following a Kratos Analytical procedure which uses ISO 15472 binding
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energy data.?’” Spectra were taken by setting the instrument to the hybrid lens mode and the slot
mode providing approximately a 300 x 700 pm? analysis area. Charge neutralization was used.
The binding energy scale was corrected for charging®® using an electron binding energy of
285.0 eV2Y for the Cls photoemission of aliphatic hydrocarbons. Before the last synthesis step,
the sample was broken into two 1 cm x 1 cm pieces in order to evaluate the last coupling reaction.
Samples for ellipsometry measurements were prepared for the previously produced ATR crystals.
The measurements were performed by Dr. Jiirgen Bruns (research group of Prof. Dr. Klaus
Petermann, Institute of Hochfrequenztechnik-Photonik, Technische Universitéit Berlin). The layer
thickness measurements were carried out with a Sentech SE 850 ellipsometer. The angle of
incidence of light was 70°, the measurements were performed in the wavelength range
300-800 nm. For the analysis of the measurements the software SpectraRay3 was used. Initially,
the thickness of the SiO» layer was determined from reference samples. The thickness of the epoxy-
terminated monolayer was calculated using a two layer SiOz/epoxysilane monolayer model. The
refractive indices of the epoxysilane monolayer and the silicon oxide are assumed to be constant
and equal to the bulk values of 1.429 and 1.461, respectively.

Static water contact angle measurements were performed on an Easydrop instrument (Kriiss,
Germany) using the sessile drop method. All measurements were carried out at ambient
temperature and humidity. Each sample was prepared in triplicate at least. Usually five or more
drops of MilliQ water with a volume of ~1 puL. were placed on each sample and imidiatelly
measured. Each sample was prepared in triplicate. The data was analysed using Drop Shape
Analysis, DSA1 1.90 software. The typical average error was +3° at maximum, obtained as the
fitting error of each measurement. Measurements of the irradiated silicon samples were conducted

in the dark.
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6.4.2 Procedures on Si(111)

6.4.2.1 Procedure for cleaning of the Si(111) wafers

The wafer was cleaned two times in trichloroethylene at 60°C, for 40 minutes, in order to remove
the residual wax from the preparation of the ATR crystals. Further, the wafer was cleaned by
sonication in different solvents: acetone, dichloromethane, methanol and acetonitrile, each
15 minutes in a Teflon vial, and dried under reduced pressure (~2- 1072 mbar). The wafer was then
oxidized in Piranha solution (H2SO4/H202, 3:1, V/V), at 100 °C for 30 minutes, thoroughly rinsed
with MilliQ water, and dried under reduced pressure (~2-102 mbar) for 5 minutes. (Caution:
Piranha solution reacts violently with organic materials and must be handled with extreme care!)
The oxidized sample was etched in 40% aq. NH4F solution, containing 50 mM (NH4)2SOs3, in a
Teflon vial, in order to prepare H-terminated Si(111) wafer. Upon 15 minute at room temperature,
the wafer was quickly rinsed with MilliQ water, and dried under reduced pressure (~2- 10 mbar),

and stored under argon.

6.4.2.2 Procedures for the hydrosilylation reaction on Si(111)

Preparation of ester-terminated monolayers on Si(111)

The freshly prepared H-terminated Si(111) wafer was transferred to a glove box, and immersed
into methyl undec-10-enoate (5 mL). The closed glass vial was heated to 160 °C for 2 h. After
cooling down to the room temperature, the sample was removed from the glove box, cleaned twice
with the following solvents: hexane (3 x 5 mL), and DCM (3 x 5 mL). The wafer was dried under

reduced pressure, and stored under argon.

Preparation of diluted ester-terminated monolayers on Si(111)

The freshly prepared H-terminated Si(111) wafer was transferred to a glove box, and immersed
into 5 mL solution of methyl undec-10-enoate / 1-decene (V/V, 1:1). The closed glass vial was
heated to 160 °C for 2 h. After cooling down to the room temperature, the sample was removed
from the glove box, cleaned twice with the following solvents: hexane (3 x 5 mL), and DCM

(3 x 5 mL). The wafer was dried under reduced pressure, and stored under argon.
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6.4.2.3 Procedure for the preparation of the carboxy-terminated monolayers on Si(111)

For the hydrolysis of the ester-terminated monolayer, an aqueous solution of HCI (5.5 M, 10 mL)?
was prepared, and degassed under sonication with an argon stream for at least 1 h, prior to the
reaction. The wafer with the ester-terminated monolayer was immersed with a help of tweezers,
under argon stream, into previously heated HCI solution (40 °C). After 3 h, the wafer was
thoroughly washed with MilliQ water, acetone (3 x 5 mL), and DCM (3 % 5 mL), then dried under

reduced pressure, and stored under argon.

6.4.2.4 Procedures for the photoswitch attachment to the carboxy-terminated monolayers

on Si(111)

Preparation of the fulgimide-terminated monolayer on Si(111)

In glove box, in a glass vial, (E/Z)-fulgimide-linker conjugate 7 (E/Z = 85:15) (8.2 mg,
0.024 mmol, 5 mM) was dissolved in acetonitrile/DIPEA solution (5 mL)®. To the solution, HCTU
(21 mg, 0.050 mmol, 10 mM) were added. The wafer with the carboxy-terminated monolayer was
immersed into the solution with a help of tweezers, at room temperature under dark conditions.
After 2 h, under dark conditions, the wafer was washed with acetonitrile (5 mL) in the glove box,
further washed with acetonitrile outside the glove box (4 x 5 mL) and DCM (2 x 5 mL), dried

under reduced pressure, and stored under argon.

 The dilution of the conc. HCI was prepared with the MilliQ water.

® The stock solution was previously prepared in acetonitrile: 86 pL DIPEA (0.50 mmol, 10 mM)
in 50 mL acetonitrile. The solution was used in period no longer than 6 months after the
preparation.
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Test coupling of the piperazine 62 to the carboxy-terminated monolaver on Si(111)

Coupling with HCTU: In a glass vial (glove box), Boc-piperazine 62 (5 mg, 0.027 mmol, 5 mM)
was dissolved in acetonitrile/DIPEA solution (5 mL)® To the solution, HCTU (20.6 mg,

0.050 mmol, 10 mM) was added. The wafer with the carboxy-terminated monolayer was immersed
into the solution, and the solution was heated to 50 °C for 5 h. The wafer was washed with
acetonitrile (5 mL) in the glove box, further washed with acetonitrile outside the glove box
(4 x 5mL) and DCM (2 x 5 mL), dried under reduced pressure, and stored under argon.

Coupling with HATU In a glass vial (glove box), Boc-piperazine 62 (5 mg, 0.027 mmol, 5 mM)

was dissolved in acetonitrile/DIPEA solution (5 mL)". To the solution, HATU (19 mg,
0.050 mmol, 10 mM) was added. The wafer with the carboxy-terminated monolayer was immersed
into the solution, and the solution was heated to 50 °C for 5 h. The wafer was washed with
acetonitrile (5 mL) in the glove box, further washed with acetonitrile outside the glove box

(4 x 5mL) and DCM (2 x 5 mL), dried under reduced pressure, and stored under argon.

Preparation of the naphthopyran-terminated monolayer on Si(111)

In a glass vial (glove box), naphthopyran-linker conjugate 8 (16 mg, 0.025 mmol, 5 mM) was
dissolved in acetonitrile/DIPEA solution (5 mL)". To the solution, HCTU (21 mg, 0.050 mmol,
10 mM) and additional DIPEA (8 pL, 0.10 mmol) were added. The wafer with the carboxy-
terminated monolayer was immersed into the solution, and the solution was heated to 50 °C for
18 h, under dark conditions. The wafer was washed with acetonitrile (5 mL) in the glove box,
further washed with acetonitrile outside the glove box (4 x 5 mL) and DCM (2 x 5 mL), dried

under reduced pressure, and stored under argon.

# The stock solution was previously prepared in acetonitrile: 86 L. DIPEA (0.50 mmol, 10 mM)
in 50 mL acetonitrile. The solution was used in period no longer than 6 months after the
preparation.
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6.4.3 Procedures on Oxidized Si(100)

6.4.3.1 Procedure for cleaning of the Si(100) wafers

The wafer was cleaned two times in trichloroethylene at 60°C, for 40 minutes, in order to remove
the residual wax from the preparation of the ATR crystals. Further, the wafer was cleaned by
sonication in different solvents: acetone, dichloromethane, methanol and acetonitrile, each
15 minutes in a Teflon vial, and dried under reduced pressure (~2- 1072 mbar). The wafer was then
oxidized in Piranha solution (H2SO4/H20O», 3:1, v/v), at 100 °C for 1 h, thoroughly rinsed with
MilliQ water, and dried under reduced pressure (~2- 10 mbar) for 5 minutes. The oxidized sample
was etched in 2.5% aq. HF solution, in a Teflon vial, for 1 minute at room temperature, then
quickly rinsed with MilliQ water, and dried under reduced pressure. Finally, the wafer was
reoxidized in Piranha solution, at 100 °C for 1 h, thoroughly rinsed with MilliQ water, dried under

reduced pressure (~2- 102 mbar) for 5 minutes, and stored under argon.

6.4.3.2 Procedures for the silanization reaction on Si(100) wafers

Preparation of the epoxy-terminated monolayers on Si(100)

Formation of the monolayer was done by immersion of the oxidized wafer into 5 mL of the freshly
prepared solution of (3-glycidyloxypropyl)trimethoxysilane in toluene (1%, volume
concentration), in a nitrogen flushed glove box. The wafer was left to react at room temperature
for 24 h. After removing the wafer from the glovebox, three different work-up procedures were
examined: Procedure A) Washing of the wafer with toluene (3 x 5 mL) and ethanol (3 x 5 mL),
and subsequent sonication in ethanol for 20 minutes, Procedure B) Washing of the wafer with
toluene (3 x 5 mL) and ethanol (3 x 5 mL), and subsequent sonication in toluene for 20 minutes,
Procedure C) Washing of the wafer with toluene (5 x 5 mL) and subsequent sonication in toluene
for 10 minutes. Then, the wafer was baked in the oven at 150 °C for 10 minutes, and stored under

argon at room temperature.
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Preparation of the alkyl-terminated monolayers on Si(100)

Formation of the monolayer was done by immersion of the oxidized wafer into 5 mL of the freshly
prepared solution of trimethoxy(propyl)silane in toluene (1%, volume concentration), in a nitrogen
flushed glove box. After 24 h at room temperature, the wafer was removed from the glove box,
washed with toluene (5 x 5 mL ), sonicated in toluene for 10 minutes (Procedure C), and dried
under reduced pressure (~2- 10 mbar). The wafer was baked in the oven at 150 °C for 10 minutes,

and stored under argon at room temperature.

6.4.3.3 Procedures for modification of epoxy-terminated monolayers on Si(100)

Preparation of the acetylene-terminated monolayers on Si(100)

The wafer with the epoxy-terminated monolayer was immersed into a solution of propargylamine
(50 pL, 781 pmol, 156 mM) in 5 mL toluene, under inert conditions (in a glove box), and heated
to 80 °C. After 24 h, the wafer was removed from the glove box, washed three times with 5 mL of
toluene and once with 5 mL of abs. ethanol, dried under reduced pressure (~2-10 mbar), and

stored under argon.

Preparation of the fulgimide-terminated monolayers on Si(100)

The wafer with the epoxy-terminated monolayer was immersed into a (E£/Z)-fulgimide-linker
conjugate 7 (E/Z=85:15) (10 mg, 27 pmol, 5.4 mM) solution in 5.5 mL toluene/1,4-dioxane (10:1)
mixture, under inert conditions (in a glove box). The solution was heated to 90 °C, while mildly
stirring, not to damage the wafer. After 24 h, the wafer was removed from the glove box, washed
three times with 5 mL toluene and once with 5 mL abs. ethanol, dried under reduced pressure

(~2-10 mbar), and stored under argon.
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6.5 Photochromic Investigations

6.5.1 UV/Vis Measurements

The UV/Vis spectra were recoded using the AvaSpec Dual-channel Fiber Optic Spectrometer,
equipped with the AvaLight-DH-S-BAL light source. The measurements were carried out inside
a 10 mm Quartz SUPRASIL cuvette (Hellma Analytics).

The LED lights for the irradiation were obtained from Thorlabs, their intensity determined to be:
1) 365 nm (bandwidth (FWHM): 9 nm), 85 mW/cm?; 2) 505 nm (bandwidth (FWHM): 30 nm),
110 mW/cm?, 3) 565 nm (bandwidth (FWHM): 104 nm), 130 mW/cm?. For the LED output
intensity spectra, see Chapter 7.1. The irradiation and recording of the absorption spectra were
carried out simultaneously on the set-up shown in Figure 6.3. The spectra were analyzed using the

software AvaSoft 8.5 (Avantes).

(e
[TTL/7—
=

Figure 6.3. UV/Vis set-up: (1) light source, (2) optical cable, (3) sample holder with a cuvette, (4)
detector, (5) LED lights, (6) temperature regulator, (7) air stream cooling.

The samples for photochemical studies were prepared in concentrations of 1.5-10 M in solvents

of spectroscopic purity. The prepared solutions were degassed with stream of argon for 15 min
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prior to the measurement, to avoid irradiation induced radical side reaction with oxygen present in
the solvent. The samples were termoregulated and stirred at all time during the measurement
(Figure 6.4). Because of the thermoregulation being slow in cooling down the sample
compartment, additional cooling by the air stream was incorporated (Figure 6.4, 7).

The constructed set-up also allows for installing two LED lights at the same time (Figure 6.4), thus
subsequent irradiations were carried out without required time in between for changing the light

source.

LA i 29 \

Figure 6.4. Sample compartment of the UV/Vis set-up: (1) cuvette, (2) 1 LED light, (3) 2" LED
light, (4) sample holder with thermoregulation, (5) optical cable, (6) stirring mechanism, (7) air
stream cooling.

6.5.2 NMR Measurements

The photochemical studies in the NMR spectrometer were carried out in acetonitrile-d3 at 0°C.
The samples (concentration 10 M) were irradiated directly in the NMR tube, via self-constructed
insert connected to the optical fiber (Figure 6.5), and coupled with the LED light source (Figure
6.6). The intensity of the light reaching the NMR tube was determined to be: 1) 365 nm (bandwidth
(FWHM): 9 nm), 0.45 mW/cm?; 2) 505 nm (bandwidth (FWHM): 30 nm), 1.5 mW/cm?. '"H NMR
spectra were recorded at 500 MHz on an Avance III (Bruker) in regular time periods, and data
were processed and analyzed using TopSpin software from Bruker. Solvent residual signals were

used as internal standards, MeCN-d3 6 = 1.94 ppm.
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Figure 6.5. The etched insert at the end of the optical cable; with the LED turned on, the light is
distributed over the whole length of the etched insert. NMR tube mounted to the optical cable,
with a spinner for inserting the tube into the NMR machine.

Figure 6.6. Adapter for an LED attachment to the optical cable, with and without the LED
attached.

Table 6.1. Irradiation conditions of the NMR photochemical studies of the naphthopyrans 45
and 71.

Irradiation time, Thermal relaxation Irradiation time,
Compound ) ) )
Airr = 365 nm (min) time (min) Airr = 505 nm (min)
Naphthopyran 45 30 150 -
Naphthopyran 71 30 45 10
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6.5.3 Infrared Measurements

The infrared measurements in solution were recorded on a Bruker Vertex70v ATR-FTIR
spectrometer, using deuterated Lanthanum a-alanine doped triglycine sulphate (DLaTGS)
detector. The sample compartment was kept under nitrogen. The measurements were carried out
in a standard cuvette (two sodium chloride slides, 21 mm x 14 mm) (Figure 6.7). For all the
samples, the used concentration was 3-102 M. The irradiation was carried out with a set-up
equipped with LED diodes (Airr = 365 nm), that directly attaches to the cuvette (Figure 6.7). The

spectral range between 370 and 4000 cm™! was investigated, with 4 cm™! resolution. IR data were

analyzed using the software OPUS 6.5 (Bruker).

Figure 6.7. Cuvette for the IR measurements (1); equipped with the LED diodes set-up for
irradiation (2), mounted on the cuvette holder (3).
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Figure 6.8. Sample compartment of the Bruker FTIR spectrometer: (1) cuvette, (2) set-up with
LED diodes for irradiation of the sample, (3) cuvette holder, (4) detector, (5) light source. The red
line is drawn to guide the eye by following the IR light beam during the measurement.

Table 6.2. Conditions of the in-solution FTIR photochemical studies of the naphthopyrans 45 and

71.
Compound Solvent Irradiation tirl}e, Thermal relsilxation
A =365 nm (min) time (min)
TCE 10 30
Naphthopyran 45 MeCN 10 20
DCE 15 30
TCE 10 20
Naphthopyran 71 MeCN 10 20
DCE 10 20
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7.1 Photochemical Data
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Figure 7.1. Output spectra of the LEDs used in this work.
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7.1.1 UV/Vis Data

3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-4-(propan-2-ylidene)dihydrofuran-2,5-dione (16)

(e}
o7 MeCN
O N 365 nm 365 nm
AN b — P —
H 565 nm 565 nm
16-Z 16-E 16-C
A
—0s
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Figure 7.2. Absorption spectra of fulgide 16 in MeCN (9.6 - 10°® M), taken periodically upon (A)
UV light irradiation (Air = 365 nm, 85 mW/cm?), (B) visible light irradiation (Airr = 565 nm, 130
mW/cm?). The artefacts at ~365 nm is because of the increase in irradiation power in that region,
due to simultaneous irradiation and recording of the spectra.
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Figure 7.3. Photochemical studies of fulgide 16 in MeCN (9.6 - 10 M), over 5 irradiation cycles.
Irradiation conditions for the cycles: 50 s irradiation with UV light (Air = 365 nm,
5 mW/cm?), 120 s irradiation with visible light (Airr = 565 nm, 130 mW/cm?). (A) The spectrum of
the initial state (violet) and comparison with spectra of the PSS(565 nm), over 5 cycles. (B) The
spectra upon reaching the PSS(365 nm), over 5 cycles.
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3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-4-(propan-2-ylidene)dihydrofuran-2,5-dione (16)
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Figure 7.4. Absorption spectra of fulgide 16 in CHCI5 (2.07 - 10° M), taken periodically upon (A)
UV light irradiation (Airr = 365 nm, 85 mW/cm?), (B) visible light irradiation (Airr = 565 nm, 130
mW/cm?). The artefact at ~365 nm is because of the increase in irradiation power in that region,
due to simultaneous irradiation and recording of the spectra.
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tert-butyl-(2-(3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-2,5-dioxo-4-(propan-2-
ylidene)pyrrolidin-1-yl)ethyl)carbamate (34)
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Figure 7.5. Absorption spectra of fulgimide 34 in MeCN (2.21 - 10~ M), taken periodically upon
(A) UV light irradiation (Air = 365 nm, 85 mW/cm?), (B) visible light irradiation
(Mirr = 565 nm, 130 mW/cm?). The artefact at ~365 nm is because of the increase in irradiation
power in that region, due to simultaneous irradiation and recording of the spectra.
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Figure 7.6. Photochemical studies of fulgimide 34 in MeCN (2.21 - 10 M), over 5 irradiation
cycles. Irradiation conditions for the cycles: 30 s irradiation with UV light (Air = 365 nm,
85 mW/cm?), 120 s irradiation with visible light (Air = 565 nm, 130 mW/cm?). (A) The spectrum
of the initial state (violet) and comparison with spectra of the PSS(565 nm), over 5 cycles.
(B) The spectra upon reaching the PSS(365 nm), over 5 cycles.
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tert-butyl-(2-(3-(1-(2-methyl-1H-indol-3-yl)ethylidene)-2,5-dioxo-4-(propan-2-

ylidene)pyrrolidin-1-yl)ethyl)carbamate (34)
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Figure 7.7. Absorption spectra of fulgimide 34 in CHCI5 (2.53 - 105 M), taken periodically upon
(A) UV light irradiation (Airr = 365 nm, 85 mW/cm?), (B) visible light irradiation (Air = 565 nm,
130 mW/cm?). The artefacts at ~365 nm is because of the increase in irradiation power in that
region, due to simultaneous irradiation and recording of the spectra.
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Methyl 6-hydroxy-2,2-diphenyl-2H-benzo[h]chromene-5-carboxylate (45)
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Figure 7.8. Absorption spectra of naphthopyran 45 in MeCN (9.4 - 10 M), taken periodically
upon (A) UV light irradiation (Airr = 365 nm, 85 mW/cm?), (B) thermal relaxation. and (C) visible
light irradiation (Airr = 505 nm, 110 mW/cm?). The artefacts at ~365 nm and ~505 nm are because
of the increase in irradiation power in that region, due to simultaneous irradiation and recording of
the spectra. (C) The temperature increased over time due to irradiation with the LED (505 nm)
light, from 21.8 °C at the beginning of the measurement, to 27.3 °C after 50 min of irradiation.
The 50 min* spectra was recorded upon cooling down to the initial temperature.
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tert-Butyl

4-(4-(2-((5-(methoxycarbonyl)-2,2-diphenyl-2Hbenzo[h|chromen-6-yl)oxy)-2-

oxoethyl)phenyl)piperazine-1-carboxylate (71)
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Figure 7.9. Absorption spectra of naphthopyran 71 in MeCN (9.8 -
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10 M), taken periodically

upon (A) UV light irradiation (Air = 365 nm, 85 mW/cm?), (B) thermal relaxation. and (C, D)

visible light irradiation (Air =

505 nm, 110 mW/cmz) The artefacts at ~365 nm and ~505 nm are

because of the increase in irradiation power in that region, due to simultaneous irradiation and
recording of the spectra.
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Figure 7.10. Photochemical studies of the naphthopyran 71 in MeCN (9.8 - 10 M), over 5
irradiation cycles. Irradiation conditions for the cycles: 60 s irradiation with UV light
(Mirr = 365 nm85 mW/cm?), 10 min irradiation with visible light (i = 505 nm, 110 mW/cm?). (A)
The spectrum of the initial state (violet) and comparison with spectra of the PSS(505 nm), over 5
cycles. The temperature increased upon irradiation with 505 nm LED light (from 21.8 °C to ~25.5
°C), so the spectra of the PSS(505 nm) were taken upon cooling down to the initial temperature.
(B) The spectra upon reaching the PSS(365 nm), over 5 cycles. The artefact at
~365 nm is because of the increase in irradiation power in that region, due to simultaneous
irradiation and recording of the spectra.
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tert-Butyl 4-(4-(2-((5-(methoxycarbonyl)-2,2-diphenyl-2Hbenzo[h|chromen-6-yl)oxy)-2-
oxoethyl)phenyl)piperazine-1-carboxylate (71)
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Figure 7.11. Absorption spectra of naphthopyran 71 in TCE (9.4 - 10® M), taken periodically
upon (A) UV light irradiation (Airr = 365 nm, 85 mW/cm?), (B) thermal relaxation, and (C, D)
visible light irradiation (Airr = 505 nm, 110 mW/cm?). The artefacts at ~365 nm and ~505 nm are
because of the increase in irradiation power in that region, due to simultaneous irradiation and
recording of the spectra.
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Figure 7.12. Photochemical studies of the naphthopyran 71 in TCE (9.4 - 10 M), over 3
irradiation cycles. Irradiation conditions for the cycles: 30 s irradiation with visible light
(Mirr = 365 nm, 85 mW/cm?), 8 min irradiation with visible light (Air- = 505 nm, 110 mW/cm?). (A)
The spectrum of the initial state (black line) and comparison with spectra of the
PSS(505 nm), over 3 cycles. The temperature increased upon irradiation with 505 nm LED light
(from 21.8 °C to ~24 °C), so the spectra of the PSS were taken upon cooling down to the initial
temperature. (B) The spectra upon reaching the PSS(365 nm), over 3 cycles. The artefact at
~365 nm is because of the increase in irradiation power in that region, due to simultaneous
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Figure 7.13. Transmission curve of the amberized Pyrex glass of the NMR tube used for

photochemical investigations.
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Methyl 6-hydroxy-2,2-diphenyl-2H-benzo[h]chromene-5-carboxylate (45)
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Figure 7.14. 'H NMR spectra of naphthopyran 45 in MeCN-d3 (102 M), taken periodically upon
irradiation with 365 nm LED light (0.45 mW/cm?) at 0 °C. Signal assignments are color-coded as
following: CF — blue, TC —red, TT — green.
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Figure 7.15. 'H NMR spectra of naphthopyran 45 in MeCN-d3 (102 M), taken periodically upon
thermal relaxation reaction in the dark at 0 °C. Signal assignments are color-coded as following:
CF —blue, TC —red, TT — green.
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epm

A

Figure 7.16. H.H-COSY of naphthopyran 45 in MeCN-d3 (102 M), recorded upon reaching the

PSS(365 nm) at 0 °C.
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tert-Butyl 4-(4-(2-((5-(methoxycarbonyl)-2,2-diphenyl-2Hbenzo[h|chromen-6-yl)oxy)-2-
oxoethyl)phenyl)piperazine-1-carboxylate (71)
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Figure 7.17. "H NMR spectra of naphthopyran 71 in MeCN-d3 (102 M), taken periodically upon
irradiation with 365 nm LED light (0.45 mW/cm?) at 0 °C. Signal assignments are color-coded as
following: CF — blue, TC —red, TT — green.
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Figure 7.18. 'H NMR spectra of naphthopyran 71 in MeCN-d3 (102 M), taken periodically upon
thermal relaxation reaction in the dark at 0 °C. Signal assignments are color-coded as following:
CF —blue, TC —red, TT — green.
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Figure 7.19. 'H NMR spectra of naphthopyran 71 in MeCN-d3 (102 M), taken periodically upon
irradiation with 505 nm LED light (1.5 mW/cm?) at 0 °C. Signal assignments are color-coded as
following: CF — blue, TC —red, TT — green.
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Figure 7.20. H.H-COSY of naphthopyran 71 in MeCN-d3 (10 M), recorded upon reaching the
PSS(365 nm) at 0 °C.
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7.1.3 Infrared Data
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Figure 7.21 IR spectra of the photochemical studies of naphthopyran 45 in TCE.
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Figure 7.22. IR spectra of the photochemical studies of naphthopyran 45 in MeCN.
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Figure 7.23. IR spectra of the photochemical studies of naphthopyran 45 in DCE.
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Table 7.1. IR absorption and band assignments of the initial state of the naphthopyran 45,
measured in solution in TCE, MeCN and DCE. The literature references are taken from ref. 136.
Assignments next to the literature range suggest the relative intensity of the band: s - strong; m -
medium; w - weak; v - variable. The values in shaded rows of the table specify the bands that
significantly increase in the intensity upon the ring-opening reaction.
IR absorption bands (cm™)

TCE MeCN DCE Assignment? Literature (cm™)!3¢
gggz gggé gggi vas(C-H) arom. 3105-3000 (m)
2955 2961 2954 vas(CH3) 2975-2925 (m)
2853 2856 2854 Vsym(CH3) 2880-2820 (m)
1719 v(C=0) ester, non H-bonded 1740-1705 (s)
1655 1655 1653 v(C=0) ester, H-bonded" ~ 1650 (s)
1593 1592 1591 C=C conjugated with C=C or C=O  1660-1580 (s-m)
1563 1565 1563 -C=C- aromatic ring str
1530 1531 1530 extended conjugation (1600-1500) (v)
1583 1583 1583 _C=C- aromatic ring str 1590-1575 (v)
1491 1492 1491 1525-1470 (v)
1448 1450 1447 asym CH3 def vib 1475-1445 (m-s)
1388 1388 1388 -C=C- aromatic (naph.) str 1400-1370 (m)
1356 1359 1358 COH bending (phenol) 1410-1310 (s)
1344 1339 1338 in-plane O-H def vib (phenol) 1410-1310 (s)
1284 1287 1287 v(C-CO-C) aryl ketone ~ 1300 (m)
1235 1242 1239 Vasym(C-O-C) ester 1275-1185 (s)
1202 1202 1203 v(C-0) ester 1260-1180 (s)
1170 1171 1171 v(O-C) methyl ester 1175-1155 (s)
1100 1101 1100 sym C-O-C ester 1150-1100 (s)
1015 1015 1015 v(C-0O-C) ether 1120-1020 (s)
1005 1004 1004 C-H rocking (CH3) 1060-900 (m-w)
771 775 773 out of plane C-H arom. (naph.) 780-760 (s)
699 704 705 C-H out of plane bending 730-650 (s)

@ Abbreviations: str — stretching, def — deformation, vib — vibration.

® The -CH=CH-, in conjugation with aryl moiety, shows a vibration of a medium intensity in the
range 1640-1610 cm™. However, this band is only observable as a shoulder of a more intense C=0
stretching vibration. Additionally, the shoulder also present in the sample measured in MeCN, is
assigned to the bending vibration of the water impurities (~1640 cm™") from the solvent.
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Figure 7.24. IR spectra of the photochemical studies of naphthopyran 71 in TCE.
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Figure 7.25. IR spectra of the photochemical studies of naphthopyran 71 in MeCN.
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7.1 Photochemical Data
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Figure 7.26. IR spectra of the photochemical studies of naphthopyran 71 in DCE.
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7 Appendix

Table 7.2. IR absorption and band assignments of the initial state of the naphthopyran 71,
measured in solution in TCE, MeCN and DCE. The literature references are taken from ref. 136.
Assignments next to the literature range suggest the relative intensity of the band: s - strong; m -
medium; w — weak; and v- variable. The values in shaded rows of the table specify the bands that
significantly increase in the intensity upon the ring-opening reaction.

: T
ITI;aEbsorptll\(/}z g);;nds (cIr)n Clz: Assignment? Literature (cm™)!3¢
T 31053000 ()
2979 2983 2981 Vas(CH3) 3030-2950 (m-w)
2952 2959 2951 vas(CH3) 2975-2925 (m)
2929 2939 2929 Vas(CH2) 2940-2915 (m)
2857 2868 2861 Vsym(CH2) 2890-2850 (m)
2824 2828 2827 vsym(CH3) 2880-2820 (m)
1773 1768 1766 v(C=0) phenyl ester 1800-1750 (s)
1729 1728 1726 v(C=0) methyl ester 1740-1705 (s)
1703 1692 1692 v(C=0) carbamate 1740 — 1680 (s)
1650 -0 1650 v(C=0) ketone conjugated 1680-1650 (s)
1595 1597 1595 -C=C- aromatic ring str

1545 1548 1548 extended conjugation (1600-1500) (v)
1616 - 1613 _C=C- aromatic ring str 1620-1580 (v)
1516 1519 1517 1525-1470 (v)
1449 1451 1449 asym CHj3 def vib 1475-1445 (m-s)
1385 1388 1386 -C=C- aromatic (naph.) str 1400-1370 (m)
1367 1368 1367 -C(CHs)3, asym CH3 def vib 1395-1350 (m-s)
1288 1290 1291 v(O-C(aromatic)) 1310-1230 (s)
1227 1232 1229 Vas(C-O-C) ester 1275-1185 (s)
1172 1171 1170 O-C str, methyl ester 1175-1155 (s)
1121 1122 1121 Vsym(C-O-C) ester 1150-1100 (s)
1102 1109 1107 Vsym(C-0O-C) ester 1150-1100 (s)
1015 1014 1015 v(C-O-C) (ether) 1120-1020 (s)
1003 1003 1003 C-H rocking (CH3) 1060-900 (m-w)
772 773 773 out of plane C-H arom. (naph) 780-760 (s)
699 704 709 CH out of plane bending 730-650 (s)

@ Abbreviations: str — stretching, def — deformation, vib — vibration.

® The absorption bands in the region 1660-1600 cm™ are hidden due to overlapping with the
O-H bending vibration of the water impurities in MeCN. Thus, the bands expected to be observed

in this region are not possible to identify and assign.
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7.2 Surface Analysis

7.2 Surface Analysis

Table 7.3. IR absorptions and band assignments of the ester- and carboxy-terminated neat SAMs
on Si(111).
IR absorption bands (cm™) Assignments

Ester-terminated monolayer

2956 Vas(CH3)

2922 Vas(CH2)

2852 Vsym(CHb)

1746 v(C=0)

1466 0(CH>) scissoring mode

1440 das(CH3)

1365 dsym(CH3)

1172 v(C-0)
Carboxy-terminated monolayer

2923 vas(CH2)

2853 Vsym(CH2)

1714 v(C=0)

1466 0(CH>) scissoring mode

1415 o(OH)

1161 v(C-0)
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Table 7.4. IR absorptions and band assignments of the ester- and carboxy-terminated diluted
SAMs on Si(111).

IR absorption bands (cm™) Assignments

Ester-terminated monolayer

2958 Vas(CH3)

2922 vas(CH2)

2852 Vsym(CH2)

1746 v(C=0)

1466 O(CHy) scissoring mode

1440 3as(CH3)

1161 v(C-0)
Carboxy-terminated monolayer

2958 vas(CH3)

2923 Vas(CH2)

2852 Vsym(CH2)

1714 v(C=0)

1463 0(CHy) scissoring mode

1440 das(CH3)

1410 o(OH)

1161 v(C-0)
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7.2 Surface Analysis

Table 7.5. IR absorptions and band assignments of the fulgimide-terminated neat and diluted

SAMs on Si(111) in PSS(545 nm) and PSS(365 nm).

IR absorption bands (cm™)

Assignments

Fulgimide-terminated neat monolayer

PSS(545 nm) PSS(365 nm)

2922 2923 vas(CH2)
2852 2852 Vsym(CH2)
1741 (1739)* 1758 Vsym(C=0) imide
1691 (1689)* 1695 Vas(C=0) imide

1649 1649 v(C=0) amide I
1601 1604 v(C=C) conjugated
1547 1548 V(CNH) amide II
Fulgimide-terminated diluted monolayer
PSS(545 nm) PSS(365 nm)

2922 2922 vas(CH2)
2852 2852 Vsym(CH2)
1741 (1739)* 1757 Vsym(C=0) imide

1691 (1689)* 1693 Vas(C=0) imide
1658 1658 v(C=0) amide |
1595 1598 v(C=C) conjugated
1548 1548 V(CNH) amide II

# Value of the absorption band upon the immobilization of (£/Z)-fulgimide.
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Table 7.6. IR absorptions and band assignments of the naphthopyran-terminated neat SAMs on
Si(111) in PSS(545 nm) and PSS(365 nm).

IR absorption bands (cm™) Assignments

Naphthopyran-terminated monolayer
PSS(545 nm) PSS(365 nm)

2925 2925 vas(CH2)
2853 2853 Vsym(CH2)
1765 1765 v(C=0) phenylacetic acid ester
1725 1726 v(C=0) methyl ester
1641 1641 v(C=0) amide

1612 (1614)* 1612 Aromatic ring stretch

- 1595 v(C=C) conjugated

1517 1516 Aromatic ring stretch
1465 1465 0(CHy) scissoring mode
1446 1446 Oas(CH3) methyl ester
1368 1368 dsym(CH3) methyl ester
1230 1230 Vas(C-O-C) arom. acid ester

@ Value of the absorption band upon the immobilization of naphthopyran conjugate 8.
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7.2 Surface Analysis

Table 7.7. IR absorption and band assignments of epoxy-, alkyl-, acetylene- and fulgimide-
terminated monolayers on oxidized Si(100).
IR absorption bands (cm™) Assignments

Epoxy-terminated monolayer

10 ppm 66 ppm Sat.
2963 2965 T vas(CH3)
2931 2934 2934 vas(CH2)
2869 2871 2876 Vsym(CHb)
1434 1434 1434 O(CHb); scissoring mode
1280-1000? v(C-0), v(Si-0O)

' the CH3 stretching vibration not observed due to all Si-OCH3 groups being hydrolyzed in
procedure with toluene with the highest water content.

Alkyl-terminated monolayer

10 ppm 66 ppm
2960 2964 Vas(CH3)
2927 2931 vas(CH2)
2860 2871 Vsym(CH2)
1412 1412 O(CHa);3 scissoring mode
1280-1000° v(C-0), v(Si-0O)
Acetylene-terminated monolayer
2960 vas(CH3)
2929 vas(CHz)
2863 Vsym(CH2)
2121 v(C=C)

O(N-H) bending
0(0O-H) bending
1438 d(CH>)3 scissoring mode
0(C-H) deformation in alcohol (in H-C-OH)

1612

1373
sec. alcohol O-H in plane deformation

1280-1000" v(C-0), v(Si-0O)

@ A proper assignment of the absorption bands in the region from 1280-1000 cm™ is difficult, due
to the number of bands overlapping in this area: v(C-0), v(Si-O-C), Si-O-Si TO, Si-O-Si LO.
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Table 7.8. IR absorptions and band assignments of the fulgimide-terminated SAMs on oxidized
Si(100) in PSS(545 nm) and PSS(365 nm).

IR absorption bands (cm™) Assignments

Fulgimide-terminated monolayer

2963 2963 vas(CH3)
2923 2923 Vas(CH2)
2868 2868 vsym(CH2)
1699 1700 Vas(C=0)
o(N-H) bendin
1608 1608 (N-H) s

0(0O-H) bending

1280-1000? v(C-0), v(S1-0)

@ A proper assignment of the absorption bands in the region from 1280-1000 cm™ is difficult, due
to the number of bands overlapping in this area: v(C-0), v(Si-O-C), Si-O-Si TO, Si-O-Si LO.
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7.2 Surface Analysis

Table 7.9. Contact angle data of prepared epoxy-, alkyl-, and fulgimide-terminated monolayers on
oxidized Si(100). The contact angle values are obtained as an average over 5 measurements on a
sample, each sample was prepared in triplicate at least. Calculated errors are the maximum fitting
error obtained for each measurement.

Sample Contact angle (°) Calculated error (%)
Epoxy-terminated monolayer
poxy Y 54.1 2.7
(~10 ppm)
Epoxy-terminated monolayer
poxy Y 62.0 2.5
(66 ppm)
Alkyl-terminated monolayer
51.2 23
(~10 ppm)
Alkyl-terminated monolayer
64.2 2.9
(66 ppm)
Fulgimide-terminated monolayer
62.2 3.0
(average, PSS 365 nm)
Fulgimide-terminated monolayer
58.2 3.0

(average, PSS 545 nm)

Table 7.10. Ellipsometry measurements of the freshly prepared silicon oxide layer, and silicon
oxide and the epoxy-terminated monolayer of the freshly prepared SAMs on oxidized Si(100).

Sample Thickness of the layer (nm)
Silicon oxide 1.49
Silicon oxide under the monolayer 130-1.42
Epoxy-terminated monolayer 0.90
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7.3 NMR Spectra
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