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ABSTRACT

Use of single molecules as electronic devices is presently considered a potential
alternative to semiconductor-based nanoscale electronics. The ability to study a single molecule
or a small group of molecules provides a great opportunity to build electronic devices at the
molecular level. It is vital to understand the parameters that control the device properties such as
molecular structure, conformation and arrangement at the surface.
Ari Aviram and Mark A. Ratner proposed the construction of a single organic molecule
as an organic rectifier. Donor-Sigma-Acceptor (D-σ-A) molecules, when arranged with a proper
orientation as Langmuir-Blodgett (LB) films and fixed between two electrodes, act as oneelectron organic rectifiers (allowing the passage of current in one direction). In this work
perylenetetracarboxylic bisanhydride is used as the acceptor. Perylenetetracarboxylic
bisanhydride derivatives are very intractable (insoluble in all regular solvents). Attaching a
swallowtail (alkyl or PEG) improves their solubility and helps in making a well-ordered LB
monolayer.
The project includes multistep syntheses of D-σ-A molecules with alkyl swallowtails
containing sulfur anchors (to induce stability to the LB monolayers and to make self assembled
monolayers) and/or PEG swallowtails, with or without hydroxyl end groups (to investigate the
orientation of the LB films). The alkyl swallowtail project includes making alkyl swallowtail
amines with sulfur anchors and proceeding through a crucial perylene monoanhydride
monoimide intermediate with two thioacetyl groups, using two different routes starting from 11-
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bromoundecanoic acid or undecylenic acid. These schemes include Fischer esterification,
Claisen condensation, decarboxylation, reductive amination and radical thioester addition as key
reactions. The PEG swallowtail project includes making PEG swallowtail amines with hydroxyl,
chloro or sulfur end groups. These amines were made from 2-amino-1,3-propanediol and either
hydroxyl or chloro tosylates. This scheme includes amine protection, Williamson ether synthesis
and simultaneous imidization as key reactions.
A dozen different swallowtail amines were attached to the perylenetetracarboxylic
acceptor by imidization to make unsymmetrical perylene bisimides (PBI’s). Several donors, with
different ionization energies, have been prepared and were coupled to perylenetetracarboxylic
imide anhydrides to prepare the final D-σ-A molecules. The dependence of the orientation of
these molecules as LB films on the nature of swallowtail (PEG swallowtail, lipid thioacetate
anchored swallowtail) was studied by pressure area (П-A) isotherms

and contact angle

measurements.
In addition to the application of the D-σ-A molecules in Langmuir-Blodgett films, we
found various applications of these molecules in single molecule spectroscopy (SMS), DNA
binding studies to stabilize G-quadruplex, and passivation of gold nanoparticles.
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CHAPTER 1
INTRODUCTION

1. 1 Molecular electronics
Intel co-founder Gordon E. Moore in 1965 predicted that computational power would
double every eighteen months.1, 2 This trend continued for half a century and may continue to the
future. This is due to the increase in the number of transistors per unit area of silicon, which has
lead to the considerable reduction in the size of electronic circuitry for the past few decades
(Figure 1). If this trend of miniaturization continues, within 20 years electronic components will
be reduced to the molecular scale. Miniaturization to that scale will not be possible using the
current so-called top-down approach.
Along with continuing efforts to make existing components smaller and smaller, it has
become necessary to find and develop materials, scientific tools, and advanced technologies that
will help to overcome the limitations of the future miniaturization processes. Even if we
overcome these problems, a strong increase of processing and fabrication costs appears
inevitable.
A promising alternative to overcome the limitations of the top-down approach is the
bottom-up approach in which molecular-scale electronic devices are constructed from a single
molecule or a small group of molecules. This technology is termed molecular electronics. The
idea of molecular-scale electronics was first brought forward rather vaguely by eminent physicist
and visionary R. Feynman in a talk in 1959.4 However, A. Aviram and M. A. Ratner proposed
1

the theory of a single molecule rectifier in 1974 5, which is commonly considered the birth of
molecular electronics.

Figure 1. Pictorial representation of Moore‟s law, showing the transistor count of electronic
devices with time. [Copyright permission obtained from GNU Free Documentation License,
Version 1.2. Copyright (C) 2000, 2001, 2002 Free Software Foundation, Inc.] 3

2

1.2 Background – Donor-σ-Acceptor molecules
The simplest component of the integrated circuit that is necessary to try to reproduce on
the molecular scale is the rectifier, also known as the p-n junction diode. A rectifier can be
defined as a device that converts alternating current (AC) to direct current (DC). In simple
words, rectifiers allow the passage of current in one direction. This unidirectional flow of
current is called rectification.
Aviram and Ratner‟s5 proposed molecular rectifier in 1974 consisted of a donor (D) πsystem connected to an acceptor (A) π-system via an insulating σ electron bridge (D-σ-A).6 The
σ bonds introduce an effective barrier for electron transfer between the Donor and Acceptor
groups. This system could then, theoretically, be attached at both ends to metallic electrodes,
thereby completing an electric circuit. Aviram and Ratner predicted that, for the molecular
rectifier to work, its properties must be equivalent to those of the bulk p-n junction.

Figure 2. Structure of Aviram and Ratner‟s proposed D-σ-A molecule. 5

Figure 2 is the structure of Aviram-Ratner‟s proposed single molecule rectifier which was
never synthesized. It consists of the good one electron donor (D) tetrathiafulvalene (TTF) and
good one electron acceptor (A) 7,7,8,8-tetracyanoquinodimethane (TCNQ).
3

Aviram and Ratner envisioned that the electron transfer process takes place in two steps.
In the first step (Figure 3a) a sufficiently large negative bias is applied on the acceptor side to
initiate an electron transfer from the cathode to the acceptor. At the same time an electron
transfer from the donor part to the anode take place to form a zwitterionic D-σ-A molecule
(D+-σ-A-) (Figure 3b).

Figure 3. Electron flow in D-σ-A molecules during forward and reverse bias.
In the second step (Figure 3c), an electron tunnels from the acceptor‟s LUMO to the
donor‟s HOMO to close the circuit. The aliphatic spacer (σ) ensures, by establishing a tunnel
barrier between the donor (D) and the acceptor (A), that the electron density on either side of the
4

rectifier molecule does not equilibrate. This electron transfer is unidirectional (only from right to
left, Figure 3a and 3c); the reverse flow of electrons does not occur as it requires greater energy
(Figure 3d and 3e).
In the past few decades, D-σ-A molecules have been synthesized and rectifying behavior
has been measured on monolayers formed by the Langmuir Blodgett (LB) technique.

27-29

Molecules for making LB monolayers typically need to be made amphiphilic by attaching either
pendant nonpolar (e.g., alkyl) groups to yield a hydrophobic end, or pendent polar (e.g.,
polyethylene glycol or PEG) groups to make a hydrophilic end.

26-29

Monolayers of such D-σ-A

molecules are made by spreading and compressing the molecules on top of the water subphase in
a LB trough. Such a monolayer is carefully lifted onto a gold coated electrode. The second
electrode is introduced by vapor deposition. 5 These techniques will be described in detail in
section 1.8.
Monolayers can also be made using the Self Assembled Monolayer (SAM) technique.30
SAMs are formed when surfactant molecules spontaneously adsorb on specific surfaces. Gold is
the suitable substrate for the formation of SAMs from thioacetates 31,32, thiols

33,34

and

disulfides.35,36 The most robust and best characterized SAMs are those comprising alkanethiols
on gold.33 Owing to their ease of preparation and high degree of ordering, they have been widely
used. Donor-Sigma-Acceptor based SAMs have been studied towards their applications in
molecular electronics.37
Since the introduction of the concept of the D-σ-A molecular rectifier, several
experimental7-9 and theoretical studies10,11 have been carried out to understand the behavior of
D-σ-A molecules. Monolayer structures were assembled using different deposition techniques
(Langmuir-Blodgett (LB)7,12-16, Self-Assembled (SA)17-20, ionic assembly21,22), and different

5

methods were used to study the electrical behavior of organic monolayers (scanning tunneling
microscope (STM)23, atomic force microscopy (AFM)24, Hg drop junction25, mechanically
controlled break junction26, nanopore27, cross wires28, etc.).
This thesis presents the design and synthesis of various D-σ-A‟s (organic rectifiers) with
different anchorages and orienting tails and several applications. Mainly this work includes the
synthesis of D-σ-A molecules with sulfur anchors29, which will be useful to maintain consistent
rectification ratios (RR) for future applications with molecular electronics, and the study of
orientation properties at the air/water interface of Langmuir-Blodgett films using D-σ-A
molecules with PEG tails.
Chapter 1 includes background about the donor, acceptor and swallowtail components of
D-σ-A molecules, as well as details about methods and materials needed to make monolayers
along with their characterization techniques.
Chapter 2 describes synthesis of target D-σ-A molecules with different tails and donors
and synthetic conclusions.
Chapter 3 presents the results and conclusions obtained from studies of the LB
monolayers of the D-σ-A molecules including a brief section on contact angle measurements.
Chapter 4 focuses on the experimental details of making all target and intermediate
molecules and also the procedures for making LB monolayers of D-σ-A molecules.
Chapter 5 includes the applications of the molecules synthesized in three different
sections. The first section includes the details of single molecule spectroscopy (SMS) of two
D-σ-A molecules, composed of pyrene as donor and perylene as acceptor separated by bridges
with two different spacer lengths; the second section includes the synthesis and DNA binding
studies of a series of symmetrical and unsymmetrical bisimides for investigating G-quadruplex

6

stabilization; and third section includes the synthesis of perylene based thiols and alkyl dithiol
molecules for making fluorescent Au25 nanoparticles and investigating the inter-staple cross
linking on Au25 nanoparticles.

7

1.3. Electron donors and electron acceptors
Since Aviram and Ratner proposed the tetrathiafulvalene-σ-7,7,8,8-tetracyano-p-quinodimethane (TTF-σ-TCNQ) dyad 1 as a unimolecular rectifier5, several research groups aimed at
modification of these donor and acceptor moieties to achieve better conductivity properties/
charge transfer properties.30,31 Among all kinds of electron donors and acceptors, donor TTF (2)
and acceptor TCNQ (3) (Figure 4) have been widely used for the study of charge transfer
processes.

Figure 4. Structures of TTF and TCNQ

1.3.1. TTF and related electron donors
Focus on TTF as an electron donor started with the discovery of TTF based organic
conductors in 1972.32 Since then TTF has been the most extensively studied donor in the area of
molecular electronics. Although the dibenzo derivative of TTF (DBTTF, 4) (Figure 5) was
synthesized in the 1920s33, interest in sulfur based donors increased in the early 1970s when
Coffen34, Hunig35 and Wuld36 prepared unsubstituted TTF.
The field of TTF chemistry is still alive and efforts to make new TTF derivatives and to
use them as electron donors and test their charge transfer abilities for different purposes are in
progress. Several reviews outlining the applications of these new TTF based materials have been
published in the past few years.37-40
8

Several modifications of the TTF moiety have been performed to achieve better
conductivity properties or to understand structure-activity relationships. Among them, the
replacement of two sulfur atoms in the TTF framework by nitrogen atoms leads to the
dithiadiazafulvalenes (DTDAFs, 6) (Figure 5).41 DTDAFs are an interesting class of electron
donors with electron donating capability greater than the parent TTF.42 Compared with TTFs,
DTDAFs exhibit higher electron-donating properties but an instability upon air exposure leading
to various oxidative rearrangements. 43 Even though DTDAFs have been known for almost 50
years, very few compounds of this family have been studied as they are oxygen sensitive and
difficult to handle.44-45
Trithiaazafulvalenes (TTAFs, 5) (Figure 5) are another family of TTF derivatives which
exhibit intermediate properties between the DTDAF and TTF derivatives and show the best
features of each family, that is, the excellent electron donating properties of DTDAF and the
stability of TTF.46

The first TTAF was reported 30 years ago from the reaction of

3-methylbenzothiazolium salt with 2-piperidino-1,3-benzodithiole affording a benzoannelated
TTAF.47

Figure 5. Structures of DBTTF, TTAF and DDTF.

9

Andreu et al.48 synthesized aza-analogues of extended TTF incorporating polyenic chains
of two (7), four (8) or six (9) conjugated atoms between the 1,3 dithole ring systems (Figure 6).
Extended tetrathiafulvalenes have attracted much attention due to their low oxidation potentials
compared to TTF derivatives.

Figure 6. Extended TTF derivatives

1.3.2. Super Electron Donor (SED)
Making a simple but powerful neutral organic Super Electron Donor (SED) is always an
important goal. Murphy et al.49 synthesized a super electron donor, bispyridinylidene 11, in two
steps starting from 4-DMAP by performing a base treatment of pyridinium salts 10 (Figure 7).

Figure 7. Base treatment of pyridinium salt 10 to make bispyridinylidene 11. 49
Most of the SED‟s are sensitive to oxygen and difficult to characterize. As it is difficult
to conduct experiments to make new SEDs due to their sensitive nature to oxygen, Wang et al. 50
developed theoretical methods to accurately calculate the redox potentials of some SEDs. They
designed new species related to tetraazafulvalene and evaluated their redox potentials in search
of new SEDs (Figure 8).
10

Figure 8. Structures of Super Electron Donors (SEDs)

Tetraazafulvalene (TAF) 12 has all four sulfur atoms of TTF substituted by nitrogens
and its E°redox is -1.23 V, 1.79 V lower than that of TTF (E°redox = 0.56 V). The N-methylated
TAF 13 has an E°redox value of -1.03 V. In DTDAF 6, two sulfur atoms of TTF are substituted by
nitrogens and its E°redox is -0.23 V, 0.79 V lower than that of TTF. This indicates that substitution
of nitrogen atoms is a promising method to construct SEDs.
Introduction of selenium atoms instead of sulfur atoms in TTF lowers the electron
donating ability. Bis(ethylenedithio)tetraselenafulvalene (BETS) 15 has the E°redox value of 0.74
V. On the other hand TMTSF 14 performs slightly better than 15 with E°redox value of 0.69 V. It
is clear that the trend of the E°redox of TTF analogs is N < S < Se.

11

1.3.3 Other one electron donors used in this project
Laurent, in 1837, discovered pyrene in the residue of the destructive distillation of coal
tar.51 Since then this polycyclic aromatic hydrocarbon has been the subject of tremendous
investigation. We have chosen pyrene amines 16 and 17 to investigate the influence of spacer
ength (σ) in charge transfer processes between the pyrene donor and perylene bisimide acceptor.
Ferrocene (Fc) (19) was chosen because of its attractive properties, such as high degree of
hemical and thermal stability and robust and excellent reversible Fc/Fc + redox couple.52 TMPDA
(18) is known for its excellent donor properties. The electron density of the nitrogen lone pairs is
released into the aromatic system, which makes the aromatic ring electron rich and gives
TMPDA good donor properties. 6

Figure 9. Other one electron donor molecules.

Our group (the Mattern group) has used pyrene (16 and 17), tetramethylphenylene
diamine (TMPDA) (18), and ferrocenyl (19) as standard donor groups for making D-σ-A
molecules. 6 Synthesis of these molecules will be discussed in Chapter 2.

12

1.3.4 TCNQ and other electron acceptors
Since Aviram and Ratner‟s proposal of a unimolecular rectifier, different acceptor groups
like fullerene 2053, phthalocyanine 2154, pyromellitic diimide 2255, quinone 2356, tetracyanoanthraquinodimethane

54

, thioindigo

57

, and viologen and related acceptors

58

have been

covalently attached to TTF to study the charge transfer properties of D-σ-A molecules, but none
of these acceptors match with the electron accepting ability of tetracyanoquinodimethane
(TCNQ, 3). TCNQ is the historical example of a strong electron acceptor molecule. It exists
principally as a radical anion TCNQ - or as weakly bonded dimers. 59

Figure 10. Electron acceptor molecules.

Among the large number of organic electron acceptors, cyano-rich acceptors are the
most prominent class of compounds for organic electronics due to their strong acceptor power. In
addition to TCNQ, tetracyanoethylene (TCNE,

24)60,61 and

2,3,5,6-tetrafluoro 7,7,8,8

tetracyanoquinodimethane (F4-TCNQ, 25)62, together with their derivatives, are widely used for
studying charge transfer properties.
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Figure 11. F4-TCNQ and TCNE derivatives.
Recently, Breiten et al.

63

synthesized cyclohexa-2,5-diene-1,4-diylidene expanded

derivatives as electron acceptor components by [2+2] cycloaddition of TCNE, TCNQ and F 4TCNQ to electron rich alkynes. These represent a new class of cyano-rich non-polar organic
acceptor molecules. Bis-adduct 27 was obtained in 82% yield upon heating the diyne 26 with
TCNE (2 equiv) at 80° C for 2 days. 63

Figure 12. Bis-addition of TCNE to anilino-capped buta-1,3-diynes. 63

Perepichka et al.

70

made a polynitrofluorene component which has strong acceptor

properties to study the charge transfer properties of TTF-polynitrofluorene conjugate 28.
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Figure 13. Polynitrofluorene acceptor coupled to a TTF derivative. 70

1.3.5 Perylene bisanhydride and perylene bisimide
Perylenetetracarboxylic bisimide (PBI, 30) along with its precursor compound perylene
tetracarboxylic bisanhydride (PTCBA, 29) represent one of the most thoroughly studied acceptor
systems with possible applications in molecular electronic devices and photovoltaic cells. 65-67
PBIs exhibit unusually valuable properties like high fluorescence quantum yields which are near
unity and good photo and thermal stability. 68

Figure 14. PTCBA and perylenebisimide (PBI)

PBI is a divalent acceptor with possible synthetic attachments at both imide nitrogens.
Several perylenebisimide based D-σ-A molecules can be synthesized by attaching a donor on one
side and a solubilizer tail on the other side. Solubilizer tails are essential as simple perylenebisimide molecules are not soluble in common organic solvents. Mattern et al. 6 developed a class
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of molecules containing PBI as an electron acceptor with various donors, functionalized with a
nonadecyl swallowtail 70 to aid in proper Langmuir-Blodgett (LB) film formation. More details
on these molecules will be discussed in the later chapters.

1.4 Solubilizer tails
For rectification to be conveniently measurable by macroscopic electrodes, a group of
these D-σ-A molecules needs to be arranged as an ordered monolayer in register, i.e., molecules
should be arranged in the same order as shown in Figure 15a.

Figure 15. a and b). D-σ-A molecules in and out of register in a monolayer. c and d). Metal |
Molecule | Metal sandwiches with and without lipid tails and sulfur anchors.

Solubilizer (alkyl and PEG) tails are used to help to induce solubility to the D-σ-A
molecules. For example, Heath and co workers 77 made a TTF based D-σ-A molecule with C5H11
16

tails to study the rectification properties of LB monolayers. Also, alkyl tails attached to one end
of the molecule are helpful to make well-ordered Langmuir-Blodgett monolayers.7 Mattern et al.
reported D-σ-A molecules like 31 and 32 with one or two lipid tails for making LB films (Figure
15c and 16).73 Alkyl or PEG tails with sulfur anchors (Section 1.4.2) allow the formation of
SAMs on a gold electrode surface as sulfur has strong interaction with the gold. 75 Sulfur anchors
could also serve to stabilize metal |organic molecule| metal sandwiches of LB films (Figure 15d).

Figure 16. D-σ-A molecules with lipid tails for making LB films. 73

1.4.1 Alkyl Swallowtails
Langhals et al.

76

have improved the solubility of perylenebisimides by attaching the

imide nitrogens to 2° carbons in the middle of long alkyl chains. They called these alkyl tails
“swallowtails”; an example is shown in 33. We typically attach C19 alkyl swallowtails to
unsymmetrical perylenebisimides for conducting Langmuir Blodgett and rectification
experiments. We can find a wide variety of perylene based symmetrical and unsymmetrical
17

bisimides with different alkyl swallowtails attached in a wide range of applications in organic
electronics and biology.

Figure 17. Example of D-σ-A molecule with swallowtaill chains 72

1.4.2 Sulfur anchors
The sulfur-gold combination has gained huge popularity due to the strong and specific
affinity of sulfur with gold. Among different sulfur moieties, thiol groups have a special binding
preference with the gold substrate, allowing the formation of molecular SAMs. However, the
reactivity of the thiol group has become a growing concern. For example, when a neighboring
group is thiol sensitive, various unwanted side reactions can occur like intramolecular cyclization
or intermolecular

polymer formation. Free thiols can be protected as thioethers (S-benzyl

derivative) or thioesters (S-acetyl or S-benzoyl derivative) or may be oxidized to symmetrical
disulfides. 74
Previous research has demonstrated that high-quality monolayers can be formed from
disulfides;

75

however, the assembly process is slower than that observed with thiols and the

properties of the resulting monolayers can differ from those of thiol derived monolayers.
Alternative strategies to make monolayers from protected thiols include the in situ generation of
free thiols by the deprotection of functional groups (e.g., upon treatment with acid or base). This
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strategy, however, requires all other functional groups within the molecule to withstand acidic or
basic conditions. Interestingly, S-acetyl protected thiol can be used directly to generate self
assembled monolayers.

69

Although the quality of monolayers produced by this direct adsorption

was not thoroughly investigated, studies found that long immersion times of the gold substrate in
a concentrated solution of thioacetates would allow formation of monolayers.
In this project, alkyl and PEG swallowtails with sulfur anchors are prepared to induce
stability to monolayers of D-σ-A molecules by attaching them to the surface of the gold electrode
using sulfur hooks. Three different sulfur anchors (thioacetyl, thiol and disulfide) were made for
some molecules, so that their relative abilities to induce greater stability to the monolayer
sandwiches could be studied.

1.4.3 Poly Ethylene Glycol (PEG) swallowtails
PEG tails are widely used to improve solubility in polar solvents. 76 Like alkyl
swallowtails, various PEG tails have been used to improve the solubility of perylenebisimides, as
in 34 and 35 (Figure 18).77 PEG tails can impart liquid crystalline characteristics to PBI
compounds,78 which improve π-π stacking, allowing dynamic reorganization and easier
processing. Cormier and Gregg

78

reported PBIs with branched PEG chains instead of linear

chains and found that branched chains lower melting points. Murray et al. 79 synthesized PBIs
with short PEG tails which are soluble in common solvents ranging from alcohols to toluene.
The synthesis and the structure-property relationships of several PEG-tailed N-substituted PBIs
were studied by Thelakkat et al. 84
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Figure 18. Perylene bisimides with PEG tails.
The main objective of using PEG swallowtails for this project was to inverse the
orientation of the D-σ-A LB film at the air/water interface. To have control of the direction of
electron transport across the monolayer, we wanted to be able to reverse the orientation of the

Figure 19. Perylene bisimides with PEG swallowtails could inverse the orientation of the
monolayer on a Langmuir-Blodgett trough.
20

LB film by changing the polarity of the swallowtail. We expected that swallowtails with
hydrophilic polyethylene glycol (PEG) arms instead of alkyl arms would be more hydrophilic
than our donors, and reverse the film's orientation and its direction of rectification (Figure 19).
That is, we expected that the PEG swallowtail would prefer the aqueous subphase of the LB
trough and would comprise the bottom of the monolayer, while the donor end would be in air
and comprise the top face. In addition, PEG ether oxygens would provide a less-insulating layer
compared to the hydrocarbon swallowtails, and this might allow for a greater tunneling current
through the monolayer.

1.5 D-σ-A molecules
As mentioned in section 1.2, Donor-σ-Acceptor molecules contain an electron donor
group (D) and an electron acceptor group (A), connected through a nonconjugated sigma bridge
(σ). 6 The first rectification studies of D-σ-A molecules were reported in the 1980‟s. Satio et al.80
showed rectification of LB films based on merocyanine and triphenylmethane dye derivatives.
However, in both the cases, it was reported that rectification was due to the Schottky barrier,
rather than being based on the orbital properties of the molecule. Rectification behavior of a
single D-σ-A molecule, hemiquinone 36, was reported in 1988.82

Acceptor

Donor

Figure 20. D-σ-A molecule with catechol as donor and quinone as acceptor. 82
21

Figure 21. DOP-C-BHTCNQ (D-σ-A molecule). 83

Sambles et al.

83

studied systems of Pt | DOP-C-BHTCNQ |Mg, Ag (Figure 21). Very

high values of current and the hysteresis obtained from the measurements cast doubt as to
whether rectification was a result of the proposed Aviram-Ratner mechanism. The hysteresis
could have been an indication of either contamination in the film or the presence of a flexible
bridge. However, the observed rectification was more likely attributed to the Schottky effect. 84

Figure 22. OHAPy-C-DNB ( D-σ-A molecule) 85

Sambles et al.85 later reported the I-V characteristics for multilayers of another D-σ-A
system (OHAPy-C-DNB, 38) (Figure 22). The recorded I-V curves showed a high rectification
ratio (RR) in excess of 100 before breakdown and no hysteresis was observed. It should be noted
that direction of flow of current was in opposite direction to that expected from the Aviram and
Ratner theory. However, these results were criticized due to the high possibility of short circuit. 86
22

Twenty years after the Aviram-Ratner breakthrough, studies of tetrathiofulvalene-σacceptor molecular rectifiers 39 and 40 (Figure 23) were published by Ho et al. 71 However, the σ
linker of 39 was too long and flexible, which introduced an additional tunneling barrier, and also
led to an unwanted heal-to-tail intramolecular-complex conformation. To eliminate these
problems, the next compound 40, had a shorter bridge. Molecules 39 and 40 were sandwiched
between n-Si/SiO2 and Ti, Al electrodes. Many publications

87,88

have claimed that the origin of

molecular rectification was from the use of oxidizable electrodes. Studies of 40 sandwiched
between Au and Hg electrodes showed rectification in the opposite direction to the one obtained
for n-Si |SiO2| molecule |Ti, Al. This confirmed that the rectification originated from electrode
surfaces.71

Figure 23. TTF based D-σ-A molecules. 71
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Experimental verification of the Aviram-Ratner concept proved to be difficult to obtain.
Although the D-σ-A systems tested above showed rectifying behavior, the use of reactive
electrodes such as Ti, Mg, and Al raised some doubt as to whether the true properties of the
monolayer were indeed measured. To avoid these misleading measurements, D-σ-A systems
needed to be sandwiched between non-oxidizable electrodes.89
Metzger et al.

90

reported the unimolecular rectification of the D-π-A system C16H33Q-

3CNQ (hexadecylquinolinium tricyanoquinodimethanide, 41) (Figure 24) in 1997. The
monolayer rectification of 41 between Al electrodes can be seen reproducibly, but repeated
cycling decreases the rectification ratio, as the molecules presumably reorient in the intense
electrical fields.

Figure 24. Zwitterionic molecular structure of C16H33Q-3CNQ system. 90
For 41, the rectification ratio is 26 at 1.5 V. Several other groups also reported the
rectification of monolayers of 41 and thus it became an established fact.

1.5.1 Perylenebisimide based D-σ-A molecules
Mattern

et

al.

6

prepared

PBI-based

D-σ-A-lipid

molecules

starting

with

perylenetetracarboxylicbisanhydride (Figure 24). One imide nitrogen was attached to a
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swallowtail lipid (a long alkyl tail connected at midchain), which imparts solubility and also
provides a lipophilic region suitable for promoting LB film formation. The other imide link was
to a donor group like pyrene or ferrocene (Fc) through a short alkyl sigma bridge.
Compound 42 has a pyrene donor moiety (D) connected to the perylenebisimide acceptor
by a single-carbon (methylene, -CH2-) sigma bridge (σ): it is thus a D-σ-A molecule with a
minimum-length bridge.

7

Compound 43 is similar to 42, except that the pyrene and

perylenebisimide moieties are connected via a four-carbon (tetramethylene, -CH2-CH2-CH2CH2-) bridge. It should be noted that the sp3-hybridized methylene bridge of 42 requires that the
planes of the pyrene (D) and the perylenebisimide (A) be nonparallel, while conformational
variability suggests that the pyrene and perylenebisimide planes of 43 could be parallel to each
other. Compound 44 has a ferrocene donor instead of pyrene.

Figure 25. Perylene based D-σ-A molecules with C19 alkyl swallowtail. 7
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Metzger et al. 7 studied LB monolayer and I-V characteristics of the above three molecules. A
well-packed LB film is not formed from 43, but LB monolayers of 42 and 44, arranged between
two electrodes in a “Au | D--A | Au” sandwich, rectify electric current; 42 shows a rectification
ratio between 2 and 3 at ± 1 V that decreases upon cycling, and 44 has a rectification ratio
between 14 and 28 at ± 1 V for up to 40 cycles of measurement. Both 42 and 44 show decreases
in the RR with repeated voltage cycling. This could be due to molecular decomposition or
molecular reorientation. One goal of this dissertation is making analogues of the above
molecules which can induce orientational stability during repeated voltage cycling by the use of
sulfur anchors.

1.6 Monolayer deposition
Any organic material (e.g. D-σ-A molecule) to be considered for the use as a molecular
electronic device needs to be aligned in a defined way (Figure 15c). Two deposition techniques,
Langmuir-Blodgett (LB) and Self-Assembled Monolayer (SAM), are routinely used to create
aligned monolayers.

1.6.1 Langmuir-Blodgett technique
The history of Langmuir films dates back to 1774, when Benjamin Franklin deposited oil
on the water surface and observed its calming influence at Clapham Pond. 91 Later, in the 1880s,
Rayleigh

92

studied the surface tension lowering effect when oil was distributed on a water

surface. Then, in 1891, Pockel‟s studies 93 proved that oil formed a thin layer at the surface.

Finally, joint studies by Langmuir and Blodgett led to the technique that allowed
monolayers to be deposited on solid substrates, resulting in Langmuir-Blodgett (LB) films.
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1.6.1.1 Materials for Langmuir and LB films
Organic thin films have attracted considerable attention over the past few decades for
their potential applications94, 95 as sensors, membranes, displays, transistors, etc. The Langmuir
film 96 is a monolayer formed by amphiphilic molecules at an air/water interface.

Hydrophobic tail

Hydrophilic carboxylic acid group

Figure 26. Amphiphilic arachidic acid with hydrophobic tail and hydrophilic carboxylate tip.

The monolayer-forming molecules consist two distinct parts: a hydrophilic and a
hydrophobic part (Figure 26). The hydrophilic part is readily soluble in water, while the
hydrophobic part is soluble in non-polar solvents. This specific architecture allows the molecule
to be anchored at the interface of the two phases (usually water-air) and eventually form the
Langmuir film. However, a correct balance between the hydrophobic and the hydrophilic part
must be maintained. It was discovered

95,96

that C12H25 appeared to be a critical length for the
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aliphatic chain for longer fatty acids. The formation of a stable monolayer was difficult to
achieve with chain lengths less than this. Extensive studies96-98 of amphiphilic molecules also
revealed that any changes implemented to either the hydrophilic or hydrophobic part would
result in changes to the material properties, alignment and structure. These are important features
because they allow the production of molecules with desirable properties in a controlled way.
For instance, an increase of the chain length causes a decrease in the water solubility of
the molecule. Stewart et al. found that the formation of a stable monolayer in a series of
anthracene derivatives 46 (Figure 27) requires the presence of at least thirteen saturated carbon
atoms in the molecule‟s tail .99

R = CnH2n+1, 4≤n≤12
X = CH2CH2COOH

Figure 27. Anthracene derivatives studied by Stewart .99

Introduction of double bonds in the alkyl tails would disrupt the geometry of the chain
and also influence the packing and consequently alter the properties of the films.

96,97

Modifications in the head group of amphiphilic molecules can be introduced by making different
head groups like ester (-CO2R), amine (-NH2) or alcohol (-OH). 96, 97
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1.6.1.2 Pressure-area isotherms
The LB isotherm is a plot at a fixed temperature of the surface pressure of the film as a
function of the area of the water surface available for the film. In order to be obtain these
isotherms, molecules of interest are dissolved in a non-polar and volatile solvent that does not
mix with the aqueous subphase.97 A freshly prepared solution is then deposited drop-wise on a
clean surface (usually de-ionized (DI) water), which must have previously been submitted to a
purification process. The solution, once deposited on the water surface, will spread rapidly and
cover all the available area. The molecules orient spontaneously in such a way that the polar
head groups are immersed in the water and the long hydrocarbon chains are pointing towards the
air. Islands of monolayer can form as the solvent evaporates to leave the molecules as a highly
disordered film on the surface. The film is then compressed with moving barriers, causing the
molecules to align and eventually to assemble into a well-packed and ordered structure that is
called a Langmuir film. 97

Figure 28. Alignment of the amphiphilies on the surface of the water (air/water interface).
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The state of the monolayer can then be characterized by monitoring the changes in the
surface tension.97,100 The surface pressure is defined as the difference between the surface
tension of pure water in the absence of monolayer (γ 0) and that of the water covered by the
monolayer (γ):

Π = γ0 – γ

(1)

The surface pressure is measured using Wilhelmy plates attached to a microbalance. The
Wilhelmy plate is a strip of a very thin material that can be platinum, glass, quartz, mica or
chromatography paper, which, when suspended at an air-water interface, is pulled down into the
subphase by the surface tension of water (Figure 29). 100

Figure 29. Arrangement of Wilhelmy plate.

An isotherm is the most important indicator of the monolayer properties of an
amphiphilic material. The shape of the isotherm is characteristic for the molecules that form the
thin film and it provides information about the size, orientation, degree of order and stability of
the compressed monolayer at high pressures. 97 In the ideal case, three characteristic twodimensional phases can be observed on the isotherm: gas, liquid and solid phases (Figure 30). In
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the gas phase, molecules stay highly disordered, and the intermolecular distance between
molecules is large and interactions between them are small. Hence, the monolayer has rather
little effect on the water‟s surface tension and the surface pressure is very low (close to zero). As
the result of a slow compression, molecules are forced close to each other and start forming a
more ordered structure and the surface pressure rises

13,97

. This effect is observed in the next

phase and is called the liquid phase. Further compression leads the liquid phase into the solid
phase. At this stage the molecules are very closely packed and interact strongly with each other
and consequently the surface pressure increases dramatically (Figure 30).

Figure 30. Pressure-Area isotherm showing three different 2-dimensional phases. 97

The solid phase reflects the well-defined and ordered monolayer.

97

The film will

eventually reach a collapse point when further compression is applied to the monolayer beyond
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the solid phase and this is characteristic for every Langmuir film. It is defined as the maximum
pressure to which a monolayer can be compressed and still retain its well-ordered structure. After
this point the film breaks and the surface pressure stops rising at the same rate or drops
significantly with continued compression. 97
Instead of evenly covering the available area when first spread on the water surface,
molecules will often group to form islands or domains. Therefore, the shape of an isotherm can
significantly differ from the ideal. With an ideal isotherm, the boundaries of the phases are easily
identifiable, but in practice, as presented in the results here, these boundaries may not be so
clearly defined, and sometimes the collapse point may be different to pinpoint.

1.6.1.3 Experimental conditions for making LB films
The monolayers formed using the LB technique can be of fairly high quality but great
care must be taken to ensure film consistency.

96, 97

The parameters to be considered include the

design of the molecules, the subphase and solvents, chemical purity of all the components, LB
trough design and the environment. A crucially important factor in the design of the amphiphile
is having a correct balance between the hydrophilic and hydrophobic parts. If the „tail group‟ is
not hydrophobic enough, then the whole unit may dissolve in water. On the other hand, if there is
no adequately hydrophilic part, the molecule may form a thick multilayer film on the surface.
The molecules need to be soluble in an appropriate organic solvent that is highly volatile and
insoluble in water, and also chemically inert in relation to the studied material. 97,

100

Some

organic solvents dissolve in water, and so the amphiphile (instead of generating a monolayer on
the surface) can „sink‟ or precipitate in the subphase. This is very common when acetone or
isopropanol are used as a solvent.

103

The subphase that is most commonly used is water.

However, there are reported cases when mercury was utilized.
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101

Before use, water is subjected

to a double-distillation purification process to eliminate contamination. Only the highest purity
chemicals should be used for solution preparation. The trough and substrates used for the
experiment need to be carefully cleaned. There are also constraints set for the material the trough
can be made of: the material must be inert and must not release impurities into the subphase. A
clean-room environment also needs to be provided. Any contaminants, even very small amounts,
can be easily incorporated into a generated monolayer, which can significantly alter the area per
molecule and change the monolayer properties. 103, 97

1.6.1.4 LB film deposition
At the appropriate target pressure (just below the collapse pressure) the film can be
transferred, or deposited, onto a solid substrate. Using a dipper mechanism, the substrate is
slowly immersed into, or withdrawn from, the subphase, passing through the Langmuir film.
During transfer of the compressed monolayer onto the substrate, the pressure is kept constant by
a moving barrier. It is very important to choose the correct pressure for the deposition. If it is too
low, the monolayer will not be well-packed, and if it is too high, the film can collapse during
transfer onto the solid substrate.
There are two methods of deposition depending on the substrate‟s character. If it is
hydrophilic, then the dipping direction is on the upstroke (Figure 31), if it is hydrophobic, then
the deposition will be on the downstroke. 96,100 LB monolayers deposited on the upstroke on a
hydrophilic substrate are considered as Z-type LB films (Figure 31).7
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Figure 31. Upstroke deposition of an LB monolayer onto a solid hydrophilic substrate to form a
Z-type film.102

Repeated dipping can deposit multilayers onto the substrate. Depending on the
orientation of the layers with respect to the substrate, and to each other, multilayers can be
aligned on the solid substrate in three different ways: X, Y, and Z alignment. 97 These are
illustrated in Figure 32.

Figure 32. X,Y and Z alignment of LB multilayer.
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In the X-type multilayer alignment, all layers are transferred on the downstroke and a
hydrophobic end is next to the substrate. No deposition occurs during upstrokes and a tail to tail
arrangement results. In the case of Y-type, the first layer is deposited on the upstroke and the
second layer is transferred on the downstroke and this process is then repeated. In this case the
layers are deposited so that they are aligned in a head-to-head and tail-to-tail arrangement.
The third alignment is the Z-type, where each layer is transferred on an upstroke and a
hydrophilic end is next to the substrate.

96, 97

To deposit Z-type films, the solid substrates are

positioned inside the subphase before spreading the molecule on top of the subphase, and the
first layer is deposited on the first upstroke.

1.7 Self-assembled monolayers
Much research has been focused around the deposition method known as self-assembly.
103, 104

This method has potential for applications in corrosion control, sensors, biological systems

and electronic devices.

103, 105

Experiments regarding this deposition method were first reported

in 1946 by Zisman.106 However, interest was renewed in the early 1980‟s, and since there has
been rapid growth in the number of published papers.

107-109

Self-assembled monolayers (SAMs)

are defined as stable, well-ordered organic molecular assemblies that are formed on a surface
spontaneously, either from solution or gas phase. The organic constituents are adsorbed on an
appropriate substrate in an immersion process, which is based on a chemisorption phenomenon.
Adsorption is driven by the formation of a chemical bond between a molecule and the substrate
103, 110

(Figure 33). The substrate acts as a support for the SAM. Its surface, depending on the

application of the deposited SAM, can vary from planar (glass or silica, covered by very thin
metal films of gold, silver, copper, platinum, mercury or iron) to highly curved monostructures
(colloids, nanocrystals and nanorods) . 117
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Figure 33.

Formation of a Self Assembled Monolayer on a substrate. [Copyright

permission obtained from Prof.Hiroyuki,Kyoto University, Japan.] 158

1.7.1 Materials used in SAMs
A wide variety of molecules can be incorporated into the structure of a SAM. These
include alcohols, fatty acids, organosilicon derivatives and organosulfur compounds. 103 Similar
to molecules used in the LB technique, the organic assemblies consist of various segments

(Figure 34).
Figure 34. Components of Self Assembled Monolayer on the substrate. . [Copyright permission
obtained from Wikipedia: Public domain] 159
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The head group determines the affinity to the solid substrate. Strong molecular-substrate
interactions result in pinning the „head groups‟ to the surface. These interactions can be a strong
covalent bond formed between Si-O in the case of alkyltrichlorosilanes attached to hydroxylated
surfaces; a strong, covalent, but slightly polar chemical bond between Au-S for alkanethiols
deposited on gold; or a weaker, ionic -CO2 -Ag+ bond for carboxylic acids on AgO/Ag (Figure
35).117

Figure 35. Formation of Self Assembled Monolayers on different substrates.
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117

The second segment of the self-assembled molecule is the „tail‟ that can include alkyl
chains and/or aromatic rings. This part of the molecule provides a well-defined thickness to the
SAM and also acts as a physical barrier. 111,112
Finally, the „functional group‟ determines the surface properties. The terminal groups can
be chosen with regards to the application of the monolayer, and can include

-CH3, -OH,

-(C=O)OCH3, -(C=O)CH3, -(C=O)CF3, -(C=O)C6H5, -COOH or -OSO3H103,111

The most

extensively studied compounds are organosulfur molecules108,112-114 such as alkanethiols, sulfides
or disulfides (Figure 36). These molecules bind to the surface of metals via the formation of a
metal-sulfur bond. Due to thiols having a very high affinity to gold (a strong gold-sulfur bond is
easily formed), they generate well-defined and ordered monolayers. The first results referring to
the deposition of organosulfur compounds on gold were published in 1982 by Taniguchi. 115

Figure 36. Organosulfur compounds for making Self Assembled Monolayers. 111,113,114
1.7.2 Experimental conditions for making SAM’s
Similar to the LB technique, there are a few very important parameters that influence the
order109, stability and rate of the deposition108,112 of the SAM 121, and these include the molecular
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structure, chemical purity, cleanliness of the substrate, concentration of the solution, immersion
time and temperature.
An understanding of the relationship between a molecule‟s structure and its organization
on the surface is essential. The packing and orientation of molecules affect surface chemistry and
are crucial to successfully produce monolayers with the desired properties. Therefore, the
molecular arrangements of alkanethiol SAMs on Au (111) surfaces have been studied 116.
Alkanethiol molecules within the monolayer have a tendency to be tilted with respect to the
surface normal, typically by 30º

117

, whereas aromatic compounds, such as p-biphenylthiols, p-

terphenylthiols, and oligo(phenylene ethylene) thiols appear to be bonded to the surface at
different angles.

103

Porter et al.

118

discovered that a reduction of the alkyl chain length of n-

alkylthiols leads to disordered monolayers with lower packing and coverage. Other concerns are
the purity of studied molecules and solvents, and the use of a clean substrate. It is important to
minimize the amount of any contamination, as it can be easily incorporated into the monolayer
and consequently affect the structure and properties.

103, 119.120

The most common solvent used to

prepare SAMs is ethanol. The reason it is used so widely used is that it dissolves a variety of
alkanethiols with varying degrees of polar character and chain length. It is also available with
high purity and shows low toxicity. 98
The concentration of adsorbate and the duration of immersion play important roles in the
adsorption process and they are inversely related. The lower the concentration of the adsorbate
solution, the longer the immersion time required for the deposition. Additionally, increasing the
individual immersion time reduces the number of multiple immersions and consequently reduces
the overall time required for the process of monolayer formation . 108,113
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SAMs formed at temperatures above 25ºC exhibit higher order due to the improvement in
kinetics. The higher temperature also increases the rate of desorption for adventitious impurities
and solvents physisorbed on the surface. 108,98 Uosaki et al. 121 stated that the temperature effect is
particularly important during the first few minutes of the deposition, when adsorption and
reorganization is taking place.

1.7.3 SAM deposition
There are several reasons why the self-assembly method has became so popular. First of
all, it is easy to prepare SAMs using this method and it does not require complicated and
expensive equipment. Moreover, the monolayers can be formed on objects of all shapes and
sizes.
The deposition procedure to form a SAM is very simple. 110 The molecules are dissolved
in an appropriate solvent, which is usually ethanol, with a concentration normally in the range of
1−10 mM. The freshly prepared solid substrate is then immersed into the solution for certain
periods of time to allow molecules to attach to the gold surface via a chemical bond (Figure 37).

Figure 37. Formation of Self Assembled Monolayer (SAM) on a substrate.
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Between each immersion the sample is rinsed with appropriate solvents in a certain
sequence to prevent physisorption of the molecules. The immersion time is individually matched
to each compound studied. The total time of deposition can vary between 100 to 1000 minutes or
more, as some molecules attach quicker than others.
Bain et al. 108,112 studied the kinetics of alkanethiol monolayer formation on gold. It was
found that there were two adsorption kinetics. For a solution with concentrations of
approximately 10-3M, the adsorption process occurred very rapidly during the first few minutes.
During this time 80-90% of the molecules were deposited. The kinetics then decreased
significantly and the process to complete a monolayer could take several hours.

1.8 Methods for monolayer characterization
1.8.1 Goniometer for contact angle measurements
1.8.1.1 Goniometer
A goniometer (Figure 39) is an instrument used to measure contact angles of water
droplets atop monolayers. Goniometer contact angle measurements are widely used to
understand the surface characterizations of the monolayers. The surface is placed with the
deposited monolayer side facing up. A syringe filled with distilled water is held vertically at ~1
cm from the coated face. A liquid droplet is pushed from the syringe onto the coated face to
determine the contact angle. The contact angle is the angle formed between the solid/liquid
interface and the liquid/vapor interface (Figure 38).122

41

1.8.1.2 Contact angle measurements
A drop with a contact angle over 90° indicates that the surface is hydrophobic. This
condition is exemplified by poor wetting, poor adhesiveness and low solid surface free energy.
A drop with a small contact angle indicates that the surface is hydrophilic. This condition reflects
better wetting, better adhesiveness, and higher surface energy.

Figure 38. Diagram of a hydrophobic and a hydrophilic drop [Copyright(c) 2011,Ramé-Hart
instrument Co., Used by permission.]

160

Figure 39. Goniometer used to measure contact angles of the D-σ-A monolayers. [Copyright(c)
2011,ramé-hart instrument co., Used by permission.]
42
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1.8.2 Rectification I-V measurements by Metzger123
To perform current-voltage (I-V) measurements that can demonstrate rectification,
Metzger sandwiches. LB monolayers of D-σ-A molecules between Au electrodes. First the
bottom electrode (an adhesion layer of Cr followed by Au) is evaporated onto a glass, quartz or
silicon (Si) substrate. After depositing the LB monolayer of the required D-σ-A molecule, the
monolayer is then dried for 2 days to remove adventitious water and the second electrode is
deposited through a contact mask to make Au pads on top of the monolayer using the „cold gold‟
evaporation method (Figure 40).

liquid nitrogen
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Au top pads
w ires

D--A
m onolayer
Au bottom
electrode

shadow
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Ar gas

D - - A
monolayer

QCM's

Ga / In
eutectic
drop

Au top pads

Au vapor
Au

Au bottom electrode

Figure 40. (a) Edwards E308 evaporator used for top electrode deposition. (b) Au|Monolayer|Au
sandwich used for the rectification experiments. 122
The evaporation chamber (Figure 40) used for the cold gold method consists of a copper
plate (to hold the sample), liquid nitrogen reservoir, a shadow mask, quartz crystal micro
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balances and an evaporation source. During the evaporation of the top electrode, a copper plate
holding the sample is cooled by a liquid nitrogen bath. Nearly 30-48 pads per substrate of area
0.283 mm2 are deposited on the monolayer, maintaining the chamber at 10 -3 units of argon. Cold
gold deposition forces the Au atoms to cool by undergoing multiple scattering by Ar atoms
before they reach the substrate and the temperature of the monolayer is maintained strictly below
0° C as the monolayer may not be stable above that temperature. Au pad thickness is measured
with the help of a quartz crystal microbalance.
After the top electrode deposition, I-V measurements are carried out to measure the
rectification properties of the monolayers using a Keithley 236 source measure unit controlled
with the help of the computer program Lab VIEW. The bottom electrode is connected to a gold
wire by a drop of gallium-indium (Ga-In) eutectic and the top electrode is connected by a drop of
the eutectic to a wire controlled by a micromanipulator. Parameters for voltage cycling like
voltage range, step size, sampling rate and number of voltage cycles can be adjusted in the Lab
VIEW program.
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CHAPTER 2
SYNTHESIS
2.1 Synthetic methods
2.1.1 Synthetic methods to make unsymmetrical bisimides (D-σ-A-Swallowtail molecules):
All the target alkyl and PEG D-σ-A-swallowtail molecules reported here are
unsymmetrically substituted perylene bisimides (PBIs, 53), where R≠R‟ (Scheme 1). These
unsymmetrical PBIs are prepared from perylenetetracarboxylic bisanhydride (PTCBA, 29). It is
usually not possible to prepare unsymmetrical bisimides by a stepwise condensation of 29 with
primary amines (R-NH2 or R‟-NH2). The reaction of excess 29 with a primary amine (R-NH2)
will not produce monoimide monoanhydride 52. Instead, the amines react preferentially with 52
to make symmetrically substituted bisimide 30.124

Scheme 1. General procedure to make unsymmetrical PBIs.
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Listed below are four different methods for making unsymmetrical bisimides 53. The
first three methods involve a crucial intermediate, the monoimide monoanhydride 52. The fourth
method involves direct condensation of two primary amines with 29, without isolating
intermediate 52.
1. Tröster‟s method, using a salt of 29.
2. Nagao and Misano method of basic equilibration.
3. Langhal‟s method of partial hydrolysis.
4. Simultaneous Condensation.
The choice of method depends upon the nature (alkyl or PEG) of the first substituent (R or R‟) to
be attached to make the unsymmetrical bisimide 53.
2.1.1.1 Tröster’s method (Scheme 2)
Tröster

125

found a way to make monoimide 52 with the help of the monoanhydride

monopotassium salt 56, which is called Tröster‟s salt. Compound 56 is made from 29, which is
insoluble in common solvents. Insoluble 29 is converted to the water-soluble tetrapotassium salt,
54, with four equivalents of aqueous KOH. Tröster‟s salt, 56, is formed by precipitation by
acidifying 46 with three equivalents of dilute phosphoric acid. Langhals et al. further optimized
this procedure by using acetic acid.124 Potassium salt 56 is insoluble in common solvents, even at
high temperatures. It can be condensed with primary amines in water to make imide 57, which
upon acidification gives monoanhydride 52, which can be condensed with another primary
amine (R‟-NH2) to make unsymmetrical 53. With this method, unsymmetrically substituted
PBI‟s can be prepared in large scale. The necessity of an aqueous medium, however, limits the
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scope of this reaction. This method is successful mainly with readily water soluble amines
having a short alkyl chain. 125

Scheme 2. Tröster‟s method of making unsymmetrical PBIs (53).

2.1.1.2 Nagao and Misano method of basic equilibration (Scheme 3)
Nagao and Misano

126

found a route to make perylene monoimide monoanhydride 52

directly by treating 29 with primary amines either in water or in a mixture of water and
propanol

126-7

at 60 °C. This procedure was successful with isobutyl, pentyl, hexyl and octyl

amines with decent yields of 78-89%. 127 Langhals et al. reported that the usage of Et 3N helps in
making more perylene monoimide monoanhydride 52 rather than perylene bisimide 30. 124
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Scheme 3. Nagao and Misano method of making unsymmetrical PBIs (53).
2.1.1.3 Langhal’s method of partial hydrolysis (Scheme 4)
On the other hand, Langhals et al. reported a general way of preparing monoimide
monoanhydride 52 by the partial hydrolysis of symmetrically-substituted perylene bisimides 30.
This approach is usually successful with long alkyl chain swallowtails as the R group.6, 124 In this
method, symmetrically-substituted bisimides (30) are made from PTCBA 29 and a primary
amine (R-NH2). They are then partially hydrolyzed by KOH in t-butanol to remove a tail on one
end of the 30 to make 52. Nagao and Misano depict a similar partial hydrolysis of symmetric
bisimides to monoimides 52 with conc. sulfuric acid at high temperatures (180 °C-200 °C), but
this method only works for simple aliphatic substituents like methyl, ethyl, propyl and butyl
groups. 127

Scheme 4. Langhal‟s method of making unsymmetrical PBIs (53).
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2.1.1.4 Simultaneous Condensation (Scheme 5)
Simultaneous condensation is another method of making unsymmetrical bisimides. This
is a problematic method as it produces both of the symmetrical bisimide side products 30 and 58
in addition to the desired unsymmetrical bisimide 53. This method is most useful in only some
special cases where the undesired products can be easily separated from the required products.

Scheme 5. Making unsymmetrical PBIs (53) using simultaneous condensation.

2.2 Synthesis
The synthesis section is divided into two parts. Part I includes the synthesis of D-σ-Aswallowtail molecules made from alkyl swallowtail amines having sulfur tips at the end of the
swallowtail arms, and part II includes the synthesis of D-σ-A-swallowtail molecules made from
PEG swallowtail amines having sulfur tips at the end of the swallowtail arms.
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2.2.0 Synthesis of alkyl D-σ-A swallowtail molecules having sulfur tips
We constructed the alkyl version of D-σ-A-swallowtail molecules having sulfur tips
in two ways, starting either from 11-bromoundecanoic acid or undecylinic acid (Scheme 6).
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Scheme 6. Strategy for preparing alkyl D-σ-A-swallowtail molecules having sulfur tips.
.
2.2.1. Synthesis of alkyl swallowtail amines.
To start with, we describe the synthesis of dihydroxyl and divinyl swallowtail amines 68
and 80, respectively.

2.2.1.1 Synthesis of dihydroxyl alkyl swallowtail amine 68
Our first goal in the synthesis was to make dibromo amine 64 (Scheme 7). Fischer
esterification of commercially available 11-bromoundecanoic acid 59 gave its corresponding
ester 60 in 80% yield. Bromoundecanoate 60 was then subjected to a TiCl4-catalyzed Claisen
condensation [128] in the presence of Bu3N at -78 °C. This reaction successfully gave dibromo
beta-ketoester 61 in 56% yield. Basic decarboxylation of 61 with satd. NaOH in a solution of
diethyl ether gave the required dibromoketone 62 in 65% yield. We then tried to convert 62 to
its corresponding oxime 63. Initial attempts to make 63 by treating 62 with NH2OH•HCl in the
presence of AcONa in EtOH at room temperature were unsuccessful. Reaction at higher
temperatures gave undesired side products. Therefore we tried a variety of reaction conditions
(Table 1) . All of these reaction conditions to make oxime 63 proved unsuccessful, perhaps due
to substitution at the bromo positions.
Reductive amination of ketone 62 in the presence of NH4OAc and Na(BH3)CN also
proved unsuccessful due to innumerable undesired side products formed in the reaction. A model
reaction of a C19 ketone (henicosan-11-one) with NH2OH•HCl and NaOAc was successful in the
formation of oxime in decent yield (62%). This proved that the bromine tips in ketone 62 were
causing trouble in making the required oxime 63.
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Scheme 7. Synthesis of dibromo amine 64.

Solvent

Reagent

Eq

Base

Eq

Temp

Time

Result

Ethanol

NH2OH.HCl

1.2

NaOAc

1.2

RTReflux

12 hrs

NR

Ehanol

NH2OH.HCl

1.2

Pyridine

3

Reflux

24 hrs

NR

Ethanol

NH2OH.HCl

1.2

Et3N

1.5

Reflux

12 hrs

NR

1.2

Et3N

1.5

Reflux

12 hrs

NR

1.2

NaOAc

1.2

Reflux

12 hrs

Polymerization

Ethanol/
NH2OH.HCl
Water
Methanol
NH2OH.HCl
THF/H2O

NH2OH.HCl

4

NaOAc

5

RT

5 days

Polymerization

THF/H2O

NH2OH.HCl

4

NaOAc

4

Reflux

36 hrs

Polymerization

THF/H2O

NH2OH.HCl

4

Et3N

3

Reflux

24 hrs

Polymerization

Table 1. Various reaction conditions to make oxime 63.
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To avoid the terminal bromos, we planned to modify Scheme 2 by using 11-hydroxy
undecanoic acid 65 instead 11-bromoundecanoic acid 59. So we started the synthesis by
converting 11-bromoundecanoic acid 59 to 11-hydroxyundecanoic acid 65 (Scheme 8).

Scheme 8. Synthesis of diol amine 60.

11-Bromoundecanoic acid 59 was treated with aqueous sodium hydroxide at reflux
to afford hydroxy acid 65 in 87% yield. Treatment of 65 with conc. HCl in methanol at reflux
afforded ester 66 in 92% yield. We needed to convert the ester 66 into its corresponding betaketoester, 67, to make the required diol amine 68. An attempt to make 67 using a TiCl4- based
Lewis acid-catalyzed Claisen condensation was not successful. Analysis of the reaction mixture
confirmed many undesired products along with some unreacted starting material. As an
alternative, we used dibromoketone 62 to make the required amine diol 68 as shown in Scheme
9.
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Scheme 9. Synthesis of diol amine 68.

Dibromo ketone 62 was made from 11-bromoundecanoic acid 59 in three steps (Scheme
7). As all the attempts to make the oxime 63 were unsuccessful, presumably because of side
reaction at the

bromines (Scheme 7), the bromines were substituted by acetates to make

diacetate ketone 69. Dibromoketone 62 was treated with potassium acetate in DMF to give the
desired diacetate ketone 69 in 65% yield. Reductive amination of 69 was performed in the
presence of Na(BH3)CN and NH4OAc, resulting in a mixture of diol and diacetate amines 68
and 70, respectively. To avoid making a mixture of amines 68 and 70, diol ketone 71 was
directly made from 69, by methanolysis, yielding the required dihydroxykeotne 71 in 55% yield.
Dihydroxy ketone 71 was thereafter subjected to reductive amination using ammonium acetate as
amine source and Na(BH3)CN as the reducing agent. Use of activated 4 Å molecular sieves
(crushed) proved crucial to the successes of the reaction. Conducting reductive amination in the
absence of molecular sieves resulted in a significantly lower yield of the desired amine.
However, 2° amine was a significant byproduct when we conducted the reactions with activated
molecular sieves. The formation of 2° amine could be completely suppressed simply by
conducting the reaction with an excess (10 equivalents) of ammonium acetate and using 2-
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propanol as the solvent instead of methanol. Dihydroxy amine 68 was synthesized using the
above reductive amination procedure in 69% yield.

2.2.2 Synthesis of perylene monoimide monoanhydride diol and bisimide tetrol
Dihydroxy amine 68 was used to prepare perylene monoimide monoanhydride
swallowtail diol 73 (Scheme 10), an important intermediate for making D-σ-A targets with
different sulfur anchors.

Scheme 10. Tröster‟s method to make monoimide 73.
Our first attempt to prepare 73 was by using Tröster‟s method (Scheme 2). In an attempt
to make 73, dihydroxy amine 68 was heated along with Tröster salt 56 in water and brought to
reflux to make dicarboxylate 72. In an attempt to make 73 from 72, the reaction mixture was
acidified with dilute acid. We obtained a thick red paste after acidification, which was not
soluble in any solvents. IR of the reaction mixture did not show any anhydride peaks, indicating
that the reaction did not produce 73.
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Scheme 11. Nagao and Misano method of making 65.
After getting no success from Tröster‟s method, we tried Nagao and Misano‟s basic
equilibration method. In this procedure, PTCBA 29, dihydroxy amine 68, and Et3N were
refluxed in a solution of H2O and propanol for two weeks. The reaction was monitored using thin
layer chromatography (TLC) daily. For TLC analysis, a few drops of reaction mixture were
taken from the reaction flask and acidified with dilute acid and then extracted with chloroform.
Usually the chloroform would turn red in color if there were any swallowtailed perylene
bisimides or monoanhydride monoimides in the reaction mixture. This change in the color of
chloroform indicated that the reaction was progressing.
Extractions of the acidified reaction mixture with chloroform were colored in the second
week. TLC analysis suggested that the reaction was making progress towards making the
bisimide 74, but the desired monoimide product 73 was formed only in trace amounts. Changes
in the ratio of solvent mixture (water: propanol), proportion of triethyl amine, and duration of the
reaction did not influence the reaction towards making more of the desired product 73. In
contrast, this long run procedure has given the best results for making crude monoimide
monoanhydride with a methoxy tipped PEG swallowtail.128
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Despite getting negative results from the Tröster‟s and Nagao and Misano methods, we
turned our attention towards Langhals method of semi-hydrolysis of perylene bisimides using
KOH in t-BuOH. This procedure is well established in the literature for making monoimides
with alkyl swallowtails. But partial hydrolysis has never been reported before for perylene
bisimides with alkyl swallowtails ending in hydroxyl tips.
Amine 68 along with PTCBA 29 and Zn(OAc)2 was heated at 160-170 °C for 2-4 hrs in
molten imidazole following the standard procedure (Scheme 12). Imidazole at 160-170 °C
converts into a liquid phase and serves as both a solvent and also as a base. In this reaction
Zn(OA)2 is used as a catalyst. When the reaction mixture cools down, imidazole solidifies and
the reaction mixture does as well. This crude solid is dissolved in chloroform and is run through
a silica gel column for initial purification. Further purifications using chloroform and methanol
give the pure bisimide. In some cases, the crude reaction mixture is dissolved in chloroform and
washed with a dilute acid solution (5% HCl) to remove the imidazole as its salt. Attempts to
make bisimide tetrol 74 at the literature temperatures (160 °C for 2-4 hours) were not successful.
Huge unwanted NMR integrals in the alkyl region were observed for the products obtained at
these higher temperatures. However, imidization was successful at 130 °C for 6 hours affording
the required tetrol bisimide 74 in 55% yield.
Bisimide tetrol 74 was treated with KOH in t-butanol at 80 °C. The reaction was
monitored using TLC until the starting material disappeared. The reaction was then stopped and
conc. HCl was added. The red precipitate obtained was chromatographed with CHCl3 and MeOH
to obtain pure 73 in 43% yield. Attempts to make 73 by a similar semi-hydrolysis of tetraacetate
bisimide 75 were not successful as too many undesired side products formed during the reaction.
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Scheme 12. Langhal‟s method of making 73.
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We also adopted an alternative route to 73 that featured a fewer number of steps, and
involved a swallowtail amine with terminal vinyl groups, 80. Our original intention was to use
80 to make divinyl monoimide 82, followed by subjecting the double bonds of 82 to
hydroboration to make dihydroxyl monoimide 73.
Wagener et al.
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has reported the synthesis of amine 80 (Scheme 13) in three steps

starting with a Grignard reaction of 11-bromo-1-undecene with ethyl formate to make a C23
alcohol. Oxidation with pyridinium chlorochromate (PCC) resulted in C 21 divinyl ketone 79. In
addition to Wagener‟s method, there are a few other methods to make 79. Watson et al. and
Zantour et al.
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published syntheses from derivatives of 10-undecenoic acid. Watson‟s method

involves the Claisen condensation of ethyl 10-undecenoate, followed by dealkoxycarbonylation
to give ketone 79 in moderate yields with difficult purification. In Zantour‟s method, 10undecanoyl chloride is reacted with 1.8 equivalents of Et 3N to form a ketene, followed by ketene
coupling to form an intermediate α-lactone. 131 Refluxing the intermediate in a sodium hydroxide
solution opens the lactone, allowing decarboxylation to occur, forming ketone 79. 131 Compound
79 is then converted to the amine 80 using the same methodology employed for the synthesis of
dihydroxyl amine 68 (Scheme 9), for an overall yield of 60%.
In our case we employed the same Claisen condensation route reaction as we followed in
Scheme 7 to make amine 80 in a decent yield. Methyl ester 77 was prepared in 93% yield by
Fischer esterification of undecylinic acid 76. TiCl4 based Claisen condensation of ester 77
afforded the corresponding beta-ketoester 78 in 74% yield. Basic decarboxylation of 78 yielded
divinyl ketone 79. The yield of 79 was greater when THF (84%) was used as the solvent rather
than diethyl ether (67%). Reductive amination of ketone 79 resulted in the required divinyl
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amine 80. The reaction yields of 80 were better at room temperature than at higher temperatures
(reflux in methanol or isopropanol).

Scheme 13. Synthesis of divinyl amine 80.
Synthesis of symmetrical bisimide 81 by condensing amine 80 with PTCBA 29 in molten
imidazole in the presence of Zn(OAc)2 at 160 °C for 2 hours proceeded in 74% yield. Langhal‟s
method of doing semi-hydrolysis of symmetrical bisimides worked for making monoimide 82
from bisimide 81. Semi-hydrolysis was performed by treating 81 with KOH in t-butanol. The
reaction was monitored using TLC and stopped at the appropriate time, when starting material
disappeared. Acidification of the reaction mixture with 2N HCl and acetic acid resulted in a
deep red colored precipitate. The precipitate was dissolved in chloroform and washed with water.
Chromatography with chloroform and acetic acid resulted in the desired pure monoimide
monoanhydride 82. The reaction yields for the semi-hydrolysis of bisimide 81 ranged from 559%. Yields differed with different scales and it was observed that the reaction worked better for
reactions in smaller scales.
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Scheme 14. Synthesis of monoimide monoanhydride 82.
Our next step was to perform hydroboration of the double bonds of the monoimide
monoanhydride 82 to try to make the required dihydroxy-monoimide 73. We attempted
hydroboration-oxidation in the presence of BH3•THF at 0° C. However, we observed a change in
the integrals for the aromatic protons in the 1H NMR spectrum of the reaction mixture. This
indicated that some of the carbonyls of 82 were reduced during the reaction. Attempts to
hydroborate the double bonds of 82 using other hydroborating agents, like BH3•DMS and 9BBN, were not successful. The best route to 73 remained the semi-hydrolysis of tetrol 74 shown
in Scheme 12.

2.2.3 Introduction of the sulfur tips into swallowtailed monoimides.
Both hydroxyl tipped monoimide 73 and vinyl tipped monoimide 82 were used to make
the required thioacetate tipped monoimide 83 (Scheme 15). Compound 83 was obtained in two
steps from 73. The hydroxyls in 73 were tosylated to make good leaving groups and thereafter
displaced with thioacetates affording the thioacetate-tipped monoimide 83. On the other hand, 83
was also obtained from the vinyl-tipped imide anhydride 82 by a double radical-chain addition of
thioacetic acid to the terminal double bonds.

61

Scheme 15. Synthesis of monoimide monoanhydride 83.

Firstly, in order to obtain a ditosylate, the monoimide 73 was treated with tosyl chloride
in the presence of Et 3N. However, almost all of the starting material remained unreacted. In
another attempt, tosylation was conducted in a solution of 25:10 CH 2Cl2: pyridine in the
presence of a catalytic amount of DMAP. We obtained a mixture of mono and ditosylates along
with starting material. Finally, the required ditosylate was obtained when a solution of tosyl
chloride was added to a solution of 73 in pyridine at 0 °C for two hours. The ditosylate was
thereafter subjected to thioesterification with potassium thioacetate in DMF at 90 °C to obtain 83
in a yield of 76% over two steps.
However, 83 could also be obtained directly from 82 in one step. The thioacetate
functionality was introduced on the terminal double bonds by radical addition of thioacetic acid
with a catalytic amount of AIBN (azo-isobutyronitrile) as a radical initiator. This reaction
appeared to produce a pure product during TLC analysis, but it always left behind some
undesired byproduct with radical addition occurring on only one double bond instead of both. It
was difficult to obtain pure product as the Rf values of the desired dithioacetate product and the
side product with vinyl and thioacetate functionality lay very close. However, yields were better
when the reaction was performed under inert atmosphere using dry solvents. The route to
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thioacetyl tipped 83 was shorter via the divinyl swallowtail amine 80 compared to the diol
swallowtail amine 68, and the overall yield from the starting C11 acid was much better for the
divinyl route (21%) compared to the diol route (2%).
After making monoimide 83, we needed to convert the thioacetyls of 83 to thiols and then
to disulfide groups to make monoimides with different sulfur tips, 84 and 85, respectively
(Scheme 16). Monoimides with three different sulfur tips (thioacetyls, thiols and disulfides) are
the crucial intermediates to make the target D-σ-A molecules with different sulfur tips.
There are varieties of conditions for hydrolyzing thioacetaes to thiols in the literature. A
straightforward attempt to conduct acid hydrolysis of 83 in the presence of HCl/MeOH gave no
reaction. Unidentified products were formed when acid hydrolysis was attempted with other
solvents like dioxane. We therefore turned our attention to acid formation in situ to hydrolyze the
thioacetates. The required dithiol monoimide 84 was obtained when 83 was treated with acetyl
chloride in MeOH, which provided an acidic environment that promoted methanolysis. In turn,
the dithiol 84 was converted to bis (methyldisulfide) 85 by treating dithiol 84 with methyl
methanethiosulfonate (MMTS) in the presence of Et 3N. This conversion went very smoothly
giving the required product in a yield of 95%.
Among the monoimides with three different sulfur tips, it was observed that only the
monoimide with thioacetyl tips 83 was stable in room atmosphere. Monoimides with dithiol and
disulfide methyl groups (84 and 85) decomposed even under N2 atmosphere.
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Scheme 16. Synthesis of monoimide monoanhydride with thiol and disulfide methyl sulfur tips.

2.2.4 Synthesis of Donor-Sigma-Acceptor-alkyl swallowtail-sulfur tipped targets

Scheme 17. Donor amines for D-σ-A molecules.
All the donor molecules in Scheme 17 were utilized in synthesizing the target D-σA- swallowtail molecules with the sulfur anchors. Pyrenemethylamine 16 was obtained from its
commercially available hydrochloride by neutralization with KOH solution. Pyrenebutylamine
17 is commercially available in amine form. Ferrocenylethylamine 19 was prepared from the
corresponding nitrile 86 by reduction with LiAlH4/AlCl3/ether (Scheme 18).

Scheme 18. Synthesis of ferrocenyl donor amine.
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The tetramethylphenylenediamine (TMPDA) derivative 18 was prepared by the
following synthetic route starting with 2-iodo-4-nitroaniline (Scheme 19). This synthesis was
earlier reported by Mattern et al. 6

Scheme 19. Synthesis of TMPDA donor amine.

Donor amines 16, 17, 18 and 19 were condensed with perylene monoimides 83, 84 and
85 (Scheme 20) to obtain the final D-σ-A molecules with three different sulfur tips (thioacetate,
thiol and disulfide methyl) in decent yields as shown in Scheme 20. All but one of these
reactions were carried out by refluxing the monoimides (83 or 84 or 85) in toluene with the
appropriate donor amine in two or three equivalents excess.
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Scheme 20. Synthesis of target D-σ-A molecules with different sulfur tips.

Slow addition of the amine was required to make 101. Using an excess of the TMPDA
amine 18 caused a side reaction with the thioacetate tips of 83, leading to the formation of
undesired side products. We also attempted making 101 by doing radical addition of thioacetic
acid on the TMPDA D-σ-A molecule with vinyl tips 102. Unidentifiable side products were
obtained during the reaction due to the reaction of the donor part of 102 with the thioacetic acid.
Even with the slow addition of 18 we observed trace amounts of TMPDA D-σ-A molecules with
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deacetylated thiol tips in the

1

H and

13

C NMR spectra. Formation of this by-product was

unpreventable and not easy to separate using chromatography.
D-σ-A molecules with thioacetate tips (94, 98, 97 and 101) were reasonably stable under
open air conditions. However, D-σ-A molecules with thiol tips (95 and 99) or methyl disulfide
tips (96 and 100) were very unstable even under inert conditions. D-σ-A molecules with thiol
tips (95 and 99) are very soluble in chloroform. Samples of these compounds form insoluble
precipitates in chloroform after storing under inert atmosphere for few days. D-σ-A molecules
with methyl disulfide tips (96 and 100) also decompose after a few days, showing some
unwanted peaks in the alkyl region of the 1H NMR after storing for a few days.

Scheme 21. Synthesis of target D-σ-A molecule 101.
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2.3 Donor-σ-Acceptor molecules with PEG swallowtails and sulfur tips
Our group has previously synthesized D-σ-A molecules with C19 alkyl swallowtails

6

(Figure 41). We assume that for these molecules, the donor end is more polar than the C 19 alkyl
swallowtail end. So when we spread these molecules on the aqueous subphase to make LB films
we expect that the donor end will prefer the aqueous subphase and will comprise the bottom of
the monolayer, while the swallowtail end will be in the air and comprise the top face (Figure 41).

Figure 41. Orientation of D-σ-A molecules at air/water interface.

In the present work we synthesized two different sets of D-σ-A molecules with different
types of hydrophilic polyethylene glycol (PEG) swallowtails: one set with hydroxyl tips and one
set with thioacetyl tips. To have a control of the direction of electron transport across the
monolayer, we wanted to reverse the orientation of the LB film by changing the polarity of the
swallowtail. We expected that swallowtails with a PEG nature would reverse the LB film‟s
orientation and therefore its direction of rectification (Figure 41). In that way, synthesis of D-σ-A
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molecules with PEG swallowtails should allow us to prepare monolayers that rectify in either
direction, depending on choice of swallowtail.
In addition, PEG ether oxygens would provide a less-insulating layer compared to the
hydrocarbon swallowtails, and this might allow for a greater tunneling current through the
monolayer. The incorporation of the sulfur anchor groups at the ends of the swallowtail arms
would inhibit molecular reorientation during successive I-V cycles (Figure 42).

Figure 42. D-σ-A molecules with sulfur tipped PEG swallowtails attached to the gold electrode.

Our plan to make D-σ-A molecules with PEG swallowtails started with 2-amino-1,3propanediol (serinol),

103, to make PEG amines with chlorine (109) or hydroxyl (118)

extending tips (Scheme 22).
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Scheme 22. Strategy of making target PEG D-σ-A molecules.
Using amines 109 and 118, we explored different methods of making the PEG
monoimide monoanhydrides with chloro (110) and hydroxyl (119) tips. Hydroxyl tips of D-σ-A
molecules with PEG swallowtails were later converted to thioacetyl tips.

2.3.1 Synthesis of PEG swallowtail amine
We used two approaches to prepare PEG D-σ-A molecules, starting with either the
dichloro amine 109 or the PEG dihydroxy amine 118.
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2.3.1.1 Synthesis of PEG dichloro amine 109
Synthesis of PEG dichloro amine 109 started with dibenzyl protection of serinol 103.
Serinol and benzyl bromide were reacted together in the presence of K2CO3 to give dibenzyl
serinol 104 [208] in 85% yield.

Scheme 23. Synthesis of PEG dichloro amine 109.

Crude 104 was recrystallized from hexane: benzene (1:1) following the literature
procedure.76 Another starting material, chloro tosylate 106, was prepared by treating the
commercially available chloroalcohol 105 with tosyl chloride, using pyridine as the base as per
the literature procedure.
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We obtained 106 in 60% yield. A double Williamson alkylation

reaction of protected serinol 104 with tosylate 106 in the presence of NaH gave the dichloro
protected PEG amine 108 in 60% yield. There are a variety of reaction conditions for the
removal of the benzyl group, e.g., Pd(OH)2/H2133 in EtOAc, Pd/H2134 in AcOH, LiAlH4 in
THF135 or iododosuccinimide136 in CH2Cl2. However, we deprotected the benzyl groups using
10% Pd/C in MeOH in the presence of H2 to give the required PEG dichloro amine 109 in a yield
of 50%. NMR and TLC analysis showed that the amine 109 was pure enough to carry further
without column chromatography. The amine was soluble in water and chloroform.
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2.3.2 Synthesis of perylene monoimide monoanhydride having a PEG swallowtail with
chlorines tips, 102 :
Using the above synthesized dichloro PEG amine 109, we attempted three different ways
to make the PEG monoimide 110. Firstly, we tried preparing 110 using Tröster‟s monopotassium
salt (56) of PTCBA.

Scheme 24. Attempted synthesis of monoimide monoanhydride PEG dichloro amine 110.

Tröster‟s salt 56 was heated with PEG amine 109 in water and then the reaction mixture
was acidified following the literature model procedure.125 The reaction was analyzed using IR,
which did not show any anhydride peaks, indicating that no product was present. This crude
mixture was not soluble in chloroform, pyridine or DMSO and hence we did not analyze it
further by NMR. With no success using Tröster‟s method we opted to try making 110 directly
from PTCBA 29 and PEG amine 109 using Nagao and Misano‟s long-run procedure.
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Scheme 25. Synthesis of PEG dichloro monoimide 110 and bisimide 111.

PTCBA 29 and PEG dichloro amine 109 were treated with Et 3N in a solution of water
and propanol and refluxed for two weeks. The reaction was monitored with TLC. For TLC
analysis a few drops of the reaction mixture were acidified and the acidified sample was
extracted with chloroform. Chloroform would turn red if any swallowtailed products were
formed in the reaction. This colored chloroform layer was used for TLC analysis.
The reaction mixture when acidified formed a red colored precipitate. When this
precipitate was extracted with chloroform, the solvent did not turn colored. The precipitate when
washed with water gave a red solution. Water was removed under reduced pressure and the
resulting mixture was purified using size exclusion chromatography to obtain the tetrachloro
bisimide 111. Compound 111 is highly water soluble.
The insoluble red cake was not soluble in any common organic solvents. Traces of
dichloromonoimide 110 were found to be soluble in bases like morpholine and pyridine. IR
obtained for this material did show some weak imide and anhydride peaks, but attempts to get
NMR spectra failed due to the poor solubility of 110. Compound 110 was not soluble in
CDCl3,D2O, CH3OD or DMSO. It was even difficult to perform TLC analysis to understand the
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purity of this material. The compound was spotted using pyridine as the solvent and it was
observed that the compound never moved from the base line, irrespective of the polarity of the
developing solvent.
As a last attempt, we did partial hydrolysis of 111 using KOH in t-butanol (Scheme 26).
Usually this method works best for perylene bisimides with alkyl swallowtails (Scheme 12) and
the reaction can be easily monitored using TLC. But TLC analysis became very difficult for the
PEG bisimides as we could not find any good developing solvents to move the products. The
reaction was run at 70 °C for 30 minutes and then the reaction mixture was treated with a
mixture of HCl and acetic acid.

Scheme 26. Synthesis of monoimide PEG dicholro 110 .

This resulted in a precipitate, which was washed with water and dried enough to form a
red solid. This solid was not soluble in any solvents, not even in pyridine, morpholine or
nitromethane. From the IR spectrum (KBr) it was found that the isolated compound was the fully
hydrolyzed bisanhydride PTCBA.
To avoid the solubility problems of 110 we thought of making a monoimide like 110 but
with hydroxyl tips instead of chloride tips, namely, 109 (Scheme 29). Its synthesis started with
the synthesis of PEG diol amine 118.
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2.3.3 Synthesis of PEG diol amine 118
To synthesize PEG diol amine 118, we needed the dibenzyl protected serinol 104
(Scheme 23) and a chloro-THP ethylene glycol 107 (Scheme 27). Compound 107 was made
from chloro-ethylene glycol 105 as per the literature procedure.136 In the next step we needed to
make benzyl protected PEG amine 115 by doing a double Williamson alkylation reaction using
104 and 107. NaH was used as a base to make a dianion of 104. However, TLC analysis of the
reaction mixture after running the reaction overnight showed no presence of the product. The
possible explanation for this is that the chlorine of 107 may not be a good enough leaving group
to form 115.

Scheme 27. Attempted synthesis of PEG diol 118.

As an alternative, we made a THP-protected tosylate of diethylene glycol, 121 (Scheme
28), assuming that the tosylate would act as a better leaving group than chlorine during the
Williamson alkylation reaction. Compound 107 was prepared from commercially available
diethylene glycol 112. First 112 was monotosylated by reacting the diol with 20% of the
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stoichiometric amount of p-toluenesulfonyl chloride and KOH in THF to obtain a monotosylated
glycol 110 with a good yield of 80 % based on tosyl chloride. Then the hydroxyl group of the
monotosylated glycol was protected with dihydropyran to get 114 in 75% yield.137-8 A double
Williamson alkylation reaction of THP-tosylate 114 with protected serinol 104 in the presence of
NaH gave the desired di-THP protected PEG amine 115 in 60 % yield.

Scheme 28. Synthesis of PEG diol 118.

After making 115, our first idea was to benzyl-deprotect it to a make di-THP amine 116.
Compound 115 was hydrogenated using 10% Pd/C in the presence of H2 gas. This reaction gave
many undesired side products, indicating that the THP groups are sensitive to hydrogenation
conditions. Our next thought was to hydrolyze the THP groups of 115 first and then do a
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dibenzyl deprotection using hydrogenolysis. Compound 115 was subjected to an acid hydrolysis
using 2N HCl to deprotect the THP-hydroxyls. The reaction went smoothly, giving a 56 % yield
of benzyl protected diol amine 117. Compound 117 was then subjected to hydrogenolysis using
Pd/C in the presence of H2, using a Parr hydrogenation apparatus at 55 psi. This time the reaction
was successful with the formation of the desired PEG-diol amine 118 in 50% yield.

2.3.4 Attempted preparation of monoimide monoanhydride diol 119
Monoimide 119 is a crucial intermediate for making the unsymmetrical D-σ-A molecules
with a PEG diol swallowtail. According to the literature, monoimides of this kind can be made
using the 1) Tröster, 2) Nagao and Misano, and 3) Langhals method. We explored all of the three
possible methods to make 119.
We first attempted to make 119 by using Tröster‟s salt. Compound 56 was heated with
PEG-diol amine 118 to condense the 1° PEG-amine diol with the active anhydride part of 56,
and then the reaction mixture was acidified to close the open anhydride part to make the required
monoimide monoanhydride 119. We expected to see anhydride peaks in the IR spectrum after
the acidification, but the crude product mixture did not show any. As the compound was not
soluble in any NMR solvents, it was difficult to characterize the material obtained.

Scheme 29. Tröster‟s method of making 119.
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We then attempted to make 119 using the Nagao and Misano method of basic
equilibration (Scheme 30). PTCBA 29 and PEG-diol amine 118 were brought to reflux in
aqueous propanol in the presence of Et 3N. The reaction was monitored with TLC every day.
After one week it was observed that there were two products in the reaction mixture. Half
of the reaction was worked up by treating with 2N HCl. A red precipitate was observed during
the acidification of the reaction mixture. The precipitate was filtered and washed with water to
obtain a red cake. The water wash of the red cake gave a red-colored solution. This color was
due to the bisimide tetrol 120, which is soluble in water. A water layer was concentrated under
reduced pressure to obtain the crude tetrol and it was purified using sephadex and characterized
using NMR and IR spectra.

Scheme 30. Nagao and Misano method of making 119.

The red cake obtained was dried and made into a powder to test its solubility. The red
powder was somewhat soluble in pyridine and morpholine, but only sparingly soluble in a
mixture of chloroform and methanol. NMR in pyridine and the IR spectra confirmed that product
as monoimide 119, but the material obtained was not pure and not of sufficient quantity to carry
forward. However, it was evident that we had improved the solubility of the monoimide 118 by
replacing the chlorines with hydroxyls (119).
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Attempts to purify the product chromatographically using chloroform and methanol as
eluting solvents failed as the material stuck to the column and never eluted out. Even purification
on Sephadex did not give good results as the product is not soluble in solvents like methanol or
ethanol. We tried to improve the yield of this reaction with different ratios of Et 3N in H2Opropanol but could not improve the production of 119. The reaction always progressed towards
making more of the tetrol 120 rather than towards making diol monoimide 119. Even though the
results obtained with the Nagao and Misano method were somewhat encouraging, we could not
improve this method to obtain as much 119 as we needed for the next step. We therefore
attempted the Langhals method of partial hydrolysis of the PEG tetrol 120 to obtain 119.

Scheme 31. Langhal‟s method of making monoimide 119.

The PEG tetrol 120 was obtained as a major product when we tried to make 119 using the
Nagao and Misano method (Scheme 30). It can also be made by heating the PEG-diol amine 118
with PTCBA in few mL of pyridine at 130 °C overnight (Scheme 31). This way of making it is
quick and the product can be purified on Sephadex to obtain the pure tetrol.
Tetrol 120 was treated with KOH in t-butanol at 90 °C to remove the tail on one side to
make 119. Within 5 minutes the reaction mixture turned fluorescent green in color indicating
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that both of the imide functionalities had been opened up in the solution. TLC analysis showed
no starting material remaining and the presence of new product. Workup was done by acidifying
the reaction mixture. The reaction mixture turned into a red gel with acidification. The gel was
washed with water and dried, giving a fluorescent green solid. No imide peaks were found in the
IR, indicating the absence of 119 or 120, and suggesting that complete hydrolysis to PTCBA had
occurred.
When the same reaction was performed at lower temperatures with less KOH, the
reaction mixture again turned fluorescent green within 5 minutes. We observed the formation of
a precipitate after 20 minutes and stopped the reaction. The reaction mixture was acidified and a
red gel formed. The gel was washed with water and dried to form a purple colored powder,
which was soluble in pyridine. NMR analysis in pyridine showed the presence of the desired
monoimide 119 along with some unwanted impurities. This material was difficult to purify and
was not made in adequate quantity to carry forward to the next step.

2.3.5 Simultaneous Condensation
With no other options in hand, we opted doing a simultaneous condensation on PTCBA
29 using two primary amines (a donor amine and the PEG swallowtail amine 118). The mixture
was heated at 130 °C in a few mL of pyridine for 36-48 hrs. This reaction resulted in the
formation of the required unsymmetrical D-σ-A-swallowtail bisimide along with two unwanted
symmetrical bisimides (D-σ-A-σ-D and Swallowtail-A-swallowtail). The yields of making the
target bisimides were low due to the making of the unwanted side products. However, the
required product could be separated easily by taking advantage of the solubility differences of
the various products.
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Simultaneous condensation was first performed by refluxing a solution of pyrenemethylamine 16 (5 equivalents), PEG diol amine 118 (10 equivalents), and PTCBA 29 (1 equivalent) in
pyridine for 36 hrs to make pyrene based PEG D-σ-A molecule 121. After 36 hrs it was evident
through TLC that we made three different products in the reaction mixture, presumably the two
symmetrical bisimides 122 and 120 along with the desired unsymmetrical bisimide 121.

Scheme 32. Simultaneous condensation to make 121.

Chromatography of the reaction mixture resulted in the isolation of compounds 120 and 121, but
122 was quite insoluble and stuck to the column. As 120, 122 and 121 had huge solubility
differences, it was easy to purify the required 121. It was found that 121 was only soluble in
pyridine.
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Scheme 33. Simultaneous condensation to make 123-125.
The same method was adopted for making PEG D-σ-A molecules with the other three
donor amines (Scheme 33) with comparable yields. All the PEG hydroxyl D-σ-A molecules
except 121 (124, 123 and 125) were soluble in chloroform.
The symmetrical bisimide 126, with two TMPDA amines attached on both sides of
PTCBA 29, was formed as a major byproduct while making the PEG D-σ-A molecule 125

82

(Scheme 34). None of the other symmetrical bisimides with two donors (pyrene or ferrocene)
were soluble in chloroform, so they were not isolated or characterized. In contrast, bisimide 126
was soluble in chloroform and formed crystals from a saturated solution of chloroform. A
description of the crystallization and X-ray crystallography of 126 is given in Section 5.

Scheme 34. Simultaneous condensation to make 125.

The hydroxyls of 121-125 were further substituted with tosylates to make good leaving
groups. Molecules 121-125 were treated separately with tosyl chloride dissolved in pyridine and
stirred at room temperature overnight to give ditosylate products in 66-70% yields. Thereafter
the ditosylates were treated with potassium thioacetate (KSAc) in DMF and refluxed overnight
to displace tosylates with thioesters to make the final PEG D-σ-A molecules with thioester tips,
127, 128, 129, 130, in 58-70% yields (Scheme 35).
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Scheme 35. D-σ-A- PEG Swallowtail molecules with sulfur anchors (127-130).

2.4 Synthetic summary and future studies
We have successfully synthesized D-σ-A molecules with C21 alkyl swallowtails ending in
three different sulfur tips, i.e., thioacetate, thiol and disulfide methyl. These different types of
sulfur-tipped alkyl D-σ-A molecules will be used to induce stability to LB monolayers when they
are placed between two gold electrodes during the process of rectification. The sulfur tips should
help to hold the monolayers securely in between the gold electrodes and prevent reorientation of
the molecules in the monolayer. To make the target D-σ-A molecules with alkyl swallowtails
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and sulfur tips, a thioacetate tipped monoimide 83 was synthesized using either a divinyl
swallowtail amine 80 or a diol swallowtail amine 68. The route to thioacetyl-tipped 83 was
shorter via the divinyl swallowtail 80, and the overall yield from starting C11 acid was much
better for the divinyl route (21%) compared to the diol route (2%). We converted the
bisthioacetate imide anhydride to bisthiol and bis(methyldisulfide) imide andhydrides 84 and 85
in good yields. Then these imide anhydrides with different sulfur tips were coupled to different
donors to make the final target D-σ-A molecules with different sulfur tips. These will be
submitted to compare how these sulfur tips induce stability to the monolayers.
Another hypothesis was that swallowtail with a PEG nature would help a D-σ-A
molecule to stand with its donor part up in the air and its PEG swallowtail part in the water at the
air/water interface. Hence we designed and successfully synthesized D-σ-A molecules with PEG
swallowtails ending in hydroxyl tips. A perylene monoimide monoanhydride intermediate with
PEG swallowtails having either chloro (110) or hydroxyl tips (119) was needed. Compound
110‟s intractable solubility prompted us to turn to 119. A PEG swallowtail amine with hydroxyl
tips, 118, was made in 6 steps. We were able to convert 118 into 119, but the material we made
was not sufficient for the next reactions. Finally, we opted to make the final D-σ-A molecules
with PEG tails directly using simultaneous condensation, avoiding isolating the monoimide
intermediate. There were considerable amounts of side products, but these were easily separated.
Finally, we made use of the hydroxyl tipped D-σ-A molecules to make the thioacetyl tipped Dσ-A molecules.
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Table 2. Overall conclusions on the synthetic methods.

Based on our syntheses of alkyl and PEG versions of D-σ-A molecules, we can indicate
which of the four methods of making the unsymmetrical bisimides, i.e., Tröster, Nagao &
Misano, Langhals or simultaneous condensation, is most suitable for different types of
swallowtails (Table 2). We found that for making unsymmetrical bisimides with alkyl
swallowtails containing double bonds or hydroxyl tips, or swallowtails with 4 ether oxygens, the
preferred method is the Langhals method. For making unsymmetrical bisimides with 6 ether
oxygens, the preferred method is the Nagao & Misano method.

128

For making unsymmetrical

bisimides with PEG swallowtails ending in hydroxyl tips, simultaneous condensation is the best
method.
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Contact angle experiments that indicate whether the hydroxyl tipped D-σ-A can inverse
the orientation of the molecules at the air/water interface when compared to D-σ-A molecules
having C19 swallowtails will be discussed in Chapter 3. Samples of these molecules will be
submitted to our collaborators at the University of Alabama to explore their electrical properties.
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CHAPTER 3
LB FILM RESULTS
3.1 Results and Discussion
Pressure-area isotherms of four sets of D-σ-A molecules with four different swallowtails
(alkyl thioacetate, PEG thioacetate, PEG OH and alkyl C19) were studied to determine their
monolayer properties. Isotherms help to determine how well the monolayers are packed during
the process of compression to obtain an LB film. Collapse pressures and molecular
area/molecule are compared between the molecules to describe the rigidity and compactness of
the LB films.

Figure 43. D-σ-A molecules having alkyl swallowtails with thioacetyl tips (SET-I).
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We observed that four characteristics of the D-σ-A molecules influenced the monolayer
properties: 1) nature of swallowtail (alkyl or PEG), 2) length of the spacer between the donor and
acceptor groups, 3) type of pendant groups attached at the tips of the swallowtails and 4) nature
of the donor group attached.
All of the molecules have perylene bisimide as an acceptor. The first two molecules in
the sets have pyrene as donor. The first molecule has a short spacer of one carbon length and the
second one has a four carbon-length spacer. The third molecule in all each of the four sets has a
ferrocene donor with a two-carbon spacer and the last molecule in all the sets has a TMPDA
donor with a three-carbon spacer.
SET-I (Figure 43) includes four D-σ-A molecules with alkyl swallowtails with thioacetyl
tips (94, 97, 98, and 101). SET- II (Figure 44) includes D-σ-A molecules having PEG
swallowtails with thioacetyl tips (127, 128, 129 and 130). Monolayer properties of molecules in

Figure 44. D-σ-A molecules with PEG swallowtails with thioacetyl tips (SET-II)
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SET-I and SET-II will be compared to understand the influence of the nature of the swallowtail
(alkyl or PEG) with thioacetyl tips on the monolayer properties of the molecules. Monolayer
properties of 129 and 130 were not obtained as they were not available in pure form.
D-σ-A molecules are spread on the water surface to make the LB films. Orientation of the
molecules on the water surface depends upon the nature of polar and non-polar components in
the molecule; in this project it is the nature of the swallowtail that is critical. We anticipated that
the relatively polar donor part of the molecules in SET I would prefer to stay in the aqueous
subphase, whereas the alkyl swallowtails would stay up in the air. In SET- II, we anticipated that
the orientation would reverse: the PEG swallowtail should prefer the aqueous subphase, leaving
the donor part in the air.

Figure 45. D-σ-A molecules with PEG swallowtails with hydroxyl tips (SET-III).
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Molecules in SET-III (Figure 45) include D-σ-A molecules with PEG swallowtails
having hydroxyl tips (121, 123, 124 and 125), which should be more polar than the PEG
swallowtails with thioacetyl tips in SET II.

Comparison of monolayer properties between

molecules of SET-II and SET-III should show how the packing behavior of the molecules can be
dependent on the nature of the tips of the swallowtails.
Among molecules in SET-III, 121 has strange solubility issues. It is not soluble in any
common organic solvents like methanol or chloroform. It is soluble in pyridine, but pyridine is
not a suitable solvent for making the LB monolayers. We were therefore unable to perform
monolayer and contact angle studies with molecule 121. However, molecules 123, 124, 125 are
soluble in chloroform.

Figure 46. D-σ-A molecules with C19 alkyl swallowtails (SET-IV).

SET- IV (Figure 46) includes D-σ-A molecules with alkyl swallowtails (42, 43, 44 and
144). Mattern and Wescott

6

synthesized this set of molecules and Metzger et al. prepared and
91

studied pressure-area isotherms (Π-A) and I-V characteristics for molecules 42, 43 and 44.

7

Molecules 42 and 44 make good LB films with 100% transfer ratios. It was found that the
normal transfer ratio for molecule 43 was only 10%. A transfer ratio of 80% was, however,
achieved by tilting the Au substrate 30° relative to the water subphase during deposition.
However, the obtained monolayer of 43 did not rectify.
LB film data obtained from molecules of SET IV were taken as reference standards and
compared with the data obtained from the other three sets to know 1) whether a PEG swallowtail
would improve the packing behavior of the LB films, 2) whether kind of either PEG swallowtail
would be efficient in reversing the orientation of the D-σ-A molecules at the air/water interface,
and 3) whether the length of the spacer between donor and acceptor plays a role in the packing
behavior of the films.
3.2 Pressure-Area (Π-A) isotherms
Perylenebisimide dyes are known to aggregate at concentrations higher than 10 -4 M in
solvents that interact with the π-conjugated systems. [300] Therefore, more dilute solutions (~
0.1 mg/mL) of the D-σ-A molecules were made in CDCl3. These solutions were spread on the
water subphase of a Langmuir-Blodgett trough and the resulting films were compressed to obtain
pressure-area isotherms. In the Tables that follow, area A0 is the calculated surface area per
molecule at zero surface pressure, that is, when the molecules just begin to touch; Apc is the
molecular area at an intermediate phase change pressure; AT is the molecular area at the transfer
point used to deposit the LB film; and Ac is the molecular area at the collapse point. Πpc is the
surface pressure at the intermediate phase change, and ΠT and Πc are the respective pressures at
the film transfer and collapse points.
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3.3 Π-A isotherms of D-σ-A molecules with alkyl swallowtails having thioacetyl tips (SET-I)
3.3.1 Π-A isotherm of pyrene-C1-alkyl-dithioacetate (94)
Compound 94 was dissolved in CDCl3 at a concentration of 0.0973 mg/mL and 500 µL of
the resulting solution was spread at the air/water interface. When the film pressure for 94 was
extrapolated to zero (Π0 = 0), the area was 90 Å2 (A0). The isotherm shows an inflection at
approximately 35 mN/m, indicating the onset of multilayer formation. This point corresponds to
the collapse point.

Figure 47. Π-A isotherm of 94.

Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

94

90

69

7

40

24

31

35

Table 3. Molecular areas A (Å2) and surface pressures Π (mN/m) for an LB film of 94.
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The isotherm rose steeply with a kink at a surface pressure of 7 mN/m (Πpc), indicating
the phase transition from liquid-extended to liquid-compressed phase. The molecular area at the
phase transition was 69 Å2 (Apc). The collapse area AC for molecule 94 was 31 Å2 at a collapse
pressure (Πc) of 35 mN/m.
We conducted LB experiments with different concentrations of 94. Isotherms obtained
from 3 mg/mL, 2 mg/mL and 1 mg/mL solutions revealed different shapes in relation to each
other. Possible explanations are that molecules might have adopted different orientations at the
air/water interface or could have formed aggregates during the process of compression. This
might be due to the high concentration of the solutions.
The transfer pressure ΠT was 24 mN/m at a molecular area of 40 Å2 . Deposition of the
LB film was done onto a hydrophilic Au substrate. The film was deposited vertically on the
upstroke (Z-type) with a transfer ratio of close to 100%.
3.3.2 Π-A isotherm of pyrene-C4-alkyl-dithioacetate (97)

Figure 48. Π-A isotherm of 97.
94

Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

97

80

70

11

35

12

24

17

Table 4. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB film of 97.

Compound 97 was dissolved in CDCl3 at a concentration of 0.0918 mg/mL and 500 µL of
the resulting solution was spread at the air/water interface. The isotherm (Figure 48) showed a
zero-pressure area A0 = 80 Å2. A phase transition started at a surface pressure of 11 mN/m (Πpc)
with a molecular surface area of 70 Å2 (Apc). The surface pressure (Π) almost stayed constant at
11 mN/m as the monolayer compressed the molecular area from 70 Å2 to 40 Å2. Slowly the
surface pressure (Π) started increasing after the molecular area reached 40 Å2. No distinct
collapse point was observed. However, the breaking of the monolayer was visible on the surface
of the subphase after the surface pressure reached 20 N/m. The collapse pressure Πc was
estimated to be 17 mN/m with a collapse area of 24 Å2 . The transfer pressure ΠT was 12 mN/m
at a molecular area of 24 Å2. Deposition of the LB film was done onto a hydrophilic Au
substrate. The film was deposited vertically on the upstroke (Z-type) with a transfer ratio of
nearly 80%.

3.3.3 Π-A isotherm of ferrocenyl-C2-alkyl-dithioacetate (98)
Compound 90 was dissolved in CDCl3 at a concentration of 1.019 mg/mL and 500 µL of
the resulting solution was spread at the air/water interface. According to the isotherm (Figure
49), the pressure rose gradually and a film collapse occurred at 31 mN/m. The measured areas
were: A0 = 118 Å2 at zero pressure, AC = 48 Å2 at 31 mN/m and AT = 66 Å2 at 25 mN/m. The
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isotherm showed a phase transition at a surface pressure of 4 mN/m at a molecular area (Apc) of
105 Å2.The transfer pressure ΠT was 25 mN/m at a molecular area of 66 Å2 . Deposition of the
LB film was done onto a hydrophilic Au substrate. The film was deposited vertically on the
upstroke

(Z-type)

with

a

transfer

ratio

of

100%.

Figure 49. Π-A isotherm of 98.

Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

98

118

105

4

66

25

48

31

Table 5. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB film of 98.

3.3.4 Π-A isotherm of TMPDA-C3-alkyl-dithioacetate (101)
Compound 101 was dissolved in CDCl3

at a concentration of 1.108 mg/mL and the

resulting solution was spread at the air/water interface and compressed to produce the isotherm
in Figure 50. Based on the obtained isotherm, a definite preliminary phase transition was not
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observed. The areas obtained were A0 = 130 Å2 at zero pressure and AC = 50 Å2 at 21 mN/m.The
transfer pressure ΠT was 19 mN/m at a molecular area of 58 Å2. Deposition of the LB film was
done onto a hydrophilic Au substrate. The film was deposited vertically on the upstroke (Z-type)
with a transfer ratio of 100%.

Figure 50. Π-A isotherm of 101.

Molecule
101

A0
130

Πpc

Apc
--

--

AT
58

ΠT
19

Ac
50

Πc
21

Table 6. Molecular areas A (Å2) and surface pressures Π (mN/m) for an LB film of 101.

3.3.5 Comparison of alkyl D-σ-A thioacetates (94, 97, 98 and 101)
When the Π-A isotherms of the molecules in SET- I (94, 97, 98, and 101) were compared
(Figure 51), 94 had the highest collapse pressure among the four molecules. Its monolayer
collapsed at a pressure (Πc) of 35 mN/m with a collapse area of 31 Å2. Molecule 97 showed an
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unexpectedly low collapse pressure (Πc) of 17 mN/ m and small collapse area of 24 Å2, which
suggests that compression processes did not result in a well ordered LB film. We carried out the
deposition experiments at a low transfer pressure (12 mN/m) for this monolayer. Molecules 98
and 101 have the higher Ac values among the four molecules. This might be due to their having
larger head groups (ferrocenyl and TMPDA) rather than that the films were disordered. A
preliminary phase transition was clearly seen for 94, 97, 98 but nor for 101.

Figure 51. Comparison of Π-A isotherms of SET-I (94, 97, 98, and 101).
Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

94

90

69

7

40

24

31

35

97

80

70

11

35

12

24

17

98

118

105

4

66

25

48

31

101

130

--

--

58

19

50

21

Table 7. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB films of SET-I.
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3.4 Π-A isotherms of D-σ-A molecules with PEG swallowtails having thioacetyl tips (SET-II)

3.4.1 Π-A isotherm of pyrene-C1-PEG-dithioacetate (127)

Figure 52. Π-A isotherm of 127.
Molecule
127

A0
95

Πpc

Apc
--

--

AT
45

ΠT
26

Ac
38

Πc
26

Table 8. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB film of 127.

Compound 127 was dissolved in CDCl3 at a concentration of 0.9891 mg/mL and the
resulting solution was spread at the air/water interface and compressed to produce the isotherm
in Figure 52. The isotherm appeared smooth without a preliminary phase transition; this may be
due to the PEG nature of the swallowtail. A collapse pressure of 26 mN/m was recorded at a
collapse area Ac of 38 Å2. A0 was 95 mN/m at zero pressure. The transfer pressure ΠT was 26
mN/m at a molecular area of 45 Å2. Deposition of the LB film was done onto a hydrophilic Au
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substrate. The film was deposited vertically, on the upstroke (Z-type) with a transfer ratio of
100%.

3.4.2 Π-A isotherm of pyrene-C4-PEG-dithioacetate (128)

Figure 53. Π-A isotherm of 128.

Molecule
128

A0
95

Πpc

Apc
--

--

AT
32

ΠT
26

Ac
30

Πc
28

Table 9. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB film of 128.

Compound 128 was dissolved in CDCl3

at a concentration of 1.102 mg/mL and the

resulting solution was spread at the air/water interface and compressed to produce the isotherm
in Figure 53. Due to the lack of a distinguishable collapse point, it was assumed that the LB film
of 117 collapsed above 28 mN/m. The measured areas were: A0 = 95 mN/m; Ac = 30 Å2. The
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transfer pressure ΠT was 26 mN/m at a molecular area of 32 Å2. Deposition of the LB film was
done onto a hydrophilic Au substrate. The film was deposited vertically, on the upstroke (Z-type)
with a transfer ratio of 100%.

3.4.3 Comparison of pyrene PEG D-σ-A thioacetates (127 and 128)

Figure 54. Comparison of Π-A isotherms of SET-II (127 and 128).
Molecule

A0

127

95

128

95

Πpc

Apc

--

AT

ΠT

Ac

Πc

22

45

26

38

26

--

32

26

30

28

Table 10. Molecular areas A (Å 2) and surface pressures Π (mN/m) for LB films of SET-II.
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Based on the isotherms in Figure 54, collapse pressures for 127 and 128 were very close.
Interestingly, 127, with a short spacer, occupies a higher collapse area of 38 Å2 when compared
with 128 with a four carbon-length spacer, which occupies 30 Å2. Even though the collapse point
of 128 is difficult to pinpoint, the isotherm of 128 appeared more vertical when compared to that
of 127, indicating that the molecular arrangement in the liquid-phase monolayer of 128 is more
ordered than of 127.
When we compare molecules 127 and 128 (D-σ-A molecules with PEG swallowtails
having thioacetyl tips) to their alkyl-swallowtailed analogs, it is observed that PEG nature hurts
the pyrene D-σ-A molecule with a short spacer (C1), 127, but helps pyrene D-σ-A molecule with
a long spacer (C4), 128. In other words pyrene D-σ-A molecule with a short spacer prefers to
have an alkyl swallowtail (94) but pyrene D-σ-A molecule with a long spacer prefers to have a
PEG swallowtail (128) to make a good LB film.
3.5 Π-A isotherms of D-σ-A molecules with PEG swallowtails having hydroxyl tips (SET-III)

Π-A isotherms of 123, 124, and 125 are described below. Unfortunately, pyrene-C1-PEGdiol (121) was soluble only in pyridine, so we could not produce an isotherm for 121.
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3.5.1 Π-A isotherm of Pyrene-C4-PEG-diol (123)

Figure 55. Π-A isotherm of 123.

Molecule
123

A0
85

Πpc

Apc
--

--

AT
30

ΠT
26

Ac
27

Πc
29

Table 11. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB film of 123.

Compound 123 was dissolved in CDCl3 at a concentration of 0.9912 mg/mL and the
resulting solution was spread at the air/water interface. The isotherm in Figure 55 appeared
smooth without showing any phase transitions until the collapse point, which appeared very
distinctly at a pressure of 29 mN/m.
The areas recorded as per the isotherm are as follows: A0 was 85 Å2 at zero pressure. Ac
was 27 Å2 at a pressure of 29 mN/m and AT was 30 Å2 at a transfer pressure of 26 mN/m. When
we compare the monolayer properties of 123 with the thioacetyl-tipped 128, it appears that the
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collapse pressure is essentially the same, but the collapse area is little smaller for 123. A (Z-type)
LB film of 123 was deposited at a transfer pressure of 26 mN/m onto a gold slide.

3.5.2 Π-A isotherm of ferrocenyl-C2-PEG -diol (124)
Compound 124 was dissolved in CDCl3 at a concentration of 0.8918 mg/mL and the
resulting solution was spread at the air/water interface. A collapse pressure Πc of 24 mN/m was
recorded based on the isotherm in Figure 56 for 124. The isotherm obtained had a distinctive
collapse point at a molecular area of 28 Å2. Other areas obtained were A0 = 85 Å2 and AT = 35
Å2 at zero and 21 mN/m pressures respectively. A (Z-type) LB film of molecule 124 was
deposited with a 100% transfer ratio.

Figure 56. Π-A isotherm of 124.
Molecule
124

A0
85

Πpc

Apc
--

--

AT
35

ΠT
21

Ac
28

Πc
24

Table 12. Molecular areas A (Å2) and surface pressures Π (mN/m) for an LB film of 124.
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3.5.3 Π-A isotherm of TMPDA-C3-PEG -diol (125)
The Π-A isotherm for 125 was obtained by spreading 500 µL of a 0.1123 mg/mL
solution of 125 in CDCl3. The surface pressure started increasing when the molecular area
reached 60 Å2. The collapse pressure occurred at 24 mN/ m. The areas obtained were A0 = 75 Å2
at zero pressure and Ac = 34 Å2 at the collapse pressure Πc = 24 mN/m. An LB film was
deposited on a Au substrate at a transfer pressure of 24 mN/m, with a transfer area AT = 24 Å2.

Figure 57. Π-A isotherm of 125.
Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

125

75

--

--

34

24

34

24

Table 13. Molecular areas A (Å2) and surface pressures Π (mN/m) for an LB film of 125.

The isotherm for 125 appeared to be smooth with no observable early phase transitions.
Having a PEG tail with hydroxyls tips appeared to help 125 to attain a greater collapse pressure
(24 mN/m) than that obtained by 101, the corresponding D-σ-A molecule with an alkyl
swallowtail with thioacetyl tips (21 mN/m). A (Z-type) LB film was deposited on a gold slide
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with a transfer ratio of 100 %. Data for 130 would have been a good comparison to make with
125 but as we do not have data for 130, (TMPDA- D-σ-A molecule with PEG tail and thioacetyl
tips) we have used data of 101 to compare with the data obtained for 125.
3.5.4 Comparison of PEG D-σ-A diols (123, 124 and 125)

Figure 58. Comparison of Π-A isotherms of SET-III (123, 124 and 125).
Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

123

85

--

--

30

26

27

29

124

85

--

--

35

21

28

24

125

75

--

--

34

24

34

24

Table 14. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB films of SET-III
molecules.
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Comparisons were drawn among the molecules in SET-III to understand how the
monolayer properties changed with differences in the donors and tether lengths. Among 123, 124
and 125, molecule 123 had the best collapse pressure (29 mN/m) and surface area per molecule
(27 Å2). The monolayer of 123 also behaved somewhat better than 128, which had a PEG
swallowtail with thioacetyl tips. Even though monolayers of 124 and 125 collapsed at essentially
the same pressure, 125, with the TMPDA donor, occupied more surface area/molecule (Table
14).

3.6 Π-A isotherms of D-σ-A molecules with C19 alkyl swallowtails (SET-IV)
3.6.1 Comparison of D-σ-A molecules with C19 alkyl swallowtails (42, 43, 44, and 144)

Figure 59. Comparison of Π-A isotherms of SET-IV (42, 43, 44, and 144).
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Molecule

A0

Apc

Πpc

AT

ΠT

Ac

Πc

42

55

--

--

38

20

26

36

43

87

--

--

67

20

67

20

44

70

63

7

45

35

42

40

144

100

--

--

40

30

38

31

Table 15. Molecular areas A (Å2) and surface pressures Π (mN/m) for the LB films of SET-IV.

Metzger et al. 7 obtained Π-A isotherm data for molecules 42, 43 and 44. The AC for 42
and 43 were 26 Å2 and 67 Å2 respectively. The pyrenebutyl derivative 43 occupies much more
molecular area/molecule than the pyrenemethyl derivative 42. Molecule 43 has a butyl spacer
between the pyrene and perylene which allows great flexibility between the acceptor-swallowtail
part of 43 and the donor. Due to this, the monolayer of 43 was loosely packed, and a closepacked monolayer could not be deposited on the Au substrate to study the rectification properties
of 43. This problem was serendipitously solved by making two PEG analogues of 43 (128 and
123) with the intention of inverting the orientation of the molecule (donor up and swallowtail
down at air/water interface). The Π-A isotherm data obtained using molecules 128 and 123
(Tables 10 and 11) revealed that the molecular surface area/molecule of 43 could be decreased to
a value representative of close packing by introducing a PEG swallowtail with either thioacetyl
(128) or hydroxyl (123) tips. Monolayers made using the PEG versions of 43 are easy to work
with. The deposition of such films was vertical and Z-type, with the transfer ratio close to unity.
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3.7 Comparisons of LB film data
3.7.1 Comparison 1: Pyrene-C1-alkyl thioacetate (94) vs Pyrene-C1- PEG thioacetate (127)
It is evident from Figure 60 that alkyl-swallowtailed 94 has higher collapse pressure than
PEG-swallowtailed 127. Even though the collapse point for 94 is not very distinct, the monolayer
collapses around 35 mN/m. The isotherm of 94 also displayed a phase transition at Πpc = 7
mN/m, while the isotherm of 127 was smooth and did not show any phase transition. Comparing
94 and 127, 94 occupied less surface area/molecule (31 Å2), indicating that the monolayer was
more tightly packed and of higher quality.

Figure 60. Comparison of Π-A isotherms of 94 and 127.
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3.7.2 Comparison 2: Pyrene-C4-alkyl thioacetate (97) vs Pyrene-C4- PEG thioacetate (128)

Figure 61. Comparison of Π-A isotherms of 97 and 128.

The length of the spacer between the donor and the acceptor influenced the properties of
the monolayers. It is evident based on the results obtained by comparing isotherms of 94 to 97
and 127 to 128 (Table 7). Molecules 97, 128 and 43 have a butyl spacer between the pyrene and
perylene groups.
Comparing 97 and 128, both with thioacetyl tips, is a good example to show how PEG
swallowtails (128) change the behavior of the monolayer compared to alkyl swallowtails (93).
Molecule 97 has an extremely low collapse pressure of 17 mN/m. It is lowest collapse pressure
recorded among all the four sets of molecules used for monolayer studies. In contrast to its C 19
alkyl tail derivative 43, 97 occupies much less surface area/ molecule (21 Å2) (Table 6), possibly
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indicating the formation of a bilayer. However, it was observed that a monolayer of 97 can be
deposited on a Au slide to make a LB film at low transfer pressures.
Surprisingly, the introduction of a PEG swallowtail in 128 made a positive improvement
in monolayer properties compared to 97, which has the same D-σ-A part as 128. Compound 128
with thioacetyl tips has a collapse pressure of 28 mN/m, which is 11 units higher than its alkyl
swallowtail analog 97. Furthermore, the isotherm of 128 was more nearly vertical without the
horizontal plateau of 97 and its Ac= 30 Å2 was more reasonable than 97‟s molecular area.
This change in the monolayer properties is dependent on having a long spacer connecting
the donor and the acceptor moieties. Having a PEG swallowtail with thioacetyl groups in 127
with a C1 spacer gave a somewhat poorer monolayer than the alkyl analog 94 (Figure 60). These
two comparisons show the mutual influence of the PEG swallowtails with thioacetyl anchors and
the spacer length on the monolayer properties of the D-σ-A molecules.

3.7.3 Comparison 3: TMPDA-C3- alkyl swallowtail (144) vs TMPDA-C3-PEG-OH swallowtail (125)

Comparison of the isotherms of 144 and 125 indicate that the PEG swallowtail with
hydroxyl groups of 125 was not very helpful in attaining high collapse pressure compared to the
alkyl swallowtail of 144, at least for a D-σ-A molecule with a TMPDA donor. A collapse
pressure of 31 mN/m was achieved in the case of 144, but the collapse pressure decreased by 7
units, down to 24 mN/m, for molecule 125. This same trend was observed with the alkyl (44) and
PEG-hydroxyl (124) derivatives of ferrocenyl D-σ-A molecules (Table 16); the collapse pressure
decreased by 16 units in this case. In these cases, alkyl swallowtails gave better-quality LB films
than PEG swallowtails. However, PEG swallowtails with hydroxyls made a great positive impact
for the D-σ-A molecule with pyrene donor and butyl spacer 123 (PEG-OH) compared to
44 (alkyl) (Table 16).
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Figure 62. Comparison of Π-A isotherms of 144 and 125.
Molecule

Donor

A0

Apc

Πpc

AT

ΠT

Ac

Πc

43 (Alkyl)

Pyrene-C4

87

--

--

67

20

67

20

123 (PEG)

Pyrene-C4

85

--

--

30

26

27

29

44 (Alkyl)

Ferrocene-C2

70

63

7

45

35

42

40

124 (PEG)

Ferrocene-C2

85

--

--

35

21

28

24

144 (Alkyl)

TMPDA-C3

100

--

--

40

30

38

31

125 (PEG)

TMPDA-C3

75

--

--

34

24

34

24

Table 16. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB films of
D-σ-A molecules with C19 alkyl swallowtails or PEG-OH swallowtails.
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A0

Apc

Πpc

AT

ΠT

Ac

Πc

Pyrene- C1-alkyl-dithioacetate (94)

90

69

7

40

24

31

35

Pyrene- C1-PEG-dithioacetate (127)

95

22

45

26

38

26

Pyrene- C1-C19 alkyl (42)

55

38

20

26

36

Pyrene- C1-PEG-OH (121)

ND

ND

ND

ND

ND

ND

ND

Pyrene- C4-alkyl-dithioacetate (97)

80

70

11

35

12

24

17

Pyrene- C4-PEG-dithioacetate (128)

95

--

--

32

26

30

28

Pyrene- C4-C19 alkyl (43)

87

--

--

67

20

67

20

Pyrene- C4-PEG-OH (123)

85

--

--

30

26

27

29

Ferrocenyl- C2-alkyl-dithioacetate (98)

118

105

4

66

25

48

31

Ferrocenyl- C2-PEG-dithioacetate (129)

ND

ND

ND

ND

ND

ND

ND

Ferrocenyl- C2-C19 alkyl (44)

70

63

7

45

35

42

40

Ferrocenyl- C2-PEG-OH (124)

85

--

--

35

21

28

24

TMPDA- C3-alkyl-dithioacetate (101)

70

--

--

40

29

42

30

TMPDA- C3-PEG-dithioacetate (130)

ND

ND

ND

ND

ND

ND

ND

TMPDA- C3-C19 alkyl (144)

100

--

--

40

30

38

41

TMPDA- C3-PEG-OH (125)

75

--

--

34

24

34

24

Molecule
SET-A

SET-B

SET-C

SET-D

Table 17. Molecular areas A (Å2) and surface pressures Π (mN/m) for LB films of four sets
of D-σ-A molecules.
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Figure 63. Calculated areas of cross sections of a pyrene and TMPDA.

Cross-sectional Area
Head Group

Top-view

Side-view

Flat-view

Pyrene139

33 Å2

41 Å2

116 Å2

Ferrocene140

47.1 Å2

27.5 Å2

TMPDA

25.9 Å2

58 Å2

68.8 Å2

33 Å2

51 Å2

130 Å2

Body
PBI
Tail Group
Alkyl tail141

18-20 Å2

PEG tail142

17 Å2

Table 18. Cross-sectional areas of the head and tail groups in the literature. 139-42
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Estimates of the cross-sectional areas of pyrene and TMPDA donors along three
directions are shown in Figure 63. Similar estimations (Table 18) were made for ferrocene donor
and PBI acceptor; alkyl and PEG cross-sectional areas have been published.141-42
In case of pyrene molecules (SET-A and SET-B in Figure 17), the cross-section along the
top of a pyrene of 33 Å2 along with the sum of cross-sectional areas of two swallowtail arms
closely matches with the collapse areas of three molecules (94, 127, and 128) indicating that
either pyrene or two swallowtail arms could control Ac. The Ac values of 42, 97 and 123 are
below 30 Å2, much smaller than the cross-sectional values of pyrene and the sum of crosssectional values of two swallowtail arms, giving no indication which part of the molecule is
controlling the collapse area.
By comparing estimated cross-sectional areas of ferrocene donor to the experimental
collapse areas, it appears that the ferrocene controls Ac in all the molecules of SET-C in Figure
117. In case of 98 and 44 (D-σ-A molecules with ferrocenyl donors and alkyl or alkyl-SAc
swallowtails) it appears the top-wise arrangement of the ferrocene controls the Ac and the
situation with the PEG-OH swallowtail (124) is different and a lower Ac value of 28 Å2 could be
due to the side-wise arrangement of the ferrocene.
The estimated cross-sectional values of TMPDA donor from Table 18 did not match with
the collapse areas of TMPDA D-σ-A molecules in SET-D of Figure 117. However, the Ac values
of 101, 144 and 125 indicate that the collapse area could be tail-controlled with a TMPDA top
view.
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Collapse Pressure of D-σ-A molecules
45

Collapse Pressure

40
35

Py-C1
Py-C4

30

Fe-C2

25

TMPD-C3

20
15
PEG-OH

PEG-SAc

Alkyl-SAc

Alkyl

Figure 64. Graph showing the change in the collapse pressure with the nature of the swallowtail.

Collapse Area of D-σ-A molecules
75

Collapse Area

65
55

Py-C1
Py-C4

45

Fe-C2

35

TMPD-C3

25
15
PEG-OH

PEG-SAc

Alkyl-SAc

Alkyl

Figure 65. Graph showing the change in the collapse area with the change in the nature of the
swallowtail.
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From Figure 64 it is observed that, except for pyrene C4, Πc (and film quality) goes up in
the following order:
PEG < alkyl-SAc < alkyl (swallowtail controls Πc )
The order for pyrene-C4:
alkyl (no ordered LB film) << PEG with SAc tip < PEG with no SAc tip.
From Figure 65 it is observed that swallowtail does not control Ac ; if that was the case,
the four curves would be the same. Only four molecules have Ac ~ 2 arms (the cross-sectional
area of two swallowtails). Five molecules have Ac between 1 and 2 swallowtail arms; Figure 65
also shows that the donors do not exclusively control A c ; if that was the case, the curves would
all be horizontal. Ac seems to be controlled by a complex interplay among the components of the
molecules.
3.8 Conclusions –pressure area isotherms
1.

SET-I and SET-II are D-σ-A molecules with alkyl and PEG swallowtails having thioacetyl
tips respectively. Except for 97 in SET I, all the molecules show good collapse area A c and
collapse pressure Πc values. Molecules in SET II show reasonable Ac values but the Πc
values are too low. It is evident that the packing behavior of the D-σ-A molecule with
pyrene as a donor and having a C4 spacer can be significantly improved by replacing the
alkyl swallowtail with PEG swallowtail (Figure 61).

2. For D-σ-A molecules having ferrocene or TMPDA donor and a PEG swallowtail with or
without thioacetyl tips make collapse areas much smaller and LB films more compact, but
with collapse pressures lower than with alkyl swallowtails. This happened in reverse for the
molecules with pyrene as the donor and a C4 spacer. For example, for 97 (pyrene with a C4
spacer), PEG significantly lowers Π c compared to alkyl from 17 to 28 mN/m. It appears that
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molecules with pyrene as donor and having a C4 spacer with PEG swallowtails give much
better films than alkyl swallowtails.
3. From the data obtained for molecules with ferrocene and TMPDA donors and alkyl
swallowtails (Table 17) it is evident that a thioacetyl tip significantly reduces Π c compared
to the alkyl alone from about 40 to about 30 mN/m (Table 18). It appears that the
swallowtail may be controlling the Πc values in these cases.
4. By comparing the cross-sectional areas of the donors with the experimental results, it is
evident

that the donor area controls the Ac in case of D-σ-A molecules with ferrocenyl

donor.
5. Pressure-Area isotherms appeared much smoother without phase transition for the PEG Dσ-A molecules when compared to the alkyl version.
3.9 Contact angle measurements
Contact angle measurements were performed on the LB monolayers of nine D-σ-Aswallowtail molecules with a Ramé-Hart contact angle goniometer, using a drop of conductivity
water. LB films of D-σ-A molecules were deposited on gold coated glass slides. The samples for
contact angle measurements were dried in a vacuum desiccator overnight to get rid of
adventitious water on their surface, then measured in the goniometer at room temperature in air.
The contact angles should approach 90° (non-wetting) if the sample surface is hydrophobic, and
be < 50° (wetting) if the surface is hydrophilic.143
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Figure 66. Contact angle of hydrophobic and hydrophilic monolayers. drop [Copyright(c)
2011,ramé-hart instrument co., Used by permission.]
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3.9.1 Comparison of ferrocenyl-C2-alkyl vs ferrocenyl-C2-PEG methoxy
Contact angle measurements were conducted firstly on 44. A high contact angle of 90°
was observed. This confirmed that the more polar ferrocenyl donor part of 44 was towards the
water subphase (contact angle for ferrocene is 71° 144), leaving the non-polar alkyl swallowtail in
the air (Figure 67).
Our aim in making PEG swallowtails was to reverse the orientation of 44 on the
subphase. We carried out contact angle experiments with molecule 146, a PEG version of 44
with methoxy tips prepared previously in the lab. 129 The water contact angle of 146 was 25°,
suggesting that the ferrocenyl group still lay towards the water subphase and the hydrophilic
PEG swallowtail was up in the air. Apparently, the PEG nature of 146 was not sufficient to
reverse the orientation of the molecule on the water surface.
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Figure 67. Orientations of molecules 44, 146 and 124 on an aqueous sub phase, consistent
with contact angle measurements.
3.9.2 Comparison of TMPDA-C3-alkyl vs TMPDA-C3-PEG
To achieve the desired reversal of orientation of the molecules at the air/water interface,
we synthesized D-σ-A molecules with more hydrophilic swallowtails than in 146. Molecule 146
includes a PEG swallowtail with hydroxyl tips. The contact angle of 11 was 70°, consistent with
the ferrocene group oriented up in the air and the PEG swallowtail with hydroxyl groups
pointing towards the water surface of the subphase. This contact angle measurement also agreed
with the literature value for ferrocene on a monolayer surface. 144 The contact angle experiments
with 124 proved that we can reverse the orientation of the films by using PEG swallowtail with
hydroxyl tips.
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Figure 68. Predicted orientations of molecule 144 and 125 on an aqueous subphase.

We collected similar data with another set of molecules containing TMPDA donors
(Figure 68). Molecule 144 is a D-σ-A molecule with a C19 alkyl swallowtail. The measured
contact angle of 144 was 90°, which suggests that the alkyl swallowtail is up in the air and the
polar TMPDA donor is lying towards the aqueous subphase. This comparison of the contact
angle of 144 with the contact angle of 125 revealed that we can reverse the orientation of these
films with hydroxyl PEG swallowtails. The contact angle of 125 was 65°, indicating that the
TMPDA group was up in the air, leaving the PEG hydroxyls towards the water of the aqueous
sub phase. The contact angle of 125 would have been less than 15° if the hydroxyls were up in
the air. For example, Whiteside et al. reported the contact angle Ѳ < 15 ° for HSC 19OH.145
Dimethylamines and dimethylaminophenyl surfaces give contact angle of ~ 70°. 146 In addition
to the above two sets of molecules, we also conducted contact angle studies on the D-σ-A
molecules with pyrene donor and alkyl or PEG swallowtails with thioacetyl tips (Figure 69). We
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had predicted that the PEG swallowtails with thioacetyl groups would reverse the orientation at
the air/water interface, compared to analogues with alkyl swallowtails.

Figure 69. Possible orientations of molecule 94, 127, 97, and 128 on an aqueous sub phase.

3.9.3 Comparison of pyrene D-σ-A molecules with alkyl and PEG thioacetyls
Contact angles of 94 and 127 were 75° and 55° respectively. The contact angle of 75° for
molecule 94 could agree with the literature values for either pyrene (76°) or thioacetyl groups
(78°) on the surface. The contact angle of 55° for 127 did not correspond to either pyrene or
thioacetyl groups on the surface, and based on the results in Figure 123, it now seems unlikely
that the swallowtail in 127 is hydrophilic enough to enforce the orientation with swallowtail in
the water. Although we prepared the analog with a PEG-OH swallowtail to force pyrene to be in
the air, it was not soluble in a deposition solvent, so we could not make an LB film to measure
the contact angle. A similar result happened with 97 and 128. Contact angles of 73° for 97 and
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65° for 128 did not give any clear conclusions about how these molecules orient on the surface
of a gold slide. To understand the orientation of the molecules in these films, future studies
should be conducted using XPES. Depth profile studies using XPES would identify the positions
of sulfur and nitrogen atoms and give more information about how these molecules orient on the
surface of the gold slides.

3.9.4 Conclusions – contact angle measurements
1. The PEG nature of 146 was not sufficient to reverse the orientation of molecules.
2. We succeeded in reversing the orientation of the D-σ-A molecules using D-σ-A
molecules with PEG hydroxyl swallowtails (124 and 125).
3. Contact angle measurements of D-σ-A molecules with thioacetyl tips and having alkyl
and PEG swallowtails were not helpful in understanding their orientation properties.
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CHAPTER 4
EXPERIMENTAL DETAILS

Experimental details and spectral information of all the intermediates and target
compounds are furnished here below. Chemicals were purchased from Aldrich, Fisher Scientific,
MP Chemicals, and Alfa Aesar, TCI America. 1H NMR and
on a Bruker 300 or 500 MHz spectrometer.

13

C NMR were recorded in CDCl3

Electro spray ionization mass spectra (ESI-MS)

were measured by Dr. Amal Dass‟s lab from The University of Mississippi using a Water Synapt
Mass Spectrometer.

Methyl 11-bromoundecanoate (60):
A solution of 11-bromoundecenoic acid (59) (24.7 g, 93.0 mmol) and conc. H2SO4 (5 mL) in
MeOH (300 mL) was refluxed for 4 h. After most of the solvent was removed under reduced
pressure, water was added and the mixture was extracted with ether. The ether layer was washed
with 5% NaHCO3, water, and brine, dried over anhydrous MgSO4, and concentrated by rotary
evaporation to yield 20.9 g (80.0 %) of crude methyl undecanoate, which was used without
purification in the next step. 1H NMR (300 MHz, CDCl3)  3.70 (s, 3H), 3.45 (t, 2H), 2.22-2.31
(m, 2H), 1.31 (s, 16H). 1H NMR was in agreement with the literature. 147
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Methyl 13-bromo-2-(9-bromononyl)-3-oxotridecanoate (61):
TiCl4 (8.07 g, 42.5 mmol) in toluene (50 mL) was added to a stirred solution of methyl
undecanoate 60 (7.92 g, 28.4 mmol) and Bu3N (9.46 g, 51.1 mmol) in toluene at -78 °C. After 1
h, the mixture was stirred overnight at rt. It was then quenched with water and extracted twice
with ether. The combined organic phase was washed with water and brine, dried over MgSO 4
and concentrated by rotary evaporation. The resulting crude oil was purified by silica gel
chromatography (hexane: ethyl acetate 98:2) to give 8.3 g (56 %) of 61 as an oil. 1H NMR (300
MHz, CDCl3)  3.70 (s, 3H), 3.36-3.41 (t, 4H), 2.46-2.50 (m, 2H), 1.78-1.85 (m, 6H), 1.55 (m,
2H), 1.37-1.42 (m, 4H), 1.26 (m, 20H).

13

C NMR (300 MHz, CDCl3)  205.37, 170.38, 58.95,

52.24, 41.83, 33.97, 33.96, 32.78, 29.32, 29.28, 29.26, 29.14, 29.97, 28.69, 28.66, 28.22, 28.11,
28.09, 27.42, 23.40. IR: 2987, 2854, 1745, 1716.

1,21-Dibromohenicosan-11-one (62):
To a mixture of 61 (2.04 g, 3.88 mmol) in 60 mL of diethyl ether was added 10 mL of satd
NaOH (aq) and the mixture was refluxed overnight. The solvent was removed under reduced
pressure and the aqueous layer was extracted several times with ether. The combined organic
layers were washed several times with water, dried over anhydrous MgSO4, and the solvent was
removed under reduced pressure to yield 1.5 g of crude powder, which was purified by silica gel
chromatography (hexane: EtOAc 97:3) to give 1.1 g of 62 in 65% yield. 1H NMR (300 MHz,
CDCl3) δ 3.38-3.42 (t, 4H), 2.35-2.40 (m, 4H), 1.82-1.87 (m, 4H), 1.53-1.57 (m, 4H), 1.39-1.43
(m, 4H), 1.27 (m, 22H).

13

C NMR (300 MHz, CDCl3) δ 211.57, 42.78, 33.99, 32.81, 29.35,

29.32, 29.22, 28.71, 28.14, 23.84.
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1,21-Diacetoxyhenicosan-11-one (69):
A mixture of 62 (0.98 g, 2.09 mmol) and potassium acetate (616 mg, 6.28 mmol) in DMF (15
mL) was stirred for 2 h at 60 °C under nitrogen. Solvent was removed under reduced pressure to
obtain 0.58 g of diacetoxy ketone in 65% yield. 1H NMR (300 MHz, CDCl3) δ 4.02-4.70 (t, 4H),
2.35-2.40 (t, 4H), 2.04 (s, 6H), 1.55-1.61 (m, 8H), 1.27 (m, 24H). 13C NMR (300 MHz, CDCl3) δ
211.60, 171.19, 64.60, 42.78, 29.42, 29.36, 29.34, 29.23, 29.19, 28.57, 25.87, 23.84, 20.99.
HRMS-ESI calcd for C25H46O5Na: 449.3243; found: 449.3221.

1,21-Dihydroxyhenicosan-11-one (71):
Diacetoxy ketone 69 (0.51 g, 1.19 mmol) was treated with KOH (0.26 g, 4.78 mmol) in methanol
(20 mL) at 60 °C for 3 h. The mixture was concentrated, and extracted with dichloromethane.
The extract was washed twice with water, and dried over MgSO4. Evaporation of solvent gave
almost pure product (0 .40 g, 45.0 %) which was used without purification. 1H NMR (300 MHz,
CDCl3) δ 3.63-3.67 (t, 4H), 2.37-2.42 (4H), 1.55-1.60 (m, 8H), 1.29 (m, 24H).

13

C NMR (300

MHz, CDCl3) δ 211.74, 63.07, 42.81, 32.79, 29.50, 29.37, 29.24, 25.71, 23.87.

11-Aminohenicosane-1,21-diol (68):
To a solution of 71 (3.57 g, 10.4 mmol) in 150 mL of isopropanol was added NH4OAc (8.03 g,
104 mmol), Na(BH3)CN (655 mg, 10.4 mmol) and crushed 4 Å molecular sieves
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in one

portion under nitrogen and the mixture was stirred for 36 h at rt under N 2. The crushed molecular
sieves were filtered via vacuum filtration, and deionized water was added to the filtrate, which
was extracted twice with diethyl ether. The organic layer was washed with 1 M NaOH and brine
and dried over anhydrous MgSO4 to obtain a brown oil after concentration, which was purified
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by silica gel chromatography (3:1:1 hexane:EtOAc:methanol) to obtain 2.4 g of 68 (69 %). 1H
NMR (300 MHz, CDCl3) δ 3.63-3.68 (m, 4H), 2.68 (m, 1H), 1.51-1.60 (m, 4H), 1.29 (m, 36H).
13

C NMR (500 MHz, CDCl3) δ 63.05, 51.21, 38.18, 32.81, 29.77, 29.57, 29.48, 29.38, 26.14,

25.71. HRMS-ESI calcd for C21H45NO2Na: 366.3348; found: 366.3371.

N,N’-Bis-11-(1,21-Dihydroxyhenicosanyl)perylene-3,4,9,10-bis(dicarboximide) (74):
A mixture of 1.14 g (2.91 mmol) of 29, 2.2 g (6.4 mmol) of 68, 5 g of imidazole, and a catalytic
amount of zinc acetate was heated with stirring at 150 °C for 6 h. The mixture was then cooled,
dissolved in CHCl3, and directly purified by column chromatography on silica gel (CHCl3) to
give 1.6 g (55 %) of a deep red, waxy solid. 1H NMR (300 MHz, CDCl3) δ 8.58-8.66 (m, 8H),
5.19 (m, 1H), 3.58-3.63 (t, 8H), 3.58-3.63 (t, 8H), 2.22-2.27 ( m, 4H), 1.87 ( m, 4H), 1.48-1.54
(m, 12H),1.22-1.29 (m, 48H).

13

C NMR (300 MHz, CDCl3) δ 164.70, 134.53, 131.96, 131.19,

129.60, 126.45, 123.10, 63.05, 54.73, 32.75, 32.32, 29.48, 29.46, 29.42, 29.33, 26.91, 25.67.
HRMS-ESI calcd for C66H94N2O8Na: 1065.6908; found: 1065.6935.

N-11-(1,21-Dihydroxyhenicosan)-3,4,9,10-perylenetetracarboxylic acid 3,4-anhydride 9,10imide (73):
A mixture of 600 mg (0.57 mmol) of 74, 97.0 mg (1.75 mmol) of 85% KOH pellets, and 15 mL
of t-BuOH was brought to reflux. After 1 h an additional 4 pellets of KOH were added and
heating was continued for an additional hour. The reaction was monitored with TLC and stopped
after appropriate conversion had occurred. The mixture was poured with stirring into a mixture
of AcOH and 2N HCl. The resulting solution was extracted with chloroform, washed twice with
water and brine and purified by silica gel chromatography using 5% MeOH in CHCl3 to obtain
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178 mg (43 %) of monoimide 73. 1H NMR (500 MHz, CDCl3) δ 8.68-8.74 (m, 8H), 5.20(m,
1H), 3.61-3.64 (m, 4H), 2.27-2.27 (m, 2H), 1.86-1.89 (m, 2H), ), 1.53-1.56 (m, 6H), 1.25-1.33
(m, 28H).

13

C NMR (500 MHz, CDCl3) δ 164.44, 163.35, 159.96, 136.42, 133.69, 133.58,

131.90, 131.23, 129.53, 126.84, 126.58, 123.94, 123.19, 119.08, 63.05, 54.90, 32.77, 32.31,
29.47, 29.45, 29.42, 29.33, 26.91, 25.68. HRMS-ESI calcd for C45H51NO7Na: 740.3563; found:
740.3589.

Methyl undec-10-enoate (77):
A solution of 11-undecenoic acid (76) (45.7 g, 248 mmol) and conc H2SO4 (5 mL) in MeOH
(600 mL) was refluxed for 6 h. After most of the solvent was removed under reduced pressure,
water was added and the mixture was extracted with ether. The ether layer was washed with 5%
NaHCO3, water, and brine, dried over anhydrous MgSO4, and concentrated by rotary evaporation
to yield 45 g (92 %) of crude methyl undecanoate, which was used without purification in the
next step. 1H NMR (300 MHz, CDCl3)  5.61-5.73 (t, 3H), 3.67 (s, 3H), 2.08-2.31 (m, 4H), 1.31
(s, 16H). 1H NMR was in agreement with the literature. 147

Methyl 2-(non-8-enyl)-3-oxotridec-12-enoate (78):
TiCl4 (6.11 g, 32.2 mmol) in toluene (50 mL) was added to a stirred solution of methyl
undecanoate 77 (5.16 g, 17.9 mmol) and Bu3N (4.98 g, 26.9 mmol) in toluene at 0-5°C. After 1
h, the mixture was raised to rt and stirred overnight. It was then quenched with water and
extracted twice with ether. The combined organic phase was washed with water and brine, dried
over MgSO4 and concentrated by rotary evaporation. The resulting crude oil was purified by
silica gel chromatography (hexane: ethyl acetate 98:2) to give 7.0 g (74%) of 78 as an oil. 1H
NMR (300 MHz, CDCl3) δ 5.78-5.80 (m, 2H), 4.94 (m, 4H), 3.71-3.74 (s, 3H), 3.40-3.45 (m,
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1H), 2.45-2.53 (m, 2H), 2.01-2.03(m, 4H), 1.82 (m, 2H), 1.56-1.58 (m, 2H), 1.27 (s, 24H)

13

C

NMR (300 MHz, CDCl3) δ 205.49, 170.44, 139.14, 114.17, 114.14, 58.99, 52.26, 41.86, 33.77,
33.75, 29.30, 29.28, 29.14, 29.04, 29.00, 28.97, 28.87, 28.83, 28.26, 27.47, 23.42. IR: 2927,
2855, 1747, 1717. HRMS-ESI calcd for C23H40O3Na: 387.2875; found: 387.2898.

Henicosa-1,20-dien-11-one (79):
To a mixture of 78 (4.0 g, 7.6 mmol) in 100 mL of THF was added 20 mL of satd NaOH (aq)
and the mixture was refluxed overnight. The solvent was removed under reduced pressure and
the aqueous layer was extracted several times with ether. The combined organic layer were
washed several times with water, dried over anhydrous MgSO4, and the solvent was removed
under reduced pressure to yield 3.0 g of crude powder, which was purified by silica gel
chromatography (hexane: EtOAc 97:3) to give 2.83 g (84%) of 79, mp 55-56 °C. 1H NMR (500
MHz, CDCl3) δ 5.74-5.86(m, 2H), 4.95-5.02 (m, 4H), 2.36-2.41 (m, 4H), 2.00-2.07 (m, 4H),
1.56 (m+s, 4H+H2O), 1.28 (m, 20H).

13

C NMR (300 MHz, CDCl3) δ 211.85, 139.23, 114.15,

42.84, 33.81, 29.38, 29.33, 29.26, 29.09, 28.94, 23.89. IR: 915, 994, 1698. HRMS-ESI calcd for
C21H38ONa: 329.2820; found: 329.2790.

Henicosa-1,20-dien-11-amine (80):
To a solution of 79 (5.06 g, 16.5 mmol) in 150 mL of isopropanol was added NH4OAc (12.7 g,
165 mmol), Na(BH3)CN (1.03 g, 16.5 mmol) and crushed 4 Å molecular sieves in one portion
under nitrogen and the mixture was stirred for 36 h at rt. The crushed molecular sieves were
filtered via vacuum filtration, and deionized water was added to the filtrate, which was extracted
twice with diethyl ether. The organic layer was washed with 1 M NaOH and brine and dried over
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anhydrous MgSO4 to obtain a brown oil after concentration, which was purified by silica gel
chromatography (3:1:1 hexane: EtOAc: methanol) to obtain 3.7 g of 80 (73%). 1H NMR (300
MHz, CDCl3) δ 5.79 (m, 2H), 4.90-5.02 (m, 4H), 2.69 (m, 1H), 2.00-2.07 (m, 4H), 1.86 (s, 2H),
1.28-1.36 (m, 28H), 13C NMR (500 MHz, CDCl3) δ 139.17, 114.10, 51.24, 37.31, 33.80, 29.76,
29.57, 29.46, 29.12, 28.92, 26.03. HRMS-ESI calcd for C21H41NNa: 330.3137; found: 330.3166.

N,N’-Di-11-(1,20-henicosadienenyl)perylene-3,4,9,10-bis(dicarboximide) (81):
A mixture of 3.07 g (7.83 mmol) of 28, 5.06 g (16.4 mmol) of 80, 15 g of imidazole, and a
catalytic amount of zinc acetate was heated with stirring at 160 °C for 2 h. The mixture was then
cooled, dissolved in CHCl3, and directly purified by column chromatography on silica gel
(CHCl3) to give 3.9 g (74%) of a deep red, waxy solid. 1H NMR (300 MHz, CDCl3) δ 8.66 (m,
8H), 5.70-5.83 (m, 4H) 5.19 (m, 2H), 4.87-4.97 (m, 8H), 2.23-2.26 (m, 2H), 1.95-2.01 (m, 8H),
1.82-1.87 (m, 4H), 1.58 (m, 8H), 1.22-1.29 (m, 48H).

13

C NMR (500 MHz, CDCl3) δ 164.65,

163.57, 139.22, 134.51, 131.91, 131.14, 129.59, 126.44, 123.93, 123.03, 114.05, 54.75, 33.78,
32.36, 29.51, 29.47, 29.39, 29.07, 28.88, 26.95. HRMS-ESI calcd for C66H86N2O4Na: 993.6485;
found: 993.6491.

N-11-(1,20-Henicosadienenyl)-3,4,9,10-perylenetetracarboxylic acid 3,4-anhydride 9,10imide (82):
A mixture of 1.24 g (1.27 mmol) of 81, 215 mg (3.83 mmol) of 85% KOH pellets, and 50 mL of
t-BuOH was brought to reflux. After 1 h an additional 10 pellets of KOH were added and heating
was continued for an additional hour. The reaction was monitored with TLC and stopped after
appropriate conversion had occurred. The mixture was poured with stirring into a mixture of 70
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mL of AcOH and 40 mL of 2N HCl. The resulting solution was extracted with chloroform,
washed twice with water and brine and purified by silica gel chromatography using CHCl3 to
obtain 520 mg (59.2%) of monoimide 82. 1H NMR (500 MHz, CDCl3) δ 8.61-8.67 (m, 8H),
5.72-5.80 (m, 2H), 5.18 (m, 1H), 4.87-4.96 (m, 4H), 2.24-2.25 (m, 2H), 1.60-2.00 (m+m,
2H+4H), 1.24-1.32 (m, 28).

13

C NMR (500 MHz, CDCl3) δ 164.37, 163.26, 159.88, 139.17,

136.30, 133.48, 131.91, 131.76, 131.16, 129.43, 126.69, 126.45, 124.45, 124.65, 123.87, 123.08,
118.91, 114.02, 54.86, 33.73, 32.27, 29.67, 29.46, 29.42, 29.34, 29.03, 28.83, 26.90. HRMS-ESI
calcd for C45H47NO5Na: 704.3352; found: 704.3381.

N-(S,S’-(1,21-Diacetylthiohenicosa-11-yl))-

3,4,9,10-perylenetetracarboxylic

acid

3,4-

anhydride 9,10-imide (83):
Diene monoimide 82 (417 mg, 0.61 mmol) was dissolved in 20 mL of toluene. To this solution
was added thiolacetic acid (0.17 mL, 2.4 mmol) and a catalytic amount of AIBN. The solution
was then refluxed for 1 h. The reaction was quenched by addition of 1M NaHCO 3 and extracted
with CHCl3. The organic layer was washed three times with 1 M NaHCO 3 and brine,
concentrated under reduced pressure, and purified by silica gel chromatography (MeOH:CHCl3
1:99) to yield 428 mg (84.1%) of pure 83. 1H NMR (300 MHz, CDCl3) δ 8.34-8.53 (m, 8H), 5.14
(m, 1H), 2.76-2.81 (t, 4H), 2.27 (s+m, 6H+2H), 1.89 (m, 2H), 1.20-1.50 (m+m, 28H+4H).

13

C

NMR (300 MHz, CDCl3) δ 195.93, 164.01, 162.93, 159.56, 135.77, 133.19, 132.94, 131.58,
131.26, 130.85, 129.01, 126.09, 125.87, 124.53, 123.66, 122.86, 118.48, 54.81, 32.21, 30.53,
29.42, 29.38, 29.33, 29.01, 28.70, 26.91. HRMS-ESI calcd for C49H55NO7Na: 856.3318; found:
856.3337.
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N-11-(1,21-Dimercaptohenicosanyl)-3,4,9,10-perylenetetracarboxylic

acid 3,4-anhydride

9,10-imide (84):
Dithioacetate monoimide 83 (108 mg, 0.129 mmol) was deprotected by addition of acetyl
chloride (2 mL) at 0 °C to a solution in methanol (2 mL) and dichloromethane (10 mL). After
overnight stirring at rt the solvent was removed in vacuum and the residue was dissolved in 20
mL of CHCl3. The solution was washed with 5% NaHCO3, dried over MgSO4, concentrated
under reduced pressure, and purified by silica gel chromatography (MeOH: CHCl3 1:99) to yield
92 mg (95%) of pure 84. 1H NMR (300 MHz, CDCl3) δ 8.65-8.67 (m, 8H), 5.16-5.18 (m, 1H),
2.44-2.51 (q, 4H), 2.22-2.26 (m, 2H), 1.82-1.87 (m, 2H), 1.57 (m, 2H), 1.50-1.55 (m, 4H), 1.211.32 ( m, 30H).

13

C NMR (300 MHz, CDCl3) δ 168.38, 164.24, 163.14, 159.69, 136.04, 133.33,

131.80, 131.53, 131.08, 129.29, 126.42, 126.21, 124.71, 123.97, 123.82, 123.00, 118.76, 54.92,
34.01, 32.33, 29.52, 29.49, 29.48, 29.43, 29.01, 28.33, 26.98, 24.62. HRMS-ESI calcd for
C45H51NO5Na: 772.3106; found: 772.3124.

N-11-(1,21-Bis(methyldisulfanyl)henicosanyl)-3,4,9,10-perylenetetracarboxylic

acid

3,4-

anhydride 9,10-imide (85):
To a solution of 84 (47 mg, 0.063 mmol) in CH2Cl2 was added methyl methanethiosulfonate
(MMTS) (17.7 µL, 0.188 mmol) and triethylamine (26.2 µL, 0.188 mmol) at room temperature.
After 5 h of stirring the reaction mixture was washed with 5% HCl, water and brine, dried over
MgSO4, concentrated under reduced pressure, and purified by silica gel chromatography
(MeOH:CHCl3 1:99) to give 92 mg (95%) of pure 85. 1H NMR (300 MHz, CDCl3) δ 8.66-8.49
(m, 8H), 5.19 (m, 1H), 2.63 (t, 4H), 2.37 (s, 6H), 2.27 (m, 2H), 1.89 (m, 2H), 1.58-1.69 (m, 4H),
1.32-1.23 (m, 28H).

13

C NMR (300 MHz, CDCl3) δ 164.22, 163.18, 159.73, 136.11, 133.35,
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131.84, 131.59, 131.13, 129.34, 126.49, 126.28, 124.74, 123.85, 123.03, 118.80, 54.90, 38.30,
32.32, 29.47, 29.40, 28.46, 26.95, 23.34. HRMS-ESI calcd for C47H55NO5Na: 864.2861; found:
864.2869.

General procedure for unsymmetrical bisimide D-σ-A molecules with sulfur tipped
swallowtail (94-101)
A mixture of the perylene monoimide monoanhydrides with a sulfur tipped swallowtail (83, 84
or 85) and a 2- to 4-fold molar excess of the appropriate amine (16, 17, 18 or 19) was refluxed in
toluene for 1-2 h. The reaction mixture was then cooled, washed with 5% HCl followed by 10%
K2CO3, dried over MgSO4, and concentrated by rotary evaporation. Crude products were
purified by chromatography on silica gel (MeOH:CHCl3 1:99) to give red solids. Melting points
were difficult to obtain due to the deep color and waxy nature of the materials.

N-(S,S’-(1,21-Diacetylthiohenicosa-11-yl))-N’-(4-[1-pyrenylmethyl)perylene-3,4,9,10bis(dicarboximide) (94):
Pyrenemethylamine 16 (20.7 mg, 0.09 mmol) and 83 (47.0 mg, 0.045 mmol) gave 33 mg (88%)
of pure 94. 1H NMR (300 MHz, CDCl3) δ 8.47-8.67 ( m+m 5H+4H), 7.92-8.18 (m+m 3H+5H),
6.12 (s, 2H), 5.17-5.19 (m, 1H), 2.78-2.83 (t, 4H), 2.29 (s+m, 6H+2H), ), 1.85-1.88 (m, 2H),
1.47-1.56 (m, 4H), 1.18-1.30 (m, 28H). 13C NMR (300 MHz, CDCl3) δ 196.10, 163.53, 134.46,
133.92, 131.43, 131.04, 130.59, 130.53, 130.08, 129.24, 129.09, 128.70, 127.74, 127.14, 125.92,
125.76, 125.08, 124.99, 124.64, 124.48, 123.07, 122.96, 122.70, 54.80, 41.41, 32.39, 30.64,
29.55, 29.51, 29.47, 29.39, 29.12, 29.07, 28.79, 27.02. HRMS-ESI calcd for C66H66N2O6 S2Na:
1069.4260; found: 1069.4248.
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N-(S,S’-(1,21-Diacetylthiohenicosa-11-yl))-N’-(4-[1-pyrenyl]butyl)perylene-3,4,9,10bis(dicarboximide) (97):
Pyrenebutylamine 17 (43.30 mg, 0.158 mmol) and 97 (66.00 mg, 0.079 mmol) gave 93 in 82%
yield. 1H NMR (300 MHz, CDCl3) δ 7.52-8.43 (m, 17H), 5.21 (m, 1H), 4.14 (m, 2H), 3.09 (m,
2H), 2.78-2.83 (t, 4H), 2.32 (s+m 6H+2H), 1.91(m, 6H), 1.22-1.67 (m, 34H).

13

C NMR (300

MHz, CDCl3) δ 196.01, 162.95, 136.12, 133.66, 130.82, 130.55, 130.32, 129.28, 128.93, 128.33,
127.97, 127.21, 127.09, 126.79, 126.02, 125.43, 125.31, 124.56, 124.39, 122.96, 122.42, 122.23,
122.17, 54.68, 40.17, 33.32, 32.35, 30.59, 29.52, 29.48, 29.43, 29.40, 29.07, 28.94, 28.76, 27.99,
27.03. HRMS-ESI calcd for C69H72N2O6S2Na: 1111.4729; found: 1111.4729.

N-(S,S’-(1,21-Diacetylthiohenicosa-11-yl))-N’-(2-ferrocenylethyl)perylene-3,4,9,10bis(dicarboximide) (98):
Ferrocenylethylamine 19 (27.50 mg, 0.120 mmol) and 83 gave 98 (54 mg) in 86% yield. 1H
NMR (300 MHz, CDCl3) δ 8.43-8.62 (m, 8H), 5.18 (m, 2H), 4.35-4.40 (m, 2H), 4.21 (s, 7H),
4.10 (s, 2H), 2.74-2.83 (t, 4H), 2.27-2.29 (s+m 6H+2H), 1.62 (m, 2H), 1.44-1.48 (m, 4H), 1.211.30 (m, 28H). 13C NMR (300 MHz, CDCl3)  196.01, 163.16, 134.64, 134.23, 131.30, 129.48,
129.29, 126.39, 126.25, 123.08, 122.96, 85.09, 68.60, 68.17, 67.48, 54.78, 41.21, 32.34, 30.61,
29.46, 29.38, 29.11, 29.05, 28.78, 26.94. HRMS-ESI calcd for C61H68Fe N2O6 S2Na: 1067.3768;
found: 1067.3789.
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N-(S,S’-(1,21-Diacetylthiohenicosa-11-yl))-N’-(3-[2-(N’,N’,N’’,N’’-tetramethyl-1,4benzenediaminyl)propyl)perylene-3,4,9,10-bis(dicarboximide) (101):
TMPDA derivative 18 (7.96 mg, 0.036 mmol) and 83 (30.0 mg, 0.036 mmol) gave 101 (26 mg)
in 71% yield. 1H NMR (300 MHz, CDCl3) δ 8.12-8.49 (m+m+m, 2H+4H+2H), 6.99-7.02
(d,1H), 6.68-6.69 (d, 1H), 6.50-6.53 (d, 1H), 5.18 (m, 1H), 4.22 (m, 2H), 2.77-2.85 (m+t+s
2H+4H+6H), 2.28 (s+m 6H+2H), 2.10 (m, 2H), 1.92 (m, 2H), 1.44-1.54 (m, 4H), 1.22-1.35 (m,
28H).

13

C NMR (300 MHz, CDCl3) δ 195.87, 162.67, 147.32, 143.02, 137.33, 133.73, 130.59,

129.10, 125.65, 122.80, 122.46, 120.48, 114.08, 111.15, 54.68, 45.72, 41.03, 33.92, 32.24, 30.52,
29.40, 29.37, 29.33, 28.99, 28.69, 28.48, 28.24, 26.92. HRMS-ESI calcd for C62H76 N4O6 S2Na:
1059.5104; found: 1059.5125.

N-(1,21-Dimercaptohenicosan-11-yl)-N’-(1-pyrenylmethyl)perylene-3,4,9,10-bis
(dicarboximide) (95):
Pyrenemethylamine 16 (18.50 mg, 0.080 mmol) and 84 (30.00 mg, 0.040 mmol) gave 95 (34
mg) in 89% yield. 1H NMR (300 MHz, CDCl3) δ 7.69-8.53 (m, 16H), 5.20 (m, 1H), 2.33-2.46
(q, 4H), 2.25-2.28 (m, 2H), 1.87-1.91 (m, 2H), 1.50-1.58 (m, 4H), 1.18-1.31 (m, 28H). 13C NMR
(300 MHz, CDCl3) δ 163.45, 134.30, 131.31, 130.95, 130.03, 127.66, 127.06, 125.82, 125.02,
124.92, 124.54, 123.02, 122.84, 122.59, 54.77, 41.38, 33.99, 32.37, 29.55, 29.50, 29.47, 29.40,
28.99, 28.31, 27.03, 24.61. HRMS-ESI calcd for C62H62 N2O4 S2Na: 985.4048; found: 985.4070.
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N-(1,21-Dimercaptohenicosan-11-yl)-N’-(2-ferrocenylethyl)perylene-3,4,9,10bis(dicarboximide) (99):
Ferrocenylethylamine 19 (18.30 mg, 0.080 mmol) and 84 (30.0 mg, 0.04 mg) gave 99 (33 mg) in
87% yield. 1H NMR (300 MHz, CDCl3) δ 8.62-8.67 (m, 8H), 5.19 (m, 1H), 4.40( m, 2H), 4.214.24 (m, 7H), 4.11 (s, 2H), 2.78 (m, 2H), 2.44-2.49 (t, 4H), 2.26 (m, 2H), 1.87 (m, 2H), 1.55 (m,
4H), 1.22-1.31 (m, 28H).

13

C NMR (300 MHz, CDCl3) δ 163.27, 134.78, 134.39, 131.44,

129.55, 129.41, 123.19, 123.06, 85.09, 69.19, 68.61, 68.19, 67.50, 54.77, 41.26, 34.02, 32.35,
29.46, 29.00, 28.33, 27.82, 26.94, 24.62. HRMS-ESI calcd for C57H64FeN2O4S2Na: 983.3556;
found: 983.3584.

N-(1,21-Bis(methyldisulfanyl)henicosan-11-yl)-N’-(1-pyrenylmethyl)perylene-3,4,9,10bis(dicarboximide) (96):
Pyrenemethylamine 16 (21.97 mg, 0.095 mmol) and 85 (40.00 mg, 0.047 mmol) gave 96 (41
mg) in 82% yield. 1H NMR (300 MHz, CDCl3) δ 8.25-8.81 (m, 4H+5H), 7.77-8.19 (m+m
3H+5H), 6.09 (s, 1H), 5.06-5.25 (m, 1H), 2.61-2.67 (t, 4H), 2.38 (s, 6H), 2.22-2.24 (m, 2H), 1.93
(m, 2H), 1.53-1.67 (m, 4H+H2O), 1.31-1.39 (m, 28H).

13

C NMR (300 MHz, CDCl3) δ 164.47,

163.40, 163.28, 133.96, 133.54, 131.30, 131.00, 130.81, 130.55, 130.36, 130.34, 130.18, 130.02,
128.94, 128.65, 128.53, 127.54, 126.92, 125.82, 125.59, 125.51, 125.46, 124.92, 124.81, 124.51,
124.39, 124.21, 123.68, 122.99, 122.62, 122.35, 54.78, 41.25, 38.30, 32.41, 29.57, 29.51, 29.48,
29.39, 29.15, 28.86, 28.44, 27.09, 23.32. HRMS-ESI calcd for C64H66N2O4S4Na: 1077.3804;
found: 1077.3827.
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N-(1,21-Bis(methyldisulfanyl)henicosan-11-yl)-N’-(2-ferrocenylethyl)perylene-3,4,9,10bis(dicarboximide) (100):
Ferrocenylethylamine 19 (21.76 mg, 0.095 mmol) and 85 (40.0 mg, 0.047 mmol) gave 100 (39
mg) in 79% yield. 1H NMR (300 MHz, CDCl3) δ 8.45-8.58 (m, 8H), 5.20 (m, 1H), 4.36-4.41 (
m, 2H), 4.23-4.29 (m, 7H), 4.12-4.21 (m, 2H), 2.76-2.81 (m, 2H), 2.64-2.69 (t, 4H) 2.39 (s, 6H),
1.91-1.93 (m, 2H), 1.67-1.69 (m, 2H), 1.59-1.67 (m, 4H), 1.24-1.34 (m, 28H)

13

C NMR (300

MHz, CDCl3) δ 164.52, 163.08, 134.50, 134.15, 131.72, 131.20, 130.98, 129.44, 129.20, 126.28,
126.16, 123.99, 123.05, 122.99, 122.92, 85.11, 69.65, 68.63, 68.17, 67.49, 54.81, 41.21, 38.32,
32.36, 29.52, 29.48, 29.42, 29.18, 28.48, 27.77, 26.99, 23.35. HRMS-ESI calcd for
C59H68FeN2O4S4Na: 1075.3311; found: 1075.3282.

2-(N,N-Dibenzylamino)-1,3-propanediol (104):
2-Aminopropane-1,3-diol 103 (7.17 g, 70.0 mmol) and anhydrous potassium carbonate (34.7 g,
252 mmol) were suspended in ethanol (250 mL). The mixture was stirred mechanically, and
benzyl bromide (41.9 g, 29.2 mL, 244 mmol) was added dropwise over 30 min. After the
mixture had been stirred at reflux for 3 h, solids were separated by filtration and volatiles were
removed under reduced pressure. The residue was dissolved in EtOAc, and the solution was
washed with water, aq NaHCO3 and brine. After drying with anhydrous Na2SO4 and removal of
solvent under reduced pressure, the crude mixture was purified by recrystallization from 1:1.2
benzene: hexane to give 19 g (90%) of white needles. 1H NMR (300 MHz, CDCl3) δ 7.36–7.20
(m, 10H), 3.74 (s, 4H), 3.69 (dd, 2H), 3.59 (dd, 2H), 2.99 (m, 3H) 13C NMR (300 MHz, CDCl3)
δ 139.2, 128.8, 128.40, 127.38, 59.8, 59.7, 53.9, in agreement with the literature.76
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2-(2-Chloroethoxy)ethyl p-toluenesulfonate (106):
To an ice cold CH2Cl2 (30 mL) solution of a mixture of Et 3N (8.12 g, 80.0 mmol), 4-dimethyl
aminopyridine (100 mg), and 2-(2-chloroethoxy)ethanol (5.00 g, 40.1 mmol) was dropwise
added a CH2Cl2 solution (10 mL) of p-toluenesulfonyl chloride (11.4 g, 60.2 mmol), and the
mixture was allowed to warm to 25° C and then was stirred for 12 h, poured into water, and the
organic phase, separated, was dried over MgSO4 and evaporated to dryness under reduced
pressure. The crude mixture was purified by silica gel chromatography (1:1 hexane: EtOAc) to
yield of 6.7 g of 106 as a colorless oil in 60 % yield. 1H NMR (500 MHz, CDCl3) δ 7.79-7.87 (d,
2H), 7.34-7.35 (d, 2H), 4.15-4.16 (t, 2H), 3.65-3.70 (m, 4H), 3.53 (t, 2H), 2.43 (s, 3H). 13C NMR
(500 MHz, CDCl3) δ 145.50, 132.76, 129.89, 127.96, 71.32, 69.20, 68.62, 42.67, 21.66, in
agreement with the literature values. 132

N, N’-Dibenzyl-1,15-dichloro-3,6,10,13-tetraoxapentadecan-8-amine (108):
THF (50 mL) was added to NaH (1.06 g of 60% dispersion in mineral oil, 44.2 mmol) and the
mixture was stirred to make a suspension. A solution of 104 (4.79 g, 17.6 mmol) in 15 mL of
THF was then added dropwise under nitrogen and, after 30 min of stirring, a solution of 2chloroethoxyethyl tosylate 106 (10.8 g, 38.9 mmol) in 20 mL THF was added dropwise. The
reaction mixture was refluxed overnight, cooled, and treated carefully with MeOH to destroy
excess NaH. The solvent was removed under reduced pressure and the resulting brown oil was
extracted 4 times with 20 mL portions of ether. The combined ether fractions were concentrated
by rotary evaporation to give a yellowish liquid. The crude mixture was purified by silica gel
chromatography (2:4-8 hexane: EtOAc) to yield of 5.1 g of 108 as an yellow oil in 60 % yield.
1

H NMR (300 MHz, CDCl3) δ 7.21-7.45 (m, 10H), 3.84 (s, 4H), 3.58-3.80 (m, 18H), 3.11-3.19
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(m, 1H).

13

C NMR (300 MHz, CDCl3) δ 140.78, 128.68, 128.14, 126.72, 71.36, 70.71, 70.56,

70.36, 56.29, 55.15, 42.90.

1, 15-Dichloro-3,6,10,13-tetraoxapentadecan-8-amine (109):
N,N‟-Dibenzyl-1,15-dichloro-3,6,10,13-tetraoxapentadecan-8-amine 108 (3.00 g, 6.19 mmol)
was dissolved in 50 mL of MeOH and 1.5 g of 10% Pd/C catalyst was added. The mixture was
hydrogenated overnight in a Parr shaker at 55 psi H2. The reaction mixture was then filtered and
the solvent was removed under reduced pressure to give 800 mg of an oily compound (46%)
which was used without purification. 1H NMR (500 MHz, CDCl3) δ 4.89 (s, 2H), 3.51-3.77 (m,
20H), 2.72 (m, 1H).

2-(2-(2-Chloroethoxy)ethoxy)tetrahydro-2H-pyran (107):
To 2.00 g of 2-(2-chloroethoxy)ethanol 105 (16.1mmol) were added 2.03 g of dihydropyran
(24.1 mmol) and 1 drop of conc HCl. The mixture was stirred at rt for 2.5 h. The reaction
mixture was initially neutralized by the addition of solid NaHCO 3. The reaction mixture was
then diluted with EtOAc and washed with saturated aq NaHCO3 solution followed by brine. The
organic phase was dried over anhyd Na2SO4. Pure 107 was isolated as a colorless liquid by
passing through a silica gel column (hexane: EtOAc 98:2). 1H NMR (500 MHz, CDCl3) δ 4.65
(t, 1H), 3.3-4 (m, 10H), 1.4-2 (m, 6H), in agreement with the literature.138

2-(2-Hydroxyethoxy)ethyl 4-methylbenzenesulfonate (113):
In 50 mL of THF was dissolved diethylene glycol (100 mL, 1.05 mol) and the solution was
cooled to 0 °C. A solution of KOH (23 g, 0.41 mol) in 40 mL of water was added slowly to the
mixture, and then a solution of tosyl chloride (20 g, 0.19 mmol) in 150 mL of THF was added
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dropwise with vigorous stirring. After stirring overnight in an ice bath, the mixture was poured
into distilled water and extracted with CH2Cl2. The combined organic layers with washed with
saturated NaHCO3 and, distilled water, dried over MgSO4, and concentrated under reduced
pressure. The crude oil was dissolved in methanol (300 mL), and stored in a freezer overnight.
The white crystalline ditosylate byproduct was removed by filtration, and the filtrate was
concentrated under reduced pressure to give 41.6 g of monotosylate as a colorless oil in 15%
yield. 1H NMR (300 MHz, CDCl3) δ 7.761-7.76 (d, 2H), 7.31-7.34 (d, 2H), 4.13-4.14 (d, 2H),
3.62-3.69 (m, 4H), 3.52-3.53 (d, 2H), 2.42 (s, 3H).

2-(2-((Tetrahydro-2H-pyran-2-yl)oxy)ethoxy)ethyl 4-methylbenzenesulfonate (114):
To a solution of 122 (10.1 g, 38.4 mmol) and 3,4-dihydro-2H-pyran (3.50 g, 42.0 mmol) in dry
CH2Cl2 was added a catalytic amount of pyridinium p-toluenesulfonate, and the mixture was
heated for 3 h under reflux and N2. After cooling to ambient temperature, the mixture was poured
into an aqueous solution of 0.3% NH3. The aqueous layer was extracted with CH2Cl2, the
combined organic layers were washed with H2O, dried over MgSO4 and reduced under reduced
pressure to afford 14 g of yellow oil in 98 % yield. 1H NMR (300 MHz, CDCl3) δ 7.56 (d, 2H),
7.13 (d, 2H), 4.36 (s, 1H), 3.98 (s, 2H), 3.26-3.57 (m, 8H), 2.20 (s, 3H), 1.29-1.57 (m, 6H). 13C
NMR (500 MHz, CDCl3) δ 144.76, 132.97, 129.78, 127.87, 98.88, 70.59, 69.29, 68.57, 66.52,
62.15, 30.50, 25.34, 21.54, 19.42. in agreement with the literature values. 165
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N,N’-Dibenzyl-1, 15-bis((tetrahydro-2H-pyran-2-yl)oxy)-3, 6, 10, 13-tetraoxapentadecan-8amine (115):
To a stirred suspension of NaH (0.92 g, 38 mmol) in 50 mL of THF was added a solution of 103
(6.0 g, 22 mmol) in mL of THF and the mixture was stirred under N2. After half an hour a
solution of 114 (10 g, 38 mmol) in mL of THF was added dropwise and the reaction mixture was
refluxed overnight. After cooling the reaction mixture was treated with methanol and
concentrated under reduced pressure to obtain a yellow oil. The yellow oil was dissolved in ether
and washed with water, dried over anhydrous MgSO4 and concentrated under reduced pressure
to obtain 7.0 g of 115 in 65% yield. 1H NMR (300 MHz, CDCl3) δ 7.32-7.15(m, 10H), 4.63 (s,
2H), 3.60-4.07 (m, 28H), 3.11 (m, 1H), 1.53-1.84 (m, 12H).

13

C NMR (300 MHz, CDCl3) δ

140.79, 128.64, 128.06, 126.62, 98.87, 70.66, 70.59, 70.38, 66.70, 62.11, 56.27, 55.13, 30.58,
25.45, 19.47. in agreement with the literature values. 166

8-(Dibenzylamino)-3, 6, 10, 13-tetraoxapentadecane-1, 15-diol (117):
To a solution of 115 (6.0 g, 9.7 mmol) in 20 mL of ethanol was added 2M HCl (10 mL), and the
mixture was stirred overnight under reflux. After cooling, NaHCO3 was added carefully and the
reaction mixture was concentrated under reduced pressure. The mixture was poured into water
and extracted with CHCl3, and the organic layer was dried over anhydrous MgSO 4. After the
solvent was reduced under reduced pressure, the crude product obtained was purified by silica
gel column chromatography (60:40 Hexane: EtOAc), Rf (1:1 Hexane: EtOAc) 0.65, to obtain 4.0
g of 117 in 92% yield. 1H NMR (300 MHz, CDCl3) δ 7.22-7.41 (m, 10H), 3.80 (s, 4H), 3.583.71 (m, 20H), 3.11-3.15 (m, 1H), 3.06 (s, 2H). 13C NMR (500 MHz, CDCl3) δ 140.59, 128.60,
128.16, 126.76, 72.55, 70.56, 70.53, 70.10, 61.72, 56.31, 55.20.
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8-Amino-3, 6, 10, 13-tetraoxapentadecane-1, 15-diol (118):
To a solution of 117 (4.0 g, 8.9 mmol) in 110 mL of methanol was added 1.5 g of Pd/C. The
mixture was hydrogenated overnight in a Parr Shaker at 55 psi H2. The reaction mixture was then
filtered and the solvent was removed under reduced to give 1.2 g of colorless oil in 50 % yield.
1

H NMR (300 MHz, CDCl3) δ 3.44-3.69 (m, 18H), 3.38-3.43 (m, 2H), 3.26 (s, 4H).

13

C NMR

(500 MHz, CDCl3) δ 72.99, 72.63, 70.46, 70.43, 61.59, 50.82.

N, N’-(1, 15-Dihydroxyl-3, 6, 10, 13-tetraoxapentadecan-8-yl)-3, 4, 9, 10-bis(dicarboximide)
(120):

PEG dihydroxyl amine 118 (100 mg, 0.374 mmol), 3,4,9,10-perylenetetracarboxylic
bisanhydride 29 ( 66.7 g, 0.170 mmol), imidazole (500 mg), and a catalytic amount of zinc
acetate were heated at 160 °C overnight. The reaction mixture was cooled and dissolved in
methanol. Column chromatography on Sephadex gave 50 mg of 112 in 33% yield. 1H NMR (500
MHz, CDCl3) δ 8.12-8.39 (m, 8H), 5.76-5.78 (m, 1H), 4.25-4.27 (t, 4H), 4.06-4.09 (t, 4H), 3.593.82 (m, 32H), 3.06 (s, 4H)

13

C NMR (500 MHz, CDCl3) δ 163.51, 133.42, 130.91, 128.54,

125.09, 122.70, 122.53, 72.61, 70.51, 70.39, 69.48, 61.69, 52.26.

General Procedure for the preparation of D-σ-A molecules with diol PEG swallowtails
(121, 124, 123 and 125)
To a mixture of perylene-3,4,9,10-tetracarboxylic bisanhydride PTCDA 29 (1 eq), Zn(OAc)2
(catalytic amount) and PEG diol amine 118 (2 eq) in dry pyridine was added the respective
donor amine (10 eq) and the mixture was stirred at 130° C for 48 hrs. The resulting burgundy
colored mixture was cooled, diluted with methylene chloride, and filtered through celite to
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remove excess bisanhydride. The filtrate was dried over MgSO 4 and concentrated under reduced
pressure. The crude product was further purified by silica gel chromatography (CHCl3: MeOH
98: 2).

General Procedure for the preparation of D-σ-A molecules with thioacetyl anchored PEG
swallowtails (127, 128, 129, and 130)

Firstly D-σ-A diols (121, 124, 123, 125) were converted to ditosylates. Ditosylates were prepared
by adding tosyl chloride in a solution of pyridine to correspoinding diol and stirring overnight at
room temperature. Solvent is removed and reduced pressure and crude ditosylates obtained were
used to make their corresponding dithioester targets. Ditosylates obtained from D-σ-A diols
were dissolved in few mL of DMF and 2-4 equivalents of potassium thioacetate (KSAc) were
added and the solution was heated at reflux overnight. The resulting reaction mixture was
cooled; the solvent was removed under reduced pressure and the residue was diluted with
methylene chloride. After the TLC analysis, the filtrate was dried over MgSO 4 and concentrated
under reduced pressure and the crude product was further purified by silica gel chromatography
(10:1-5 CHCl3: MeOH) to obtain D-σ-A molecules with thioacetyl tips (127-130) in 58-70%
yield.

N-(1,16-Dihydroxy(8-amino-3,6,10,13-tetraoxahexadecanyl))-N’-(1-pyrenylmethyl)
perylene-3,4,9,10-bis(dicarboximide) (127):
Potassium thioacetate (20.00 mg, 0.017 mmol) and pyrene-C1-PEG DSA ditosylate (7.850 mg,
0.069 mmol) gave 10 mg of 127 in 58% yield. 1 H NMR (500 MHz, CDCl3) δ 8.49-8.62 (m+d,
3H+5H), 7.83-8.11 (m, 9H), 6.10 (s, 2H), 5.74 (m, 1H), 4.23-4.24 (t, 2H), 4.02-4.03 (t, 2H),
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3.59-3.76 (m, 13H), 3.45 (t, 4H), 3.30(s, 6H).

13

C NMR (500 MHz, CDCl3) δ 176.62, 163.76,

163.62, 134.50, 134.06, 131.53, 131.07, 130.63, 130.57, 130.11, 129.17, 128.73, 127.77, 127.15,
125.90, 125.81, 125.13, 125.02, 124.68, 124.51, 123.06, 122.91, 122.85, 71.87, 70.53, 70.49,
70.39, 69.38, 58.97, 52.22, 41.46, 29.70 .
N-(1,15-Dihydroxyl-3,6,10,13-tetraoxapentadecan-8-yl)-N’-([1-pyrenyl]butyl)perylene3,4,9,10-bis(dicarboximide) (123):
Pyrene butyl amine 17 (50.1 mg, 0.183 mmol), PTCBA 29 (14.3 mg, 0.037 mmol) and PEG
dihydroxyl amine 118 (19.5 mg, 0.073 mmol) were mixed in 5 mL of pyridine and were heated
at 110 °C for 36 h. The reaction mixture cooled and the solvent was removed under reduced
pressure. Column chromatography with 9:1 CHCl3 and methanol gave 7 mg of 123 in 21 %
yield. 1H NMR (300 MHz) (CDCl3) δ 8.41-8.43 (d, 2H), 8.14-8.17 (m, 3H), 7.98-8.01 (d, 4H),
7.60-7.86 (m, 8H), 5.57-5.61 (m, 1H), 3.36-3.79 (m, 20H), 3.32 (m, 4H), 1.17 (m, 2H).

N-(1,15-Dihydroxy-3,6,10,13-tetraoxapentadecan-8-yl)-N’-(2-ferrocenylethyl)perylene3,4,9,10-bis(dicarboximide) (124):
Ferrocenylethtylamine 19 (171 mg, 0.748 mmol), PTCBA 29 (29.4 mg, 0.075 mmol) and PEG
dihydroxyl amine 118 (100 mg, 0.374 mmol) were mixed in 5 mL of pyridine and were heated at
110 °C for 36 h. The reaction mixture cooled and the solvent was removed under reduced
pressure. Column chromatography with 9:1 CHCl3 and methanol gave 12 mg of 124 in 16 %
yield. 1H NMR (300 MHz) (CDCl3) δ 8.50-8.65 (m, 8H), 5.80 (m, 1H), 4.43 (t, 2H), 4.23 (s, 7H),
4.07-4.10 (m, 20H), 2.82 (t, 2H).
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N-(1,15-Dihydroxy-3,6,10,13-tetraoxapentadecanyl)-N’-(3-[2-(N’,N’,N’’,N’’-tetramethyl1,4-benzenediaminyl)propyl)perylene-3,4,9,10-bis(dicarboximide) (125):
TMPDA amine 18 (166 mg, 0.748 mmol), PTCBA 29 (29.4, 0.075 mmol) and PEG dihydroxyl
amine 118 (100 mg, 0.374 mmol) were mixed in 5 mL of pyridine and were heated at 110 °C for
36 h. The reaction mixture was cooled and the solvent was removed under reduced pressure.
Column chromatography with 9:1 CHCl3 and methanol gave mg of 125 in % yield. 1H NMR
(300 MHz) (CDCl3) δ 8.57-8.66 (m, 8H), 7.05 (d, 1H), 6.72 (s, 1H), 6.56 (d, 1H), 5.80 (m, 1H),
4.34 (m, 1H), 4.22-4.25 (m, 1H), 4.06-4.09 (m, 1H), 3.57-3.76 (m, 20H), 2.90 ( s+m 8H), 2.64
(s, 6H) 13C NMR (300 MHz) (CDCl3) δ 163.96, 163.25, 134.50, 134.25, 131.21, 123.31, 123.05,
122.94, 120.67, 72.58, 70.53, 70.45, 69.54, 61.75, 53.05, 46.41, 41.44, 29.17.

N,N’-Di-(3-[2-(N’,N’,N’’,N’’-tetramethyl-1,4-benzenediaminyl)propyl)perylene-3,4,9,10bis(dicarboximide) (126):
TMPDA amine 18 (40.3 mmol, 0.103 mmol), PTCBA 29 (50.1 mg, 0.226 mmol) and a catalytic
amount of zinc acetate were mixed in 5 mL of pyridine and heated at 110 °C overnight. The
reaction mixture was cooled and the solvent was removed under reduced pressure. Silica gel
column chrotograhy with CHCl3 and methanol (9:1) gave 51 mg of 126 in 61 % yield. 1H NMR
(300 MHz) (CDCl3) δ 8.55-8.57 (d, 4H), 8.41-8.43 (d, 4H), 7.03-7.06 (d, 2H), 6.71-6.72 (s, 2H),
6.54-6.57 (d, 2H), 4.31 (t, 2H), 2.86 (s, 16H), 2.62 (s, 12H), 2.15 (m, 4H).

13

C NMR (300 MHz)

(CDCl3) δ 163.16, 147.53, 143.22, 137.50, 134.27, 131.12, 129.17, 126.15, 123.28, 122.83,
120.67, 114.27, 111.35, 45.83, 41.16, 40.92, 28.63.

145

N-(10-Nonadecyl)-N’-(2-Mercaptoethyl)perylene-3,4,9,-10-bis(dicarboximide) (139):
To a solution of 137 (20.1 mg, 0.0031 mmol) in toluene was added 2-aminoethanethiol (4.71 mg,
0.061 mmol) and refluxed for 2 h. The resulting mixture was cooled and the solvent was
removed under reduced pressure. Silica gel column chromatography with CHCl3 gave 10 mg of
139 in 46% yield. 1H NMR (500 MHz) (CDCl3) δ 8.49-8.71 (m, 8H), 5.21 (m, 1H), 4.45 (t, 2H),
2.96 (t, 2H), 2.25 (m, 2H), 1.81 (m, 2H), 1.56 (m, 2H), 1.1-1.4 (s+m, 6H).

N-(1,3-Dihydroxypropan-2-yl)hexadecanamide (142):
2-Aminopropane-1,3-diol (2.00 g, 22.0 mmol) and triethylamine (2.26 g, 22.4 mmol) were
dissolved in 250 mL of methanol, and the mixture was cooled to -20 °C. Then, 6.61 g (24.2
mmol) of palmitoyl chloride in 20 mL of THF was slowly added with stirring. The reaction
mixture was stirred for another 3 h at -20 °C, and then overnight at room temperature. The C16serinol compound 142 precipitated and was collected by filtration, washed with methanol, and
crystallized from 95% EtOH, giving 6.52g (90% yield) of white crystals, mp 124.5-125.5 °C
(lit.49 125-125.5 °C). 1H NMR (300 MHz) (MeOD) δ 0.91 (t, 3H), 1.30 (m, 26H), 1.62 (m, 2H),
2.2 (t, 2H), 3.6(d, 4H), 3.9 (q, 1H).

13

C NMR(300 MHz) (MeOD) δ 14.6.0, 23.93, 26.9, 30.5,

30.6, 30.8, 30.9, 32.9, 37.3, 54.5, 61.9, 175.1.

S, S’-(2-Diacetylthiohexadecanamidopropane-1,3-yl) (143):
Diisopropyl azodicarboxylate (1.06 mL, 4.75 mmol) was added dropwise to a stirred solution of
PPh3 (1.24 g, 4.74 mmol) in THF (2 mL) at 0° C under nitrogen. After 5 h, a solution of diol 141
(500 mg, 1.58 mmol) and thiolacetic acid (603 mg, 7.92 mmol) in THF (1 mL) was added. The
reaction mixture was stirred at 0° C for 1 h, and then at room temperature for 1 day. After
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dilution with AcOEt (100 mL), the reaction mixture was washed with saturated NaHCO3 (aq),
water and saturated NaCl (aq), dried over MgSO4, and concentrated in vacuum. The residue was
purified by silica gel chromatography with hexane:EtOAc (100:10-50) to give dithioacetate 143
(310 mg, 45%) as a white crystalline solid, mp 85.5-86, Rf = 0.50, hexane:ethyl acetate 1:1. 1H
NMR (500 MHz) (CDCl3) δ 0.9 (t, 3H), 1.28 (m, 26H), 1.58 (m, 2H), 2.1 (t, 2H), 2.3 (s, 6H),
3.06-3.18 (d x d, 4H), 4.21 (m, 1H), 5.8 (d, 1H). 13C NMR (500 MHz) (CDCl3) δ 14.11, 22.69,
25.61, 29.21, 29.35, 29.50, 29,63, 29.66, 29.69, 30.53, 31.92, 32.17, 36.74, 36.78, 50.09, 50.17,
173.14, 196.20.
N-(1, 3-Dimercaptopropan-2-yl)hexadecanamide (144):
Deprotection of dithioacetate 143 was accomplished by dropwise addition of 2 mL of acetyl
chloride to a solution of 143 (100 mg, 0.232 mmol) in 10 mL of dry DCM and 2 mL of dry
MeOH at 0° C. The reaction mixture was stirred at room temperature overnight. The solvent was
removed under reduced pressure and the residue was dissolved in DCM, washed twice with 20
mL of 5% NaHCO3, dried over MgSO4, and concentrated in vacuum. The residue was purified
by silica gel chromatography with hexane: ethyl acetate (100:10-40) to yield 144 (20 mg, 30%)
as a white solid. (Rf = 0.50, hexane: ethyl acetate 1:1). This compound was used for the ligand
exchange reaction immediately. 1H NMR (300 MHz) (CDCl3) δ 0.87 (t, 3H), 1.27 (m, 26H),
1.57-1.64 (m+s, 2H + H2O), 2.22 (t, 3H), 2.71 (m, 2 H), 2.94 (m, 2H), 4.20 (q, 1H), 5.7 (d, 1H).
13

C NMR (300 MHz) (CDCl3) δ 14.15, 22.71, 25.74, 26.75, 29.28, 29.35, 29.37, 29.50, 29.67,

29.70, 31.93, 36.87, 51.16, 172.85.
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Substrate preparation
Different substrates were used with regards to the type of experiment performed. These
included hydrophobic, hydrophilic glass slides and gold-coated glass and silicon wafers.
Hydrophilic glass slides
Hydrophilic glass slides were prepared according to the following steps:
I.

The slides were initially examined for surface defects and wiped with dust and surfactant
free tissues soaked in chloroform to remove any surface grease.

II.

The slides were ultrasonicated in a solution of propan-2-ol and then in ultra-pure water,
for 10 minutes in each solution, and then rinsed thoroughly in ultra pure water.

III.

The slides were immersed in a 50:50 mixture of 30% v/v H2O 2 and concentrated H2SO4.
This process is strongly oxidizing and exothermic and takes 24 hours to complete.

IV.
V.

The slides were rinsed thoroughly in ultra pure water and propan-2-ol.
The slides were immersed in 30% v/v H2O2 at ca. 5° C and prior to use the slides were
rinsed in ultra-pure water and finally dried in a stream of air.

Hydrophobic glass slides
The cleaning procedure of hydrophobic glass slides was slightly different and it involved
the following stages:
I.
II.

The slides were initially examined for surface defects.
The slides were ultrasonicated in a solution of chloroform and then propan-2-ol, for 20
minutes in each solution.

III.

The slide‟s surfaces were wiped with dust and surfactant free tissues soaked in acetone to
remove any surface grease.
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IV.

The slides were again ultrasonicated in a solution of chloroform, propan-2-ol and ultrapure water, for 20 minutes in each solution.

V.

The slides were immersed in propan-2-ol and prior to use the slides were rinsed in ultrapure water and finally dried in a stream of air.

Silicon wafers
Gold coated silicon wafers were used as a substrate for I-V characterization of the
monolayers. Silicon wafers were purchased as they are commercially available.
Gold coating procedure
Clean hydrophobic glass slides and silicon wafers were coated with a thin gold film for
I-V measurements using the cold-gold evaporation procedure.
The coating was performed using an automatic coater (Figure 70) and the gold wire
(99.99 %) used as the coating material was purchased from Sigma-Aldrich Chemicals Ltd. First,
the coating chamber was cleaned with isopropanol. Then substrates (slides or wafers) and gold
wire were placed on a special mask and in a molybdenum boat, respectively. Then the chamber
was closed and the pressure was reduced to a value of 1.9 x10-6 mbar. When the correct pressure
was obtained, a current was applied to the boat to melt the gold wire. Then the deposition
process was started and continued until the thickness of the gold film reached a value of 47 nm.

Langmuir-Blodgett trough – Film formation
All pressure-area isotherms were obtained using a NIMA 622 LB trough. It is a onecompartment rectangular trough made of PTFE that is hydrophobic, inert, and able to withstand
direct contact with the subphase and other solvents used for monolayer deposition and cleaning.
Prior to use, it was cleaned, first with propan-2-ol and then with chloroform. The molecules
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being investigated were dissolved into chloroform, with a concentration of approximately 0.1
mg/mL, and deposited onto the ultra-pure water subphase surface using a syringe (Hamilton).
When the desired volume was deposited, the trough was left for 15−30 minutes in order to allow
the solvent to evaporate. After this time the surface containing disordered molecules was
compressed at a minimum barrier speed to obtain an isotherm from Langmuir films of the
studied compounds. All isotherms presented were performed at an ambient temperature.

LB deposition
The LB films were formed using a dipper attachment to the NIMA 622 LB trough. The
dipper mechanism, located in the middle of the two halves, allows the transfer of Langmuir
monolayers onto solid substrates. The solid substrate was placed on the dipper mechanism that
rotated with a speed of 5 mm/min. At an appropriate „target pressure‟, usually in the solid phase,
the Langmuir film was transferred onto the solid substrate during the upstroke. The „target
pressure‟ was chosen individually and carefully for each compound studied. When the LB film
was deposited, it was subjected to further investigations that are described in Chapter 3.
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CHAPTER 5
APPLICATIONS
Some of the intermediates and the final target molecules we have synthesized for the
molecular rectifier project were found to be useful for other applications. So we have
collaborated with three research groups at The University of Mississippi for three different
applications and these are discussed in the following three sections. The first section includes
investigations of two Donor-σ-Acceptor molecular rectifiers using single molecule fluorescence
spectroscopy, 148 the second section includes initial DNA binding studies of some symmetrical
and unsymmetrical bisimides for G-quadruplex DNA stabilization and inhibition of telomerase
activity in cancer cells, and the third section includes synthesis of long alkyl chain (C15) dithiols
for interstaple dithiol cross-linking in Au25 nanoparticles.149

5.1 Single molecule spectroscopy (SMS) of pyrene-perylene D-σ-A molecules
5.1.1 Background
The primary goal of molecular electronics is to make single molecule based electronic
devices. To understand single molecule electronic devices it is valuable to study the electronic
properties of molecules at the single molecule level. For that purpose we collaborated with Dr.
Nathan Hammer‟s group (The University of Mississippi) to conduct single molecule
spectroscopy (SMS) of two D-σ-A molecules composed of pyrene and perylene with a one
carbon and four carbon spacers, 94 and 97 respectively. Fluorescence spectroscopy experiments
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were conducted on these two molecules and the results were compared to the perylene
monoimide 83 in the absence of a pyrene donor.

Figure 70. Structures of perylene monoimide monoanhydride (83) and D-σ-A molecules
comprised of Pyrene and PBI separated by bridges of one (94) and four (97) carbon atoms.

Fluorescence-based SMS has evolved as an important method for studying the behavior
of single molecules under ambient conditions. In the past photoinduced intramolecular electron
transfer (IET) in perylenebisimide based molecular systems was studied by Adams et al. at the
single molecule level for chemosensory applications. 150 SMS of perylene and PBI-containing
molecules have proven to be valuable in recent years. 150 So we investigated the fluorescence
properties of PBI in the presence and the absence of a donor pyrene attached to it at to two tether
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lengths. The fluorescence and photostability of these molecules was investigated in both ambient
atmosphere and with molecules embedded in a polymer thin film.

5.1.2 Experimental results
SMS experiments were carried out by Debra Jo Scardino from Dr. Nathan Hammer‟s
group. Some of the results obtained by her are presented here to discuss the heterogeneity of 83,
94, and 97 at the single molecule level. Syntheses of 83, 94, and 97 were described in section
2.2.
Figure 71 shows the solution phase absorption and fluorescence emission spectra for all
three molecules. The three peaks in the UV-absorption spectra between 450 and 550 nm are due
to perylenebisimide. Intense emission is observed at 535 nm. The spectra are very similar for the
three molecules and are consistent with the literature for PBI. 7 But the spectra of these molecules
look different from each other at the single molecule level (Figure 72).

Figure 72 shows

representative emission spectra acquired for six single molecules of each compound on glass at
ambient atmosphere. Peaks in the single molecule emission spectrum were narrower and the
spectra showed considerable heterogeneity, with spectra exhibiting one, two, or multiple peaks
compared to the two emission peaks observed in the solution. One major difference is that 94
sometimes showed just one main emission maximum centered at approximately 540 nm (e.g., 2d
and 2f in Figure 72) along with the absence or low intensity of the 580 nm peak. In contrast, the
580 feature was prominent in both solution phase spectra of all three molecules as well as in the
single molecule spectra of 94 and 97.
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Figure 71. UV-Vis absorption (left) and fluorescence emission (right) spectra for 83 (top)
94 (middle), and 97 (bottom).
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Figure 72. Single molecule fluorescence spectra for 83 (left 1a-1f), 94 (center 2a-2f), and 97
(right 3a-3f)

The photostability of these molecules was tested on glass, and also in a polymer thin film
to monitor their photostability in isolation. Figures 73 and 74 are histograms showing the percent
time emitting light (% Time On) for each of the molecules on glass and embedded in a polymer
film respectively. These histograms were constructed using time traces for over 100 individual
molecules of each molecule (83, 94, and 97) in each environment.
From Figure 73, it was observed that, 94 (on glass) emitted light on average slightly more
of the time (22%) than either 83 (15%) or 97 (17%). All the three molecules exhibited high
degrees of fluorescence intermittency and photobleached relatively quickly when exposed to
ambient atmosphere and the excitation laser. The results obtained in the polymer thin film were
significantly different from that of obtained on glass. From the histograms in Figure 74 it is
clearly evident that 94 and 97 are more or less similar to each other, but different from 83.
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Molecule 83 was observed to emit light for more time (64%) when compared to 94 (41%) and 97
(39%), and all the three molecules were significantly stabilized by the polymer thin film as
shown by the shift to more time-on in Figure 74.

Figure 73. Histogram of the percent time emitting light for molecules 83, 94, and 97 on glass.
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Figure 74. Histograms of the percent time emitting light for 83, 94 and 97 embedded in a
polymer thin film.
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Dr. Hammer‟s group applied a Kruskal-Wallis statistical test to compare the histograms
of 83, 94, and 97 to determine the similarity in their distributions. The results showed that 94 and
97 were not statistically different from each other and 83 was significantly different from 94 and
97. So based on the all the above data we conclude, irrespective of the length of the tether
between the donor pyrene and PBI, the presence of pyrene had deleterious effects on the
fluorescence of the PBI in the polymer thin film.

5.2 Symmetrical and unsymmetrical perylene bisimides (PBIs) for G-quadruplex DNA
stabilization and inhibition of telomerase activity in cancer cells.
5.2.1 Background
Symmetrical and unsymmetrical perylene bisimides (PBIs) and their related structures,
perylene monoimide monoanhydrides, present targets of considerable current interest in
biological as well as electronic areas.150 Besides their conventional uses in high technology
applications, PBIs are key ligands in photodynamic therapy, and also G-quadruplex DNA
stabilization and inhibition of telomerase activity in cancer cells. 151-53 In photodynamic therapies,
PBIs under visible light irradiation produce active oxygen species, which initiate the oxidation of
cancer cells. There has been great interest in exploring the potential of G-quadruplex DNA
binding selectivity of PBI dyes. This selectivity represents a crucial point of inhibition of human
telomerase, which is responsible for growth of cancer cells.
Most cancer cells have a high level of enzyme telomerase. This enzyme, which is
expressed in 80–90% of all tumor cells, is lacking in most normal cells.154 Telomerase has the
ability to add DNA back to the telomeres, which are shortened as cells divide, and to accelerate
the uncontrolled growth of tumor cells. Telomeres are composed mostly of guanosines. The last
few guanosines at the end of each telomere can fold into a sort of box, called a G-quadruplex.
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The box-like G-quadruplex structures at the end of chromosomes are thought to be the knot that
prevents the chromosomes from unraveling. Many groups have designed and synthesized some
molecular structures, which are believed to interact with G-quadruplex DNA structures to play
an important role to maintain the telomeres.
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One of the commonly preferred and employed

compounds in the G-quadruplex DNA binding studies is PBIs 156, and one among them is PIPER
130 (Figure 77), which is water soluble due to its cationic charge.

Figure 75. Structure of PIPER.

Fluorescence emission and gel electrophoresis studies have shown that PIPER has strong
binding of the ligand to the G-quadruplex DNA. The binding site of the ligand to G-quadruplex
DNA is the aromatic core of the ligand, but the side chain of the ligand PIPER plays an
important role in the binding affinity. Water soluble PBI‟s with polyethylene glycol (PEG)
swallowtails were also tested in comparison to PIPER to understand the affinity of uncharged
species onto DNA.21
Although a number of different small molecules are known to interact with quadruplex
DNA, the most often studied are those that are derivatives of porphyrin or perylene. A number of
other PBI‟s bind to quadruplex DNA and their affinities are controlled by the structures of the
side chains attached to the imide nitrogens. The side chains examined have generally contained
cationic amino moieties under the conditions studied, and these groups are thought to control
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specificity for quadruplex DNA binding. All the G-quadruplex interactive PBI ligands mentioned
in the literature are symmetrical perylene bisimide derivatives. None of the articles has reported
G-quadruplex DNA binding selectivity of unsymmetrical PBI ligands.

5.2.2 Objectives
A new series of eight symmetrical and unsymmetrical perylene bisimide molecules
having basic amino groups and PEG swallowtails is proposed in Figure 76. We eventually plan
to synthesize the complete set, and to investigate their binding selectivities to G-quadruplex
DNA structures. These compounds should be soluble in organic solvents and are expected to be
soluble in aqueous solution as both cationic hydrochlorides and neutral PEG or polyamine forms.

Figure 76. Series of symmetrical and unsymmetrical bisimides with PEG swallowtails and
basic amino groups.
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Previous studies on perylene bisimides showed that the polar side chains play a major
role in determining the ability of these compounds to bind to the G-quadruplex. Lee et al.
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studied G-quadruplex binding of a molecule similar to 133 called P-TRIS. They reported that PTRIS show concentration dependent binding to G-quadruplex. However, none of the articles has
shown concern for the G-quadruplex DNA binding selectivity of unsymmetrical PBI ligands.
The main objective is to compare the binding selectivity of the 8 molecules mentioned above
based on their basicity and hydrophilicity.

Comparison of the DNA binding selectivity at low pH of symmetrical bisimides ranging
from uncharged bisimide 120 to symmetric bisimide with the highest charge density, 133.
As the DNA binding selectivity of charged (cationic) unsymmetrical PBIs has never been
tested, it would be interesting to witness whether DNA would bind to these unsymmetrical
bisimides that are charged on only one end (132, 125, 134, and 135). Selectivity differences
would help to understand the balance and distribution of charge density on the imide tails for Gquadruplex stabilization.
Binding abilities of the synthesized perylene bisimides to different forms of DNA strands
can be investigated by visible absorption and fluorescence spectroscopy in phosphate buffer
solutions and the compound‟s effect on quadruplex formation can be studied by non-denaturing
gel electrophoresis.
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5.2.3 Synthetic details
For the preliminary results reported here, an initial set of perylene bisimides 126, 125 and
120 was used for DNA binding studies. The syntheses discussed in detail in Chapter 2, pages 35
and 39 respectively.
Bisimide 126 was formed as the major byproduct while making 125. Unexpectedly, 126
formed crystals from a solution of chloroform. This observation generated interest in testing the
solubility of 126 in different solvents for growing crystals and the solubility details are given in
Table 13.

Solvent

Solubility

Chloroform

Soluble

Tetrahydrofuran

Soluble

Dichloromethane

Partially soluble

DMF

Soluble when hot

DMSO

Soluble when hot

Methanol

Insoluble

Hexane

Insoluble

Diethyl ether

Insoluble

Table 19. Solubility of 126.

We tried growing crystals of 126 in a variety of recrystallization solvents as shown in
Table 20. We were able to grow good crystals in chloroform by slow evaporation processes. We
could also grow crystals in a mixture of chloroform and methanol but using just chloroform
proved better. The resulting crystals were sent to Dr. Edward Valente (University of Portland)
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for crystallographic studies and the crystal structure was found as in Figure 77. The crystal
structure revealed that one of the TMPDA dimethylamino groups is rotated out of the plane and
the nitrogen is pyramidalized, which would cause a decrease in the resonance ability of the
nitrogen into the benzene ring, decreasing donor abilities of the TMPDA moiety.

Figure 77. Crystal structure of TMPDA bisimide 126.
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Solvent

Crystals formed

Chloroform

Yes

Chloroform-Methanol

Yes

Chloroform-Hexane

No

Chloroform-DMF

No

Chloroform-DMSO

No

Dichloromethane

No

Dichloromethane-Methanol

No

DMF

No

DMSO

No

Table 20. Recrystallization solvents used for growing crystals of 126.

5.2.4 Experimental results
Dr. Wadkins and Pandora White conducted preliminary experiments to test the DNA
binding ability of bisimides 126, 125 and 120 using fluorescence spectroscopy. Fluorescence of
the bisimides was measured at pH 8, 5.8, and 4.8 using unbuffered distilled water, TE buffer and
acetic acid/sodium acetate buffer respectively.
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Figure 78. Excitation and emission scans of 126. Black in water, grey in TE buffer and white in
acetic acid/sodium acetate buffer.
In Figure 78, the excitation (left) and emission (right) for 126 showed an exponential
curve at pH 4.8 indicating that 126 is not soluble enough to run these experiments. For 125
(Figure 81), the excitation scan showed a higher peak in TE buffer but the emission peak showed
a higher peak at pH 4.8 But for 120 (Figure 80) the emission and excitation scans showed the
possibility that the molecule was protonated at lower pH. As molecule 126 had some solubility
issues, 125 and 120 were used to carry out the DNA binding experiments. dsDNA (0.1 mg) was
added in 1 µL increments to observe the change in the fluorescence intensities of the molecules.

Figure 81. Excitation and emission scans of 125. Black in water, grey in TE buffer and white in
acetic acid/sodium acetate buffer.
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Figure 80. Emission and excitation scans of 120. Black in water, grey in TE buffer and white in
acetic acid/sodium acetate buffer.

For 125 and 120, emission scans were taken at 5 min intervals while adding ds DNA in
increments until equilibrium was reached. The results showed that there is little difference with
1µL or 10 µL of ds DNA being added to molecule 125, which means that molecule 125 is not
binding to the ds DNA. Based on Figure 80 it was observed that 120 binds to ds DNA, and
titration experiments were done with 120 with 2 µL increments of ds DNA in 30 minute
intervals, and the data was converted to a titration curve to determine the binding constant. The
relative binding constant for 120 was 0.93µM.
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Figure 81. 1µL of 0.1 mg/mL dsDNA was added to 1980 µL of TE buffer and 20 µL of a
solution of 120. The emission scans were taken in 5 minute intervals.

Figure 82. Titration curve for 120.
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5.2.5 Conclusions
Although this data shows that 120 binds to ds DNA, there are numerous tests that could
be completed to determine if 120 has any promise in the future as an anticancer agent. These
experiments need to be duplicated as it is necessary to ensure no experimental errors in
determining the properties of these molecules. Experiments should also be repeated with ssDNA
to ensure the DNA binding before running experiments to see the effects on G-quadruplex
formation.

5.3 Synthesis of perylenebisimide-thiols and C15-dithols for making fluorescent gold
nanoparticles & ligand exchange studies of dithiols on gold nanoparticles
5.3.1 Introduction to Gold Nanoparticles (AuNPs)
AuNPs have shown great potential applications in the fields of chemistry, physics,
materials, biology, medicine, and related interdisciplinary fields. 157 Organized inorganic-organic
nanohybrids can be developed by assembling organic molecules containing functional groups,
such as amines, thiols, isothiocyanates, and silanes, on the three-dimensional surface of AuNPs.
One such example is [Au25 (SC2H4Ph) 18]. It consists of 25 gold atoms (Au25) surrounded by 18
phenylethylthiolate ligands.
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Figure 83. (Au25) surrounded by 18 phenylethylthiolate ligands.
Tailoring the optoelectronic properties of AuNPs by organizing chromophores of specific
properties and functions on gold nanoparticles can yield photo responsive organic-inorganic
nanohybrid materials. The organization of the densely packed photo responsive shell
encapsulating the nanoparticle core offers exciting opportunities for the design of novel photonbased devices for sensing, switching, and drug delivery. Metal hybrids of organic molecules
assembled as two- or three-dimensional architectures provide routes to the design of materials
with novel electrical, optical, and photochemical properties. Gold nanoparticles are widely used
for biomolecular labeling and as immunoprobes.
In the past decade there has been a great deal of research work on the fluorescence of
metal nanoparticles, in particular gold and silver. Gold nanoparticles functionalized with
chromophores are known to present unpredictable fluorescence as a function of their structure.
Our initial objective in this project was to synthesize the mercaptoethyl-C19-alkyl swallowtail
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perylene bisimide (C19 swallowtail-PBI-thiol) 139 to make fluorescent gold nanoparticles. We
aimed at performing a ligand exchange reaction with 139 to produce the one-ligand-exchanged
nanoparticle 140. Our long term goal was to synthesize and isolate Au25 gold nanoparticles with
one or two exchanges of PBI thiols and investigate the fluorescence processes of the resulting
gold nanoparticles.

Scheme 36. Synthesis of mercaptoethyl-C19-alkyl swallowtail perylene bisimide (C19
swallowtail-PBI-thiol) 139.

Compound 139 was prepared by condensing 2-aminoethanol 138 onto a C19 alkyl
swallowtail perylene monoimide monoanhydride 137 6 using zinc acetate as catalyst in toluene,
refluxing for 2 h. Silica gel chromatography of the crude product with chloroform gave 139 in
52% yield. Pure 139 was used for the ligand exchange studies on Au25(SC2H4Ph)18.
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Au25 Phenethylthio18

Au25 Phenethylthio17 C19Swallowtail-PBI1, 140

Figure 84. Au25 phenethylthiol 18 (top), Au25 Phenethylthio17 C19-swallowtail-PBI1 (bottom)
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Figure 85. MALDI showing one and two exchanges of Au25 gold nanoparticle with the perylene
C19 thiol. Spectra taken after 1 hour (top), 3 hours (middle), 5 hours (bottom).
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All the ligand exchange reactions were done by Vijay Reddy Jupally from Dr. Amal
Dass‟s group. In the above Figure 85, the peak at 7394.00 Da corresponds to Au25(SC2H4Ph)18. It
was observed that perylene thiol 139 exchanges with one phenylethyl thiolate after 1 hour and
the corresponding peak was found at 7976.826 Da. There was no considerable improvement in
the reaction conversion after five hours and after seven hours a second exchange at 8560.480 was
noticed. We have attempted to separate the one-ligand-exchanged Au nanoparticle using silica
gel chromatography with chloroform as the eluting solvent. We did not succeed in isolating the
required product but observed that ligand exchanged nanoparticles were stable on the column. As
several attempts to produce pure Au25 Phenethylthio17 C19-swallowtail-PBI1 (Figure 84) failed,
we thought of doing ligand exchange reactions with a much simpler system than perylene thiol
139.

5.3.2. Dithiol interstaple crosslinking of Au25 Nanoparticles
The Au25 nanoparticle consists of a central core of 13 gold atoms. The surface of this core
is surrounded by six [RSAuSRAuSR] staple motifs (Figure 86). SR here represents a phenylethyl
thiolate ligand. Each staple motif has three phenethyl thiols which can be exchanged with new
added thiols. Ligand exchange has been used to introduce new functionality while the core size
of the nanocluster is preserved. Dr. Amal Dass‟s group conducted a systematic study of
exchanging the phenethyl thiols of Au25 (SC2H4Ph)
dithiols from ethanedithiol to hexanedithiol (Table 21).
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18

with different commercially available

Figure 86. Au25 nanoparticle showing exchange (replacement) of two phenethyl thiols with one
dithiol molecule.

The objective is to replace all of the 18 phenethyl thiols of Au25 (SC2H4Ph)

18

using any

of the dithiols mentioned in the Table 21. If each dithiol replaces two phenylethyl thiolates, the
resulting nine dithiol exchanges could be observed using MALDI mass spectroscopy.

5.3.2.1 Experimental Results
Propanedithiol and butanedithiol predominately exchanged with two phenylethyl
thiolates at a time, making cross-linking bridges on Au25. The extent of crosslinking can be
controlled by the Au25(SR)18 to dithiol ratio, and the reaction time of ligand exchange. The
solubility of the exchanged nanoparticle also plays a role in allowing more exchanges on the
Au25 nanoparticle, since nanoparticles that have lost enough phenethyl groups become insoluble
in toluene and do not exchange further. So to improve the number of exchanges of the propane
dithol we synthesized a C15 tailed propanedithiol derivative 144 to raise the solubility of
exchanged nanoparticles and increase the number of ligand exchanges on the Au25 nanoparticle.
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Dithiol

Mol. Wt. 1D  1 1D  2
Max. number of
(Dalton) (Dalton) (Dalton) Exchanges observed

1,2-ethanedithiol

94

-44

-182

3

1,3-propanedithiol

108

-30

-168

6

1,4-butanedithiol

122

-16

-154

7

1,5-pentanedithiol

136

-2

-140

5

1,6-hexanedithiol

150

12

-126

3

Table 21. 1D  1 represents one dithiol replacing one phenylethyl thiolate ligand and 1D  2
represents one dithiol exchange with two phenylethyl thiolate ligands.

Figure 87. Au25 nanoparticle showing 6 exchanges with propanedithiol.
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Scheme 37. Synthesis of N-(1, 3-dimercaptopropan-2-yl) hexadecanamide (144)

Dithiol 144 was synthesized starting with serinol 103. Compound 103 was reacted with
palmitoyl chloride 141 in the presence of Et 3N in THF at -20° C to obtain C16-tailed serinol 142
as a precipitate. Recrystallization of the crude product from 95% ethanol gave white crystals in
90% yield. Then 142 was subjected to a Mitsunobu esterification to make dithioacetate 143.
Compound 142 was treated with diisopropyl azodicarboxylate i-(PrOCON)2, triphenyl
phosphine, and thioacetic acid in THF. This is a heterogeneous reaction where the reaction
mixture turns into a solution as the reaction moves forward making the dithioacetate 143. The
crude product can be either chromatographed using hexane and ethyl acetate (100: 10-50) or can
be recrystallized from ethyl acetate to obtain pure 143. Recrystallized 143 was obtained in 45%
yield. Finally dithiol 144 was obtained in 30% yield by hydrolyzing the thioacetates of 143 by
producing acid in situ using acetyl chloride and methanol in dichloromethane. Compound 144
was used directly for ligand exchange studies without any further purification.
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Figure 89. Au 25 nanoparticle showing 7 exchanges with 144.
The results obtained from the ligand exchange experiments with 144 showed 7 exchanges
on the surface of the Au25, indicating that the long alkyl chain of 144 did help in improving the
number of ligand exchanges compared to propanedithiol (6 exchanges). However, new
experiments should be designed to perform ligand exchanges with propanedithiol and
butanedithiol attached to long alkyl chains to achieve complete exchanges of phenylethyl
thiolates on Au25 nanoparticle.
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