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Molecular switches and motors respond structurally, electronically, optically, and/or
mechanically to external stimuli, testing and potentially enabling extreme miniaturization of
optoelectronic devices, nanoelectromechanical systems, and medical devices. Assembling
motors and switches on surfaces makes it possible both to measure the properties of individual
molecules as they relate to their environment, and to couple function between assembled
molecules. We designed molecules with precise functionality and assembled them on solid

substrates either as isolated single molecules, linear one-dimensional chains, or as two-



dimensional islands in order to measure and to test the fundamental limits and cooperative
function of the assemblies. We established that proximate functional molecules interact with
each other to drive unprecedented cooperative motion at the nanoscale. In conjunction with
theory, we establish the mechanism by which the molecules perform this nanoscale action. We
modify the environments in which these assemblies are adsorbed to tune their dipole-dipole
interactions via self- and directed assembly. We establish the role of the tethers that decouple
the functional molecules from the underlying conductive substrates. By varying the composition
of the tether we understood that the molecular function varies inversely with the conductance of
the tether. In order to circumvent problems with steric hindrance in molecular assemblies, novel
functional molecules were designed and tested at single-molecule and at ensemble scales. This
thesis details the effects of parameters such as the molecular environment, intermolecular

interactions, and internal functional groups of molecular switches on their nanoscale actuation.
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CHAPTER 1

INTRODUCTION



1.1 INTRODUCTION

Molecular switches and motors, which change their structural, electronic, and/or optical
properties in response to external stimuli, represent the ultimate limit of miniaturization for
creating functional molecular devices."® While progress in chemical synthesis has created a
broad range of switches and motors, measuring and understanding the physics and chemistry of

" Most studies of molecular motors and

switching molecules has proved more challenging.*
switches have been carried out in solution, meaning molecules are randomly distributed and
oriented, and cannot be addressed individually.»#®° Placement, addressability, and cooperative
operation become possible once switches and motors are assembled on solid surfaces.>***
However, some molecules function differently on surfaces,® making it important to characterize

the effects of assembly on molecular structure, arrangement, and function.

Fundamental experimental and theoretical studies of a broad range of molecular switches
and motors have laid the groundwork for early applications in molecular devices.>” 2141618
Active molecules are first assembled on surfaces using one of several existing methods,*** then
manipulated and characterized using techniques including optical spectroscopy, scanning
tunneling microscopy (STM), and/or atomic force microscopy (AFM).??> Molecular simulation
and theoretical analysis tools incorporating surface effects have been developed to complement

experimental studies. %

As a preface to the thesis, | discuss some of the most commonly studied molecular
switches and motors, surface assembly methods, techniques to monitor and to understand

switching, and emerging applications.



1.1.1 ASSEMBLY OF MOLECULAR SWITCHES AND MOTORS ON SURFACES

Molecular switches and motors can be assembled as Langmuir-Blodgett (LB)
monolayers, self-assembled monolayers (SAMSs) deposited either in vacuum or from solution,
and single molecules and assemblies in well-defined nanoscale environments.**3*>2%2" Here, we
focus primarily on monolayers self-assembled from solution, since this method can be used to
form dense, ordered structures suitable for characterization and directed coupling between
molecules. An important subset of these assembly techniques distribute switches or motors in a
preexisting background monolayer, resulting in a controlled nanoscale environment around the
active molecule and facilitating characterization of switching and motion under ambient

conditions.

1.1.2 SELF-ASSEMBLED MONOLAYERS

Self-assembled monolayers form when molecules spontaneously adsorb on a surface
through either covalent or noncovalent interactions. Early work by Allara, Nuzzo, Whitesides,
and others focused on SAMs of alkanethiols on gold.?*?*% From ethanolic solutions (typically at
concentrations near 1 mM), thiols organize rapidly (within seconds) on gold by forming covalent
bonds between the thiol head group and the gold surface, exposing the tail groups in ordered

lattices. Although SAMs can be assembled on surfaces including metals (such as Au, Ag, Cu, Pt,

30-32 34-36 37,38

and Pd),?® semiconductors (including Si and Ge),**** insulators,® glass,**® nanoparticles,
and porous materials,® gold is a widely used substrate because it is commercially available,

easily forms bonds to thiols, and is otherwise relatively inert.



Although thiols are commonly used to form monolayers on gold, amines, selenols,
thioacetyls, and other attachment chemistries may also be used.?*#*4° However, even for the
widely used Au-S attachment chemistry, the exact surface bonding arrangement is widely
debated,** highlighting the critical importance of understanding molecule—surface contact for the

molecular switches and motors discussed here.

In addition to linear backbones, bulkier and more rigid backbones such as adamantanes
and carboranes* have also been explored as means to display chemical functional groups on
surfaces. These molecules are also expected to be important in the context of molecular switches,
since the tethering group has been shown to play important roles in both molecule-surface

coupling and determining the steric freedom available for switching and other motion.

1.1.3 SINGLE MOLECULES AND  ASSEMBLIES IN CONTROLLED

ENVIRONMENTS

Individual switches and motors can couple to their environments or to surrounding active
molecules, changing their function.’>***° Thus, it is important to be able to isolate individual
molecules and controlled assemblies to measure their properties. One straightforward method is
to isolate individual molecular switches and motors or their assemblies within well-ordered two-
dimensional (2D) alkanethiolate SAM matrices.'®**® Experimentally, this is achieved in one of
two ways. Active molecules can be added to an existing film, resulting in selective deposition at
defects in the SAM; these defects are the most reactive and sterically accessible sites on the
surface. Alternatively, small amounts of the active molecule can be co-deposited with the matrix
molecules, typically resulting in isolation of the active molecules within the domains of

alkanethiolate domains. Annealing at elevated temperatures (~80 °C) can then be used to



organize the active molecules,*® producing controlled (clustered or linear) assemblies.>”® When
using the insertion method, active molecules can also be applied to the existing SAM using soft-

lithographic stamps, leaving isolated molecules at defects in the stamped areas only.®

This host-guest system has a number of advantages. Isolated molecules can be probed
individually®® and their functional properties understood in relation to the immediate molecular
environment. For some switch molecules, the ordered matrix reduces stochastic switching,
making it easier to measure switching based on controlled stimuli.**>* The matrix can also be
precisely designed to interact with molecules in the assembly, for instance by engineering
hydrogen-bonding or dipole interactions with the active molecule.’>*®® The matrix can channel
heat evolved from excitations and reactions, preventing thermal damage to the monolayer.>®
Finally, well-characterized SAMs provide spatial and electronic references for measurements of

inserted molecuIes.16,43,46,47,49,50,53,55,60,66,67

1.2 MOLECULAR SWITCHES
1.21 ELECTRONIC SWITCHES

The discovery in 1977 that conjugated polymers such as polyacetylene can be electrically
conductive®®®® led to extensive research on molecular conductance, ranging from single

22434653 ¢4 hulk materials for solar cells.”® Some conductive

molecules wired to metal electrodes
molecules can switch between high- and low-conductance states, making them candidates for
molecular electronics (Fig. 1.1).

However, both conductance and switching properties depend critically on contact with

electrodes as well as the details of molecular structure, conformation, and interactions with the

environment, complicating their use in devices. It is also often necessary to distinguish between



several possible switching mechanisms, which is not straightforward due to challenges inherent
in single-molecule measurements.? In this chapter, experimental and theoretical approaches to
solving these problems will be discussed, focusing on functionalized benzenes and on larger

conjugated oligo(phenylene ethynylene) switches as examples.

1.2.2 CONDUCTANCE DEPENDS STRONGLY ON CONTACTS AND ENERGY

LEVEL ALIGNMENT

The physical, chemical, and electronic contact between the molecular switch and the metal
electrode is critical to understanding molecular conductance.” " Calculations show that when a
benzenedithiol molecule is bound to metal electrodes, significant charge transfer occurs, shifting
the molecular energy levels. The offset in energy between the resulting molecular orbitals and

the metal Fermi level is one of the key quantities determining molecular conductance.

Spatial extents of the molecular orbitals are also important. Calculations for benzenedithiol ™

indicate that the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are predominantly localized on the molecular backbone, whereas the HOMO-1

states are localized on the sulfur end groups.

Polarizability, the deformation of a molecule’s (or assembly’s) electrons in response to an
electric field, is a convenient readout for molecule—substrate contact. Conjugated switch
molecules such as oligo(phenylene ethynylene) are 2-6 times as polarizable as unconjugated
alkanethiols.®” However, binding to a metal surface further increases their polarizability due to

coupling with substrate electrons.



Conductive molecules may be attached to metal electrodes using a variety of functional
groups. Thiols (-SH) are most common, although other groups such as amines (-NH,), selenols
(-SeH), and nitriles (-CN) are also used. The linker used can strongly impact molecular
conductance. Theoretical calculations by Ratner and coworkers predict conductance differences
of two orders of magnitude for para-difunctionalized benzenes between gold electrodes based on
the functionality of the linker, due to both shifts in energy levels and spatial extents of the

HOMOs and LUMOs.”

Experimental methods can also be used to measure differences in conductance based on
attachment group.*>”™™ Weiss and coworkers have performed STM measurements and
demonstrated that for saturated chains, thiolate molecules are more conductive than their
selenolate counterparts,” based on differences between calculated and apparent heights. While
thiols are physically 0.2 A shorter than the equivalent selenolates of the same alkyl chain length
as part of a SAM, thiols appear 0.4 A more protruding in STM images than the equivalent
selenolates. Since STM images are a convolution of topography and electronic effects, this

corresponds to a ~2.5-fold difference in contact conductance.

For a range of backbones, larger conductances of thiols vs. selenolates have been predicted in
both directions.”®®? Joachim and coworkers attributed this apparent conflict to orbital alignment
changes based on the backbone interactions with the contact electronic structure.®®
Venkataraman, Hybertsen, and coworkers have since demonstrated that substitutions along the
molecular backbone (i.e., not in contact with the electrodes) do indeed impact conductance.?*®

In substituted benzenes attached to gold electrodes via amine linkers, electron-donating groups

increased the energy of the HOMO, increased the conductance by aligning the HOMO with the



Fermi level of the metal. When electron-withdrawing groups were attached, the HOMO energy

level was lowered, decreasing conductance.®®

Solvent can also play a role — in the diaminobenzene system described above, changes in
solvent changed conductance by up to 50%,% attributed to solvent molecules binding to low
coordination sites around the metal-molecule junction, increasing the Au contact work function

and impacting energy level alignment.

Molecule-surface contact is also impacted by the geometry of the binding site. Thiolates have
complicated binding to Au{111}that has been the subject of controversy. In some cases, thiolates
bind to Au adatoms, which also have some mobility on the surface.*®*°* Changes in binding site

40729293 \Weiss and coworkers demonstrated

result in significant changes in conductance.
experimentally that adamantaneselenolates bound to three-fold hollow sites have higher contact
conductances than those at bridge sites.® Surface reconstruction also induces changes to

molecular adsorption sites and can result in changes in contact conductances.

In the tunneling regime, molecular conductance can be described by the equation G=Ae™"

where A is constant, n is the length of the molecule, and 3 is an exponential tunneling decay
factor that depends on the alignment of the molecular energy levels and the Fermi level of the
substrate. For saturated alkanethiols, = 0.5-1.0/A depending on the linker functionality.’* More
conductive molecules have lower P values: Chidsey and coworkers found B ~ 0.6/A for
ferrocene-terminated oligo(phenylene ethynylene)s,®® Venkataraman and coworkers found
B = 0.4/A for diaminopolyphenyls,® and thiol- and isocyanide-functionalized oligoacenes have

B~0.5/A%



Although conductance usually decreases with molecular length, exceptions exist. Ratner
proposed that in the intermediate regime between the coherent superexchange range® and
incoherent hopping range, conductance is nearly independent of length.”® Tao and coworkers
found experimentally that the conductances of oligothiophenes increase going from the three-
ring to the four-ring molecule, which they attributed the HOMO shifting closer to the Fermi level

for the longer molecule.”®

123 OLIGO(PHENYLENE ETHYNYLENE)S AND PROPOSED SWITCHING

MECHANISMS

Oligo(phenylene ethynylene)s (OPEs) are another well-studied class of extended
n-conjugated systems that undergo reversible switching between different conductance
states. 2444749100119 Ajjara and coworkers demonstrated that these functional molecules show
several orders of magnitude higher conductance than saturated alkanethiols when attached to
conductive electrodes.’” The switching behavior of OPE has been well documented using a
variety of techniques.*49106:112.116120121 geysera] possible switching mechanisms were proposed,
including rotation of functional groups,’® twisting of the conjugated background,*? reduction of

24121 intermolecular interactions,*® and changes in the hybridization of metal

functional groups,
molecule bond.**4"12* Molecular design variations and measurements were used to test all of
these possibilities, by synthesizing molecules that could and could not exhibit each of the

proposed mechanisms, ultimately leading to the understanding that switching occurs via

hybridization change at the Au-S interface.

Both reduction and rotation of attached functional groups can affect electronic energy

levels of the molecules, one possibility for conductance switching. Seminario et al. proposed



reduction as a mechanism for switching in amino- and nitro- functionalized molecules.
Reduction of OPE occurs at ~1.7 V at 0 K,** spatially extending the LUMO, which could
increase conductance. Lang and coworkers suggested the alternative possibility that rotation in
the amine or nitro groups alters in the HOMO-LUMO gap”® to change conductance. However, in
STM measurements by Weiss and coworkers, OPE switched under imaging potentials (-1 V
sample bias) much lower than the reduction potential and also without any tunneling current,
when the tip was withdrawn from the surface, out of tunneling range. Figure 1.2A shows the
structure of the molecule and high-resolution STM images of the molecule in its ON state (top)

and OFF state (bottom).*®

Other groups suggested that conductance switching arises from rotation of the phenyl
rings in the OPE backbone,**#!%> with maximum conductance when all three rings are parallel
with continuous n-orbital overlap, and decreased conductance when they are rotated with respect
to each other, decreasing overlap (as for crossed polarizers). It was proposed that by attaching
bulky functional groups to the phenyl rings, rotation could be hindered.'?? Barriers for such
rotation at room temperature depend strongly on the environment around the molecules:
~0.04 eV for free rotation and nearly two orders of magnitude greater (~1.6 eV) when restricted

24,123

by a tightly packed matrix. However, stochastic switching was observed for individual

phenanthrene molecules (with fused rings) in an octanethiolate SAM matrix (Fig. 1.2B).%*%°

Interactions between switches and the matrix have also been investigated as they relate
to controlling switching. Introducing a nitro group (or other functionality) to the backbone of the
OPE molecule increases the molecular dipole moment. Thus, the molecule experiences stronger

electrostatic forces from electic field due to the applied bias between STM tip and the substrate.*’

10



Nitro-OPE aligned normal to the surface when a positive sample bias was applied, protruding
from the matrix. However, the molecules tilted when a negative sample bias was applied,
decreasing their apparent height in STM images (Fig. 1.2C). Since the tilted molecules also
switch to low-conductance (OFF) states, both physical and electronic factors contribute to the
decrease in apparent height. Importantly, the use of a matrix containing amide functional groups
allowed the OPE to hydrogen bond with the matrix, stabilizing the conductance states and
decreasing stochastic switching. Thus, by engineering interactions between the switch and the

matrix it is possible to achieve a higher degree of control over molecular switching.

Lindsay and coworkers investigated dithiol-functionalized OPE molecules with
nanoparticles attached to one of the thiol terminus while the other end of the molecule was
attached to the underlying Au surface. They proposed that the conductance switching observed
in their STM measurements was due to the detachment of OPE molecules from the surface due
to a “blinking” mechanism of the Au-thiol bond."® However, their mechanism required the
nanoparticles to be covalently bound to the substrate in the high conductance state and detached
from the surface in the low conductance state. Weiss and coworkers have shown that
nanoparticles not tethered to the substrate can be differentiated from those that are, and the
former are easily swept away by the STM tip.®* Thus, we discount this detachment mechanism,
but not that hybridization changes fulfill the same role of changing conductance through bonding

changes.

Interactions with neighboring switch molecules (in contrast to interactions with the
matrix) were also proposed to play a role in conductance switching.**® Since single molecules

were shown to function as switches, this mechanism could be ruled out.*34°

11



Since thiolates on Au{111} can migrate on the surface, particularly near surface defects,
such migration was also investigated as a possible switching mechanism. Thiolated OPEs
adsorbed on Au{111} near atomic step edges and vacancy islands can move up and down at the
edge (Fig. 1.2D).*®* However, individual molecules near step edges nonetheless exhibited ON

and OFF states both above and below the edge.*®

The mechanism consistent with the STM measurements is a hybridization change at the
S-Au interface. Molecules oriented normal to the surface have sp hybridization with the

d.124

substrate; hybridization changes to sp® if a tilted conformation is adopte In contrast with

reduction or rotation in a packed matrix, hybridization changes have a much lower activation

127

energy (~0.1 eV)™" consistent with switching under STM imaging conditions. Additional

mechanistic possibilities exist for molecules unrestricted by surrounding matrices.

In the OPE switching measurements described above, the molecule is covalently bound to
only one electrode — the substrate. It is also possible to perform break junction measurements in
which the molecule is thiolated on both ends, and covalently bound to both electrodes. This
configuration has been used to measure electronic spectra for symmetrically and asymmetrically
functionalized OPE molecules, which have symmetric and asymmetric current-voltage (I-V)
curves, respectively.’? Break junction measurements also demonstrated that the position of the
thiol on the terminal phenyl ring impacts conductance. Molecules thiolated in the para position
(at the end of the long molecular axis) were more conductive than those thiolated at the meta

position (to one side of the axis).*®

All of the factors discussed above (anchoring chemistry, backbone structure and

functionalization, adsorption geometry, metal composition, and neighboring molecules) affect

12



HOMO and LUMO alignment with respect to the metal Fermi level and therefore conductance.
Due to this complex interplay between molecular structure and conductance, designing and
optimizing new switch molecules and their contacts is not straightforward. If understood and
made predictable, these factors will ultimately provide useful degrees of control over switch

assembly and function.

1.3 PHOTOCHROMIC SWITCHES

Photochromic switches undergo reversible conformational changes when exposed to light of
specific wavelengths. Typically, two conformers have different energies and different absorption
spectra, so if the molecule has been switched into its higher energy form using light, it can either
relax back thermally, or be switched back by light of a different wavelength.”*® Since their
discovery in the late 1880s, studies of photochromic molecules have explored an increasing
range of species and function; the most-studied classes include spiropyran, spirooxazine,
diarylethene, azobenzene, and quinones.*®** Immobilizing photochromic molecules on surfaces
presents special challenges since the addition of an anchoring group must not strongly impact the

stability of either conformation, or the overlap of their absorption spectra.’

Since its synthesis and initial photochemical uses in 1950s, azobenzene has been one of
the most widely studied molecular switches.”®**"**® |t has been used in porous materials to
control release of absorbed molecules.****> Because it has been extensively characterized both
in solution and on surfaces, it provides a useful example of how the physical properties of such
molecules are both studied on and impacted by surfaces. In its thermodynamically favorable
state, azobenzene adopts a planar trans conformation. When exposed to ~365 nm UV irradiation
(3.4 eV), it switches to a three-dimensional cis conformation. Two possible switching

mechanisms exist. One is an inversion mechanism: a forbidden n- 7* excitation (So to S1) **® with

13



in-plane bending of the C-N=N angle from ~120° to ~240°. The other is a rotation mechanism:
an allowed m—r* excitation (Sp to S;), resulting in out-of-plane rotation of the N=N bond
(Fig. 1.3).1°*" In solution, the absorption spectrum of the trans isomer exhibits a strong band at
318 nm due to the allowed n—=* transition, and a weaker band at 440 nm due to the forbidden
n—n* transition.?****° Theoretical and experimental studies suggest both processes are possible,
and that their relative probabilities change when the molecules are assembled on solid
substrates.'#1%01%1153 - Azobenzene can revert to its trans conformation either via thermal

relaxation or when exposed to visible light of ~420 nm (2.95 eV/) 140153134

The photophysics of azobenzene isomerization is unusual. When azobenzene relaxes
following excitation, photon emission can occur from either S; or S, excited states, in violation
of Kasha’s rule, which states that molecules excited to the S, state should first relax to the S;
state before emitting a photon as they drop to the ground (So) state. Quantum yields for excited
azobenzene in solution have been reported in the range of 0.2"% to 0.36™* for the S$;>S;
transition and 0.09%°? to 0.2 for the S, S, transition. The implied uniqueness of the reaction
mechanism via the S, excited state has driven a number of studies of azobenzene in the gas

phase, in solution, and when assembled on solid substrates,32>°3138.140.141,153,155-163

1.3.1 PHOTOCHROMIC SWITCHES FUNCTION DIFFERENTLY ON SURFACES

While azobenzene readily photoisomerizes in both gas and solution phases, 00146148151

160,164,165 | | n1ess the molecule

adsorption directly on conductive surfaces quenches isomerization,
is electronically decoupled from the surface. Azobenzene adsorbs relatively flat on Au{111}
surfaces, with both benzene groups associated with the surface. A number of decoupling

strategies have been explored, including the addition of bulky legs to elevate the molecule, the
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addition of a thin insulating layer separating the switch from the metal surface, the addition of an
insulating SAM with switches covalently tethered within the domains of SAM, and the use of

semiconducting surfaces.’

Interactions between the molecules and the substrate play important roles. Most surface
switching studies have been carried out on Au{l111}, which is relatively inert and flat.
Azobenzenes on the more reactive Cu{100} and even on the somewhat corrugated Au{110}

surface do not isomerize under similar conditions,*®®

although in some cases, specific
experimental conditions can be chosen to achieve different types of switching, for instance by

forming a bond to the Cu(100) surface.*®*

One widely used approach for reducing molecule-substrate coupling is the addition of
bulky legs as spacers. Crommie and coworkers varied steric bulk by attaching either 4,4’-di-tert-
butyl (DTB) or 3,3°,5,5°-tetra-tert-butyl (TTB) legs to both ends of azobenzene (Fig. 1.4A).**°
Azobenzenes with bulky TTB legs were successfully decoupled from the surface and isomerized
after illumination with UV light (375 nm, 90 mW/cm?) for 3 h. Unfunctionalized azobenzenes
and those with fewer legs remained coupled to the surface and did not isomerize when irradiated.
Characterization by STM allows direct observation of the conformational changes produced by
switching in individual molecules. Each molecule initially appeared as a four-lobed feature
(Fig. 1.4A) in its trans conformation. After isomerization one of the phenyl rings bent up from

the surface, resulting in a greater apparent height (protruding feature in Fig. 1.4A, bottom).

Highlighting the complexity of the isomerization process, these conditions resulted in a
different isomerization mechanism than that observed in solution, believed to proceed via

formation of a hole in the d-band of the metal surface and subsequent transfer of an electron
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from the HOMO.'®" Photoisomerization efficiency for surface isomerization was much lower
than that in solution, possibly due to decreased lifetime of the surface-modified photoexcited

state or steric hindrance from neighboring molecules.®

Morgenstern and coworkers employed a different decoupling strategy on Ag{111},'®®

depositing a thin insulating layer of sodium chloride (NaCl) and irradiating for up to 18 h
(Fig. 1.4B). Trans-cis photoisomerization was observed under these conditions and in this case
was correlated to direct molecular photoexcitation rather than d-band excitation.®®
Photoswitching under these conditions was irreversible, although reversible switching was

possible using tunneling electrons from the STM tip as discussed later.'®®

An alternative decoupling strategy was employed by Weiss and coworkers, using
azobenzene molecules functionalized with a thiol tether on one end and deposited within
domains of an alkanethiol SAM matrix on Au{111}.>® This covalent attachment strategy enables
measurements under ambient conditions, with the saturated tether decoupling the photochromic
azobenzene moiety from the surface. Tuning the number of methylene units in the tether adjusts
the height of the functional molecule relative to the surrounding matrix. When the azobenzene
does not protrude from the SAM matrix, photoisomerization efficiency is reduced by steric
hindrance. Switching under ambient conditions using this deposition method revealed higher
photoisomerization cross sections (relative to the low-temperature UHV experiments discussed
above) (Fig. 1.4C)* at low illumination intensities (~10 mW/cm?). Switching was reversible,
with the cis-trans back photoreaction induced by illumination at visible wavelengths (~450 nm,

<10 mW/cm?).
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Azobenzene isomerization has also been observed on semiconducting surfaces. Recently,
Crommie and coworkers demonstrated photoisomerization of TTB-functionalized azobenzene on
GaAs(110). Most interestingly, when the domains of azobenzene were irradiated with UV light
for several hours, stripes of protruding features appeared in STM images (Fig. 1.4D),*® in
contrast with the random photoswitching observed on Au{111}. Switching was enhanced near

domain and island edges, suggesting that stronger intermolecular interactions on GaAs(110)

increase photoisomerization efficiency.

1.3.2 ISOMERIZATION ON SURFACES INITIATED BY TUNNELING ELECTRONS

In addition to imaging the isomerization of single-molecule switches, the STM probe tip
can also be used to inject electrons, initiating switching. It is thereby possible to induce
isomerization in unfunctionalized azobenzene associated directly with metal surfaces, which do

18,141,163

not photoisomerize. Kuk and coworkers deposited azobenzene on Au{l11l1} and

observed dumbbell-shaped features (Fig. 1.5A) for the trans conformer due to the two phenyl

rings in the azo moiety oriented parallel to the surface.**

During I-V measurements over a
single molecule, abrupt increases in tunneling current were observed at ~-1.5 V bias along with
changes in the shape of the azo feature to an extended oval, corresponding to the cis conformer.

Two orientations have been proposed for the cis conformer, with either one or both phenyl rings

bent away from the surface.**?

Functionalized azobenzenes can also be switched electronically. Morgenstern and
coworkers showed irreversible electron-induced switching of 4-dimethylaminoazobenzene-4-
sulfonic acid deposited on Au{111}.*"° In STM images, two protrusions appear due to the end

groups from each molecule separated by a shallow protrusion due to the N=N double bond. By
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positioning the STM probe tip over the shallow feature (marked by a dot in the middle of the
feature in Fig. 1.5B), they were able to inject electrons into the N=N double bond and to induce
conformational changes in the molecule by ramping the bias voltage from 100 mV to 1 V;

isomerization occurs at 900 mV, marked by the arrow in I-V curve (Fig. 1.5B).

Although switching in the above examples was not reversible, reversible electron-

3 Each molecular

induced isomerization has been achieved using anilino-nitroazobenzenes.'®
feature had three distinct protrusions in STM images, two due to the azobenzene moiety and one
due to the aniline functionality. A threshold voltage of 650 meV was required for the trans-cis
reverse isomerization. After isomerization, the molecules still showed two distinct features from
the azo moiety, as opposed to the observations made by Kuk and coworkers, indicating in-plane
isomerization. The molecules were then switched back to the trans conformation using the same
procedure with a calculated threshold of 640 meV. Interestingly, the energies of the electrons
that induce these changes are in all cases substantially lower than the energy required to
isomerize the molecule via the S; excited state (~3.5 eV); they proposed that the conformational
changes are induced through vibrational excitation in the ground state. Furthermore, inversion of

one of the N-C bonds of the azo moiety is hypothesized as an isomerization pathway since the

rotation mechanism requires one of the phenyl rings to lift away from the surface.

The yield of electron-induced isomerization varied depending on the substrate: 7x10%/e
for amino-nitroazobenzene on Au{111} vs. 2x10®%/e” on NaCl/Ag(111). Yield also depends on
end group functionality; substitution of an aniline substituent for an amino group decreases

quantum yield more than an order of magnitude, to 2x10°/e” on Au{111}.

1.3.3 ISOMERIZATION ON SURFACES INITIATED BY ELECTRIC FIELD
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Azobenzene isomerization can also be induced using an electric field. Grill and
coworkers assembled TTB-functionalized azobenzene on Au{111}, forming islands in which
each molecule appears as a four-lobed feature in STM images (Fig. 1.5C).**° The STM probe tip
was positioned over the middle of the island, at heights of 4 - 36 A, and 2 V pulses were applied
for 20 s each. After ~10 pulses, several molecules had isomerized to the cis conformation,
increasing in apparent height as one phenyl ring lifted away from the surface. Switching was
reversible using voltage pulses of the same magnitude. Switching of an isolated single-molecule,

however, was not possible due to the diffusion of the molecules on the surface.

Three observations are important in distinguishing field-induced switching from the
tunneling-induced switching discussed above. First, molecules isomerized at tip-sample
separations (>35 A) at which the electron tunneling current is negligible. Moreover, there is a
linear correlation between the threshold voltage (required to drive the isomerization) and the tip
height, consistent with the reaction depending on the applied electric field. Finally, although the
STM tip was held at the same point for each pulse, molecules as far away as 150 A isomerized,

well outside the area addressed by tunneling.

1.3.4 COUPLED ISOMERIZATION ON SURFACES

Since switching is strongly impacted by interactions with surrounding molecules, it is
useful to understand whether and how nearby switches can couple. A key challenge in this case
is to assemble switch molecules in an ordered fashion to facilitate coupling. To this end, we
fabricated one-dimensional chains of azobenzene assembled at the domain boundaries of a host
decanethiol SAM matrix, using self- and directed-assembly (see Chapter 3). The chains formed

herringbone structures with center-to-center distances of ~4.5 A between nearest neighboring
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molecules.”” The functional molecules appear as ~2.2 A protrusions with respect to the
neighboring decanethiolate matrix. Applying a bias of 2 V at a single point in the chain
produced concerted switching of all molecules in the chain, visible as a decreased apparent
height (~0.5 A vs. ~2.2 A) with respect to the surrounding matrix. Since the energy required for
the concerted switching process is significantly lower than the photon energy required for
photoisomerization, isomerization is hypothesized to occur via a negative ion resonance state
during which the central N=N double bond is elongated. This would enable the molecule to
follow the rotation mechanism to isomerize to the cis conformation. Chains revert back to the

trans conformation via thermal relaxation.

1.4 SUMMARY AND THESIS OUTLOOK

The assembly, measurements, and applications of some commonly studied molecular
switches and motors on surfaces have been discussed in this chapter. Transferring the molecular
switches and motors onto surfaces is a critical step in elucidating and exploiting the properties of
these functional molecules both individually and collectively. Much progress has been made in
assembling and patterning molecular switches and motors on surfaces, ranging from LB
monolayers to SAMs to isolated single molecules or assemblies in well-controlled environments.
To this end, surface characterization tools have been designed and built to explore molecular and
supramolecular function, yielding new insights into the effects of physical environment on
mechanical motion and switching (see chapter 2). In chapter 3, | discuss the cooperative motion
of molecular assemblies due to external stimuli, studied by high-resolution STM technique. In
chapter 4, the analysis of intermolecular (and dipole-dipole) interactions of such assemblies

using highly sensitive SERS, high-resolution STM, and density functional theory will be
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elaborated. In chapter 5, the effect of tether conductance on the efficiency of photoisomerization
of molecular switches will be discussed. We designed, novel molecular switch candidates that
require less spatial freedom to isomerize when assembled on Au{111}. | discuss the assembly
and high sensitivity measurements of such molecules in chapter 6. Finally, this thesis aims to
help understand molecular function and motion at both the single-molecule level and at ensemble

scales.

While most of the molecule-level measurements are limited to planar surfaces, the study
of these adsorbed on curved surfaces, such as nanoparticles and porous materials are important
for such applications as drug delivery and catalysis. These studies, however, require new
measurement tools compatible with curved surfaces. With the initial demonstration of
applications, and continued efforts in molecular design, assembly, and measurements from many

fields, we anticipate elucidating the ultimate limits of miniaturization and cooperative action.
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Figure 1.2. A) Reversible switching of an isolated single molecule inserted in an alkanethiolate
matrix on Au{111} under imaging conditions of -1 VV sample bias and 1 pA tunneling current.
Figure reproduced with permission from reference 43. Copyright AAAS 2001. B)
Phenanthracene molecule exhibits conduction switching even when the rotation of aromatic rings
in the backbone is precluded. Figure reproduced with permission from reference 49. Copyright
ACS 2006. C) The interaction of the dipole moment of the functionalized oligo(phenylene
ethynylene) molecule with the electric field induced by the STM tip bias polarity changes the tilt
angle of the molecule and leads to switching due to changes in the S-Au bond hybridization.
Figure reproduced with permission from reference 47. Copyright ACS 2005. D) Dithiol-

functionalized molecules are capable of moving up and down substrate step edges and also
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changing conductance via tilt. Figure reproduced with permission from reference 48. Copyright

ACS 2005.
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Figure 1.3. Simplified schematic depicting the trans to cis isomerization paths of azobenzene in

the gas phase. Figure reproduced with permission from reference 147. Copyright ACS 2005.
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Figure 1.4. A) Unfunctionalized and 4,4’-di-tert-butyl-functionalized azobenzene did not exhibit
isomerization, whereas 3,3’,5,5’-tetra-tert-butyl-functionalized molecules switched reversibly,
between trans and cis conformations under continuous UV light irradiation. Figure reproduced
with permission from reference 160. Copyright APS 2007. B) Azobenzene deposited on a thin
insulating NaCl layer on Ag(111) exhibits unidirectional trans to cis photoisomerization.
Figure reproduced with permission from reference 168. Copyright APS 2012. C) Azobenzene
molecules functionalized with linear chains exhibit reversible isomerization under ambient
conditions. Figure reproduced with permission from reference 53. Copyright ACS 2008. D)
3,3’,5,5 -tetra-tert-butyl-functionalized azobenzene located at the edges of islands and at
domains switched in bundles when assembled on GaAs(110) surface. Figure reproduced with

permission from Reference 169. Copyright ACS 2011.
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Figure 1.5. A) Unfunctionalized azobenzene switched from trans to cis conformation during
current-voltage (I-V) measurements (sudden changes in current at -1.5 V bias can be seen,
indicating changes in molecular conformation). Figure reproduced with permission from
reference 141. Copyright APS 2006. B) Sequence of images showing unidirectional switching
of amine-functionalized azobenzenes using tunneling electrons.  Figure reproduced with
permission from reference 170. Copyright Elsevier 2007. C) Electric field-induced

isomerization of bundles of 3,3°,5,5’-tetra-tert-butyl-functionalized molecules. Isolated single
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molecules could not be isomerized due to diffusion on the surface. Figure reproduced with

permission from reference 140. Copyright ACS 2006.
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2.1 SCANNING TUNNELING MICROSCOPY

Since its invention by Binnig and Rohrer in 1981,%* STM has developed into one of the
most widely employed surface characterization techniques.”* The basic principle behind the
operation of STM is quantum mechanical tunneling.>**> An atomically sharp metal probe tip is
brought in to close proximity (typically, a few Angstroms) above a surface and a voltage is
applied between the two. In classical mechanics, when the energy of the electron is smaller than
the potential difference between the probe tip and the metal surface, the electron transfer over
this barrier is forbidden. However, due to the overlap of the electron wave functions of the two
metals that decays into the gap between them, there exists a finite probability for electron
tunneling, resulting in current flow between the metals. The bias is applied between the tip and
the sample and the net tunneling direction depends on this bias polarity (Fig. 2.1). For a positive
sample bias, the electrons tunnel from occupied states of the tip to the unoccupied states of the
sample and for a negative sample bias, the electrons tunnel from the occupied states of the
surface to the unoccupied states of the tip. Moreover, this tunneling current is exponentially
dependent upon the distance between the metals and it varies inversely by an order of magnitude
with an Angstrém change in tip-surface distance. Mathematically, the wave function of the

tunneling electrons can be depicted as follows:

Y(z) = P(0)e™",
where

k = J2m(V-E)
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z is the tip-sample distance, m is the mass of the electron, V is the potential barrier, E is the

energy of tunneling electron, and h is Planck’s constant. "’

The STM is typically operated in one of two modes: constant-current mode and constant-
height mode. In constant-current mode, the tunneling current between the tip and the sample is
held constant by employing a feedback loop that controls a scanning piezoelectric tube to extend
or to retract the probe tip. In this way, when the tip rasters over the sample in x and y directions,
a topographic map of the surface is obtained. Note that, the STM image is a convolution of both
topography and conductivity of the surface. The probe tip retracts or extends in order to
compensate for the spatial variations of local density of states. The piezoelectric transducer itself
is made out of a ceramic that deforms when a voltage is applied to it. Typically, piezoelectric
materials can sustain a voltage of ~100 V and can deform by ~0.1 A/V. Thus, the maximum
scan area of a typical STM head is about 1 pu2. Due to this highly precise piezoelectric control,
STM can reveal a wealth of information both at single molecule and atomic scales, which would
be otherwise difficult to obtain. Although many STM measurements are performed in UHV and
at low temperatures in order to retain the purity of the sample and to minimize external noise, all
the STM measurements discussed henceforth in this thesis were performed at room temperature

and under ambient conditions.

2.2 SURFACE-ENHANCED RAMAN SPECTROSCOPY

Raman spectroscopy works on the principle of light scattering when a molecule is
irradiated with incoming beam of light.”® When incident light interacts with a molecule in its
ground vibrational state, the molecule can be raised to a real resonant state or a virtual

nonresonant state of higher energy. In Rayleigh and Raman scattering, the excited electron
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relaxes back to the ground state immediately resulting in the process of emission of a photon. In
this latter process, if the electron relaxes back to its original state, then the wavelength of the
scattered light will be the same as the incident light. This process is referred to as Rayleigh
scattering (Fig 2.2a). If the electron relaxes to a state different from the original state, the energy
of the emitted photon will be different from the initial energy and this is Raman scattering.
When the electron relaxes to an energy state higher than the initial state, the emitted energy will
be smaller than the incident energy, this scattering is called Stokes scattering (Fig 2.2b). If the
emitted energy is higher than the incident energy, the process is referred to as anti-Stokes
scattering (Fig. 2.2c).  The resulting spectrum of emitted photons is the Raman spectrum.
When a molecule is placed in an electric field, due to the displacements in the electrons and the
nuclei, an induced dipole moment is produced within the molecule. This induced dipole moment

can be expressed as
©= aE,lg'Zl

where
«a is the polarizability of the molecule and E is the electric field.
The electric field of an incident beam of light can be expressed as

E = E' cos(2mt),
where E” is constant, 9 is the frequency of radiation, and t is time.
The dipole moment is thus

1= aE' cos(2mdt). 4
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This result indicates that the molecular dipole oscillates with the same frequency as the incident

light.

However, the polarizability of the molecule changes with the vibrational states of the molecule,

and can be expressed as follows:

d0a 19-21

a= a'+(r—r’)ar,

where «’ is the equilibrium polarizability of the molecule, r and r’ are the bond lengths at any

given instant and at equilibrium, respectively.

If the molecule oscillates in a simple harmonic motion, then r —r’ can be expressed as

Rcos(2m't)

where R is the maximum separation between the two atoms relative to their equilibrium

positions.
Thus, a can be expressed as a’ + Rcos(2m9't) ‘;—f. Substituting a in p gives
u=(a'+ Rcos(2mI't) g—f) (E' cos(2mt))

= a'E' cos(2mt) + Z—fRTy [cos(2m (9 —I9"))t + cos(2m (I + I'))t],

where the first term is the contribution from Rayleigh scattering and the second and the third

terms correspond to Stokes and anti-Stokes scattering.’** Thus, if the molecular polarizability

does not change (Z—f = 0), the vibrational mode is not Raman active; this is the selection rule of
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Raman spectroscopy. The resulting intensities in the Raman spectrum are proportional to the

square of the magnitude of electric field incident on the molecule.

Surface-enhanced Raman spectroscopy is highly sensitive and is capable of single
molecule detection and characterization.””?”  The first SERS results were discovered in 1974,
when Fleischmann and coworkers designed experiments to increase the surface area of a silver
electrode by roughening the surface and subsequently exposing the metal to a solution of
pyridine.”® They discovered that the rough silver surface produces six orders of magnitude
intense Raman spectrum. Although the mechanism behind SERS is still a matter of great debate,

22,25,29-34
25293 and

two processes have been proposed to play major roles: electromagnetic enhancement
chemical enhancement.®**° While electromagnetic enhancements has been credited with greater
part of SERS, about two orders of magnitude enhancements have been correlated to chemical

enhancement.®

Electromagnetic enhancement is correlated to the surface roughness of the material. The
size, shape, and thus the surface roughness of the material can be precisely controlled and tuned

by wvarious chemical and lithographic techniques. Most commonly, nanoholes,***

42,45-48 49-52

nanodisks, and nanoparticles are employed in SERS measurements. As mentioned
above, the intensity of the Raman signal is proportional to the electromagnetic field incident
upon the molecule. If a molecule is adsorbed to a nanoparticle, the electromagnetic field

experienced by the molecule can be given by the equation:
E=E°+E™>

where E° is the electromagnetic field on the molecule in the absence of nanoparticle and E™ is
the field emitted due to the surface roughness of the nanoparticle.
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Since the source of the incident radiation is usually far away, the field experienced by the
molecule is low and hence the Raman intensity in the absence of the nanoparticle will be very
small. However, when the incident radiation illuminates the nanoparticles (that possess a
complex dielectric constant), due to the coherent oscillation of the free electrons generating
surface plasmons, the electromagnetic field in their vicinity is greatly modified. Moreover, due
to the direct adsorption of the molecule to the rough surface of the nanoparticle and due to the
extreme proximity, the contribution of E™ is quite large when compared to E°. The
enhancement factor is given by the ratio of the field at the position of the molecule and the
incident field, E/E®. This result implies that the scattered radiation is enhanced by a factor of
(E/E®)?. However, the local field enhancement factor does not take into consideration the
enhancement in the electric field polarization. It has to be considered that the Stokes and anti-
Stokes fields are enhanced if the light is in resonance with the surface plasmons of the
nanoparticles, resulting in an enhancement factor of (E'/E®)®. Thus, the total enhancement due
to SERS can be expressed as (E/E®)? (E'/E®)®. However, in most scenarios, the Raman shift is
small or when compared to the Stokes shift, the plasmon width is quite large, resulting in a more

generalized approximation of the SERS enhancement to be (E /E?)* 2%

Chemical enhancement, on the other hand, is considered to arise from the modification of
the molecular polarizability due to the metal-molecule charge transfer interactions.?>>* When an
incident photon creates an electron-hole pair in the metal nanoparticle, the electron gets excited
as a hot electron and tunnels into the LUMO of the adsorbate molecule, thus creating a negative
ion. The equilibrium geometry of this anion will be different from that of the neutral molecule
and this additional electron then transfers back to the metal, while relaxing the adsorbate

molecule during this process. The electron recombines with the hole in the metal resulting in the
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formation of a vibrationally excited neutral molecule and the release of a photon. As can be
understood, this enhancement depends on the covalent binding of the molecule and the metal and
thus is dependent upon the binding site, energy level difference of the adsorbate, and binding

geometry.

Although it is difficult to differentiate between the two mechanisms experimentally,
studies have shown the presence of chemical enhancement while the electromagnetic
enhancement is widely accepted to be the dominant contributor to the SERS effect.?2*! As will
be demonstrated in subsequent chapters, SERS can be employed as a characterization tool to
follow the molecular behavior at the single-molecule scale and to understand the intermolecular
interactions that dictate the cooperative functions of nanoscale assemblies.®  Substrate

preparations and the characterization techniques will be detailed in following chapters.
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Figure 2.1. Energy level diagram depicting a one-dimensional electron tunneling junction in
scanning tunneling microscopy. A positive sample bias is shown in the schematic, which results

in the electron tunneling from the probe to the sample.
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Figure 2.2. Schematics depicting: A) Rayleigh scattering in which the excited electron relaxes
to the same energy level resulting in no net change in the energy of the emitted photon, B)
Stokes scattering, in which the excited electron relaxes to an energy level higher than the initial
state resulting in a net loss of energy of the emitted photon, and C) anti-Stokes scattering, in
which the excited electron relaxes to an energy level lower than the initial state, resulting in a net

increase in the energy of the scattered photon.
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CHAPTER 3

COORDINATED DRIVEN MOTION OF ASSEMBLED ONE-DIMENSIONAL CHAINS OF

TETHERED FUNCTIONAL MOLECULES
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3.1 INTRODUCTION

Research in molecular-scale devices has accelerated, largely due to experimental
evidence showing reversible control over the conductance switching of organic molecules at the
single-molecule scale.'® However, the successful integration of molecular devices to act
cooperatively remains limited by a number of key challenges that include fabricating precise
molecular systems, connecting them together, and coordinating their action by finding strong
coupling mechanisms. Understanding the limits of cooperativity and interferences in functional
supramolecular systems at the smallest scales is critical to realizing the goal of building

functional devices from the bottom up.”™

Although atomic and molecular manipulation to create 1D systems using STM has been

demonstrated,**%*

such serial techniques are impractical for the production of devices.
Molecular self- and directed assembly, however, may be exploited to fabricate 1D, 2D, and 3D
structures on solid substrates, spontaneously, under ambient conditions.”>*® Self-assembly can

be used to fabricate molecular switches into nanoscale wires that can then be controlled by

4,5,20-22 d 23-25 26,27
H

external stimuli such as light, electric fiel or tunneling electrons. Theoretical
calculations of charge propagation in 1D molecular wires have been performed,?®*° but few
experimental measurements have been made due to the practical challenge of connecting

molecular wires and devices to microscale electrodes for measurement,*>31-34

Light and tunneling electrons offer straightforward means of manipulating molecular
systems; thus, we have developed a technique for the self-assembly of 1D molecular chains of
azobenzene-functionalized molecules, 4-[2-(4-phenylazo-phenyl)-ethoxy]-butane-1-thiol

(Azo, shown in Fig. 3.1A), grown at the domain boundaries of host C10 SAM matrices, and
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observed the effects of concerted switching. We attribute this effect to be triggered by charge
delocalization along the linear chains. We chose Azo molecules, since they represent a synthetic
analogue of a biomolecular switch (such as naturally occurring retinal), which can undergo
reversible isomerization between its thermodynamically stable planar trans conformation and a

non-planar cis conformation upon exposure to UV and visible radiation, respectively.

Azobenzenes can isomerize either by rotation about their N=N bond or via in-plane
inversion of the C-N=N bond. The C-N=N bond angle changes from 60° to -60°, facilitating the
in-plane transition of the phenyl ring.>® The inversion mechanism is generally accepted as the
isomerization pathway. Due to the difference in planarity of the isomers, trans-Azo is
approximately 100 times more conductive than the cis isomer.® Since STM images are
convolutions of both topography and conductance of the molecules,®”*® STM is an ideal tool to
follow the reversible isomerization of these molecules assembled on a conductive substrate.
Reversible isomerization of azobenzene between its more conductive trans (ON) state and less
conductive cis (OFF) state at ensemble and single-molecule scales in vapor, liquid, and on solid
substrates using external stimuli is well established.*>2*%%% Here, we discuss the assembly of
these molecular switches into 1D chains at the domain boundaries of pre-existing C10 SAM
matrices. We have established control over the reversible isomerization of the 1D molecular
chains using tunneling electrons from the STM probe tip, and thus, over the conductivity of the

supramolecular wires.

3.2 METHODS

The Azo chains were prepared by immersing a flame-annealed Au{111} substrate in a
1 mM ethanolic solution of C10 for 1 min. This results in the formation of highly disordered
domains of C10. The sample was then rinsed with ethanol, blown dry with nitrogen, and
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immersed in a 0.2 mM ethanolic solution of Azo molecule for 4 min. Isolated single or clusters
of Azo molecules preferentially bind to defect sites, such as C10 domain boundaries and
substrate vacancy islands. The sample was then vapor annealed at 80 °C over C10 for 2 h. This
process resulted in the formation of 1D chains of Azo molecules in the C10 domain
boundaries.** All the measurements in this study were performed using a custom-built STM at
ambient conditions while the sample was exposed to air.”

3.3 RESULTS AND DISCUSSIONS

In STM images, the Azo chains protrude from the surrounding C10 matrix with an
apparent height of ~2 A, consistent with our previous work.®> Chains form herringbone structures
composed of either single or double rows of Azo molecules (Figs. 3.1B, C). The two forms were
equally abundant on the surface. Similar herringbone structures were previously reported in
single-component azobenzene-based monolayers.”®* In single-row (1R) chains, neighboring
azobenzene molecules were separated by center-to-center distances of 4.5 + 0.3 A (Fig. 3.1B).
In double-row (2R) chains, farthest molecular pairs forming a repetitive unit (Fig. 3.1C inset)
were separated by center-to-center distances of 8.8 + 0.4 A and the nearest neighboring
molecules were separated by center-to-center distances of 5.0 + 0.3 A (Fig. 3.1C). Lengths of
1R and 2R chains varied between 30 and 200 A depending upon the initial sizes of the host C10
domains.

Using sufficiently energetic electrons from the STM probe tip, we selectively induced
isomerization of Azo molecules at one point on the 1D chains and subsequently measured the
effects along the entire chain. Unlike photoexcitation, this stimulus gave us the ability to
determine the precise location of excitation. During the isomerization from trans to cis,

azobenzene requires energy from an external source in order to reach the excited electronic state
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or a negative ion resonance state.>**

Here, we employed tunneling electrons from the STM
probe tip to isomerize the azobenzene moieties. While the STM was operating in constant-
current mode with a tunneling current of 1 pA, we positioned the STM probe tip at a point above
a 1R chain (yellow arrow in Fig. 3.2A) and applied a sample bias of 2.0 VV for 2 min with the
feedback loop still active (at a subthreshold sample bias of 1.0 V, no isomerization is observed).
All subsequent images were recorded at Vs=1.0 V and I;=1pA. The STM topographs
recorded before and after excitation are shown in Figure 3.2. All the molecules in the 1R chain
(~90 A long) switched OFF (i.e., isomerized from trans to cis, Fig. 3.2B). High-resolution STM
images showing reductions in apparent height (relative to the surrounding matrix) after
isomerization to the cis conformation can be seen in Figures 3.2D and 2E. The apparent heights
of the protrusions with respect to the surrounding matrix before and after isomerization were
~2.2 A and ~0.5 A, respectively (Figs. 3.2F, G). We attribute this difference in topography and
change in the conductivity to isomerization of the Azo molecules, consistent with our previous
measurements of single-molecule photoisomerization.” However, the concerted switching of the
entire Azo chain based on stimulation at a single point is unprecedented. The key features of the
process are: a) the entire chains switch OFF in both directions from the point of excitation and b)
the isomerization stops at the point where there is a break in the continuity of the chain. We
consider various mechanisms that could be responsible for this result.**

We propose that low energy electrons (tunneling from the STM probe tip) lead to the
formation of a temporary negative ion resonance state that couples along the chain. The electron
affinity of azobenzene has been measured by several techniques to be 1.38-1.58 eV.*** Our
computations indicate that the electron affinity of Azo is 0.05 eV less positive than that of

azobenzene. Since the work function of bare gold is considerably higher than this (5.1 eV),* it
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IS necessary to apply a considerable voltage in order to populate the radical anion state of Azo on
the gold surface. In our experiments, the switching of trans to cis occurs only at voltages above
1.8 eV and all the electron-induced switching experiments shown here were carried out at 2 eV.
Figure 3.3 shows the computed energies of the trans and cis Azo in the ground and negative ion
states, with the positions of neutral and anion placed according to their positions as indicated
from the STM measurements. As described in a variety of computational studies, addition of an
electron to the n* LUMO of azobenzene lowers the N=N bond strength and reduces the energy
required for cis-trans isomerization.***" The cis geometry of the anionic state is still higher in
energy than the trans by 0.69 eV, and hence cannot be populated readily. However, the anionic
state of trans-Azo populated by electron tunneling at 2 eV is higher in energy than the transition
state for cis-trans isomerization in the neutral, and the loss of the electron from the trans-Azo
anionic state can be accompanied by simultaneous isomerization to the cis-Azo neutral. The
N=N bond length in the transition state of the neutral conformation is 1.23 A, whereas it is
1.34 A in the anionic transition state. This 0.11 A change in the bond distance weakens the N=N
bond and enables the rotation of the molecule into its cis conformation. The relevant
conformation coordinate for the inversion transition state of neutral Azo is the bond angle @
(N=N-C) that changes from 64.7° (trans) to 0.1° (transition state) to -55.9° (cis). Whereas for
the rotational transition state of Azo, the relevant conformation coordinate is the dihedral angle
@ (C-N=N-C), that changes from in-plane 180° (trans) to 91° (transition state) to 46° (cis). Note
that the relative energies were calculated in the absence of SAM matrix and that the values could
vary due to the steric effects from the matrix. All the calculations were performed using

UB3LYP density functional theory and 6-31+G(d) basis sets by the Gaussian 09 suite of
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programs. Similar results were found in both theoretical** and experimental®’ studies based on
substituted azobenzene adsorbed on Au{111} surfaces.

It has previously been shown that anionic forms of substituted azobenzenes can undergo
trans to cis isomerization of single molecules through a transient ion resonance state.***’
However, in that case the switching events were not precisely controlled due to surface diffusion
of the adsorbed azobenzene. Moreover, application of the same voltage pulse yielded different
conformations in different situations.*” Here, we restricted the motion of the azobenzene moiety
by decoupling it from the Au substrate via attachment of a saturated tether, thereby eliminating
stochastic switching events; thus, the geometric changes in the molecule can only be attributed to
isomerization. Moreover, we induced reversible isomerization between the trans and cis
conformations resulting in controllable bistable changes in the conductivity of the 1D chains
(Figs. 3.4A, B).

Tunneling electrons can transiently reduce the Azo molecules, then tunnel to the substrate
through the tether or delocalize to electronically coupled neighboring molecules within the Azo
chain. Since the entire chain switched OFF on timescales faster than the imaging timescale
(milliseconds to minutes), we infer that delocalization of electrons occurs on a faster timescale,
such that electrons are able to populate antibonding orbitals of all azobenzene moieties in the
chain to some extent. Since tunneling is a localized phenomenon,”® and since we observe
isomerization of molecules (only) in the 1D wire far removed from the position of the STM tip,
we deduce that the electrons delocalize along the chain via the Azo = cloud overlap, thereby
creating a negative ion resonance state of the 1D chain and thus resulting in the concerted
isomerization of all the molecules. Further evidence that delocalized electrons lead to

isomerization can be observed in Figures 3.2A and 3.2B. The 1R chain manipulated by the STM
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tip completely isomerized; however, a second 1R chain (red box in Fig. 3.2) that is decoupled
from the first by ~14 A separation did not isomerize. This is in contrast to the results observed
by Alemani et al. where the electric field from the STM probe tip induced isolated isomerization
events in molecules that were as far away as 500 A.** Also, we considered the possibility that a
conformational change in one molecule mechanically induces isomerization in its neighboring

36,49

molecule (in analogy to dominos or a cascade effect). However, this mechanism is not

consistent with our results, as azobenzene isomerization is endothermic;***® changes in
conformation of one molecule cannot provide sufficient free energy to drive the isomerization of
so many neighboring molecules.

A 2.0 V sample bias was also applied to the 2R chains, for 5 min. Note that even though
the 2R chain shown is ~130 A long, when the elevated bias was applied to one end, it switched
OFF completely (Figs. 3.5A and 3.5B). After the 2R chain was switched OFF, the sample was
imaged with scanning parameters of Vs =1.0 V and I; =1 pA. In this case, molecules switched
back to the ON state after 30 min at room temperature via thermal relaxation (Fig. 3.5C).>* Line
scans showing the apparent changes in height can be seen below the respective STM images.
Isomerization of Azo chains was observed to be a completely reversible and repeatable process.
That such long chains switched in a concerted fashion, whereas decoupled 1R chains (such as the
one in the red box in Fig. 3.2A) did not, is consistent with our hypothesis that delocalized
electrons in molecular chains induce isomerization at long range, but molecules electronically
decoupled from the chains are not isomerized.

Typical manipulation times required to switch the 1R and 2R chains were 2 and 5 min,

respectively. We attribute this variation in time to the position of the tip above the molecules, to

the lifetime of switching event of the azobenzene moiety within the chains, and to the
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thicknesses of the chains. The custom-built STM operating in ambient conditions had a lateral
drift of <0.5 A/min;® thus, the position of the STM probe drifts to some extent during the
stimulation period of 5 min but still remains positioned over only one molecule.
Photoisomerization of the chains was also investigated and the efficiencies of switching
1R and 2R chains were compared with those of isolated single molecules. It was observed that
the photoswitching efficiency of tethered azobenzene decreases when arranged in linear
assemblies and with increasing chain thickness. Isolated single-molecule photoisomerization
was observed over tens of minutes of UV light irradiation in our previous study.” We observed
that the switching efficiencies of 1D molecular chains are significantly lower than those of
isolated single molecules. The molecules in the narrowest 1D chains switched after an average
30 min of UV light irradiation. Again, all the molecules in coupled chains switched in concert
(Figs. 3.6A, B), in stark contrast to single-molecule isomerization, where photoisomerization
occurred independently for isolated molecules during UV exposure. All the molecules in 1D
chains exhibit trans to cis isomerization. The molecules in chains can switch back to trans
conformations via thermal relaxation at room temperature (Fig. 3.6C). It was observed that the
switching efficiency further decreased with increasing chain thickness. Figures 3.6D and 3.6E
show an example of photoisomerization of a 2R chain. It was found that the wider 2R chains
exhibit partial switching; the molecules shown in the red box did not all isomerize. We attribute
this difference to local degradation of the SAM matrix domain boundary due to prolonged
exposure to UV light.> Due to this degradation, molecules aggregate and form 2D islands,
presumably leading to steric hindrance and thus preventing coordinated isomerization. The parts

of the chain that did isomerize exhibited concerted switching similar to 1R chains. Thus,
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molecular assembly and the local environment influence the efficiency of photoswitching of the
chains.

3.4 CONCLUSIONS AND FUTURE PROSPECTS

Based on the straightforward and robust nature of the 1D structure growth process, the
techniques demonstrated here could be applied to fabricate and to study novel supramolecular
assemblies by tuning the functional moieties and coupling of the functional molecules. Further,
the interchain electronic coupling could be measured by studying the likelihood that neighboring
chains could be isomerized when one is excited. Most importantly, electronic coupling between

molecules can be used to induce concerted action of precisely assembled molecules.
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Figure 3.1. (A) Structure of the azobenzene-functionalized molecule (4-[2-(4-phenylazo-
phenyl)-ethoxy]-butane-1-thiol), Azo. Scanning tunneling microscope images of (B) single-row
chain of Azo molecules assembled at the domain boundaries of a decanethiol self-assembled
monolayer matrix on Au{111} with a nearest neighbor distance of 4.5 + 0.3 A (see inset) and
(C) double-row chain of Azo molecules. Inset: Herringbone arrangements with center-to-center
intermolecular distances of 8.8 + 0.4 A and 5.0 + 0.3 A between the farthest and the nearest

neighbors in the repeating unit cell. Imaging conditions: V= 1.0 V and |; = 1 pA.
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Figure 3.2. Scanning tunneling microscope images following tunneling-electron-induced
isomerization of a 1D chain of Azo. (A) All the molecules are initially found in their
thermodynamically stable trans (ON) state. The sample bias was then increased to 2.0 V and the
scanning tunneling microscope probe tip positioned over the chain at the position indicated
(yellow arrow) for 2 min. (B) All the coupled molecules in the chain switched to the cis
conformation, as is evident by the change in the apparent heights of the molecules. (C) A nearby

chain that was not electronically coupled (red box) did not isomerize. (D, E) High-resolution
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images of the 1D chain before and after isomerization. Line scans (F) before and (G) after
isomerization, showing apparent reduction in height with respect to the surrounding self-
assembled monolayer matrix (red lines from D and E). Imaging conditions: Vs=1.0 V and

l =1 pA.
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Figure 3.3. The transition states of neutral Azo, following an inversion mechanism for
isomerization with a calculated barrier of 1.71 eV and anionic Azo, following a rotation
mechanism for isomerization with a calculated barrier of 0.89 eV. The tether (R) has been
removed in the plot for clarity. The dihedral angles are shown below the energy levels of each

state.
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Figure 3.4. (A) Scanning tunneling microscope image after the chain switches back to the trans
conformation via thermal relaxation. (B) Line scan showing increment in apparent height with

respect to surrounding matrix (See red line from Fig. 3.4A). Image conditions: Vs=1.0 V and

li=1pA.
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Figure 3.5. Double-row chains (A) Before isomerization, all the molecules are in the more
stable trans conformation. Sample bias was increased to 2.0 V and the scanning tunneling
microscope probe tip was positioned over the chain (yellow arrow) for 5 min. (B) After
isomerization, all the molecules switch OFF (cis conformation) and (C) molecules isomerize

back to their trans conformation after 30 min at room temperature via thermal relaxation.

Imaging conditions: Vs=1.0 V and I; = 1 pA.
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Figure 3.6. Scanning tunneling microscope images following the photoinduced isomerization of
chains: Both 1R and 2R chains switched OFF upon irradiation with UV light for 30 min at
~12 mW/cm?.  (A) A chain in its initial ON state, (B) All molecules in the 1R chain switched
OFF (cis conformation) after 30 min UV irradiation, (C) The chain switches back to ON (trans
conformation) via thermal relaxation after 30 min at room temperature. (D) Initial state of 2R
chain before UV irradiation. E) Parts of the 2R chain did not switch OFF (red squares),
presumably due to steric hindrance. All scanning tunneling microscope images were recorded at

Vs=1Vand |l =1pA.
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CHAPTER 4

DIRECTED ASSEMBLY OF PRECISE SUPRAMOLECULAR STRUCTURES

TO TUNE THEIR DIPOLE-DIPOLE INTERACTIONS
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4.1 INTRODUCTION

Building individual molecules into functional assemblies on surfaces opens up new vistas
for controlling the properties and exploring supramolecular nanodevice concepts.**! In such
assemblies, the structural, optical, and electronic properties of the molecules are strongly
affected by intermolecular interactions.**™® Therefore, measuring, understanding, and controlling
these interactions is imperative for achieving and exploiting the desired precise supramolecular
structures and properties of functional molecular devices.” However, dealing with these effects is
often challenging because of the difficulties in tuning and measuring supramolecular structures
with precision and in correlating the properties with intermolecular interactions such as van der
Waals interactions, hydrogen-bonding, and metal-ligand interactions.”® Even greater complexity
arises when the external stimuli used for driving the molecular devices induce additional
interactions such as optically induced dipole-dipole interactions.?* As a result, the molecular
systems and analytical tools that enable us to tune the supramolecular structure precisely and to
probe and to separate each of the intermolecular interactions are at the core of our understanding
and development of supramolecular devices. In this chapter, our self-assembly strategy to form
precise assemblies of azobenzene-functionalized molecules with single-molecule precision in a
controlled nanoscale environment will be discussed.”* As an initial demonstration of these
assemblies as a platform for understanding intermolecular interactions, we probe tunable light-
induced dipole-dipole interactions. We apply SERS and STM to record the vibrational spectra of
the azobenzene-functionalized molecules and to measure supramolecular structures, respectively.
Due to its high selectivity and sensitivity, SERS is uniquely suited to probe assemblies of
supramolecular structures by monitoring changes in vibrational spectra.?>** We reveal the

tunability of the dipole-dipole interactions and their effects on the molecular signals by analyzing
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the dependence of the SERS spectra and the molecular polarizability on the supramolecular
structure. The experimental observations are supported by calculations based on density

functional theory (DFT) and an analytical model.

4.2 METHODS

The chemicals dodecanethiolate, decanethiolate (Sigma-Aldrich, St. Louis, MO, USA),
200-proof ethanol (Pharmco, Brookfield, CT, USA), and 4-(1-mercaptoundec-11-yloxy)-
azobenzene (ProChimia Surfaces, Poland, Azol) were used as received. The Tour group at Rice
University synthesized compound 4-[2-(4-phenylazo-phenyl)-ethoxy]-butane-1-thiol (Azo02).
Cylindrical nanoholes in square arrays were fabricated into the Au{111} on mica substrates
(Agilent Technologies) with focused ion beam (FIB) lithography (Nova 600 NanolLab, FEI
Company, Hillsboro, OR, USA). Self-assembled monolayers were formed on the nanohole-
patterned Au surfaces after annealing the substrates with a hydrogen flame. For SAMs with
tunable structures of azobenzene-functionalized molecules, an initial sample is prepared by
immersing a Au substrate in a 1 mM ethanolic solution of alkanethiol for 1 min. The sample is
then rinsed with ethanol, blown dry with nitrogen, and immersed in a 0.2 mM ethanolic solution
of azobenzene for 4 min, followed by vapor annealing for different time.*® Vapor annealing of
the SAMs was done at 80 °C over a 1 mM ethanolic solution of alkanethiol. For control
experiments, samples that maintained their structure during vapor annealing were prepared via
co-adsorption from solution, with the result that the azobenzene-functionalized molecules

remained within the domains of the monolayer matrix.

All STM measurements were performed in a custom STM under ambient conditions.**

All the images were recorded at sample bias Vs = 1.0 V, and tunneling current I; = 1 pA.
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Raman analyses were performed in a backscattering geometry in a confocal configuration
at room temperature with polarized light using a Renishaw inVia Raman system (Renishaw, Inc.,
Chicago, Illinois, USA). A 632.8 nm He—Ne laser was used as the Raman excitation source; the

laser power, beam diameter, and the integration time were 17 mW, 1 um, and 150 s, respectively.

All DFT calculations were performed within the NWCHEM software package** and
employed the B3LYP functional and a 6-31G* basis set.® The B3LYP/6-31G* frequencies

where scaled by 0.9614.%¢
4.3 RESULTS AND DISCUSSIONS

Figure 4.1a shows a cross-sectional view of azobenzene-functionalized molecules in
SAM matrices of thiolates on Au{111}, illustrating the effects of light-induced intermolecular
interactions on the Raman signal. The Au thin films, grown epitaxially on mica substrates,
provide atomically flat terraces for high-quality self-assembly and STM imaging of the
molecules. Cylindrical nanoholes in square arrays are fabricated in the Au films (inset in Fig.
4.1a). The nanoholes have a diameter of 175 nm; the array period is varied within a range from
280 to 450 nm to tune the plasmon resonances to the excitation laser wavelength for maximizing
the enhancement of azobenzene Raman signals. Two types of azobenzene-functionalized
molecules were tested in this study, Azol and Azo2, with matrix molecules of dodecanethiolate

(C12) and decanethiolate (C10) for Azol and Azo2, respectively (Fig. 4.1b).2*3

Figure 4.1c illustrates how we tune the structures (from two isolated single molecules to a
dimer in this example) of azobenzene-functionalized molecules inserted in alkanethiol matrices

using the vapor-annealing method.***"* An initial sample is prepared by immersing a flame-
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annealed Au substrate with nanoholes in a 1 mM ethanolic solution of alkanethiol for 1 min. This
results in the formation of highly disordered domains of alkanethiol (indicated as grey dots). The
sample is then rinsed with ethanol, blown dry with nitrogen, and immersed in a 0.2 mM
ethanolic solution of azobenzene for 4 min. This results in isolated single azobenzene-
functionalized molecules (indicated as blue dots) preferentially bound at alkanethiol SAM
domain boundaries and substrate vacancy islands. To tune the structure, we vapor anneal the
sample at 80 °C over the 1 mM ethanolic solution of alkanethiol. VVapor annealing inserts extra
alkanethiol matrix molecules into the initial SAM and mobilizes the isolated single azobenzene-

functionalized molecules to form dimers and larger structures.>*3%

To track the changes in the supramolecular structure of azobenzene assemblies, we
employed STM to image with molecular resolution. Figure 4.2 shows a series of STM images of
Azo2 in C10 as a function of vapor-annealing time. In STM images, the azobenzene-
functionalized molecules protrude from the surrounding matrix with an apparent height of ~2 A,
consistent with our previous work.?* Figure 4.2a is from the sample without annealing, revealing
randomly distributed single, dimer, trimer, and larger clusters with the numbers of azobenzene-
functionalized molecules, n = 4-7. After vapor annealing for 30 min, some of the azobenzene-
functionalized molecules transformed into chain structures (n > 7) where the molecules are
aligned in herringbone structures (Fig. 4.2b). The lengths of the chains varied between 30 and
200 A depending on the initial sizes of the alkanethiol domains. Extending the annealing time to
60 min increased the percentage of the azobenzene-functionalized molecules that were
transformed into chains (Fig. 4.2c). Annealing the sample for 120 min transformed essentially all
of the azobenzene-functionalized molecules into chains (Fig. 4.2d). To follow the annealing-

induced changes in the molecular arrangements in the assemblies, we count the numbers of each
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structure in the STM images and plot them as a function of annealing time and structure
(Fig. 4.2e). Figure 4.2e reveals that increasing the annealing time leads to increases in the
number of azobenzene-functionalized molecules forming chain structures and dramatic decreases

in the population of isolated single molecules and clusters.

To probe the dipole-dipole interactions of azobenzene and their 82enability by changes in
supramolecular structure, we recorded a series of SERS spectra from the sample as a function of
annealing time. To exclude the heating effects on the SERS spectra,®® each measurement was
taken after the sample was cooled down for 30 min following vapor annealing. Figure 4.3a
shows the Raman spectra recorded from an Azol sample after vapor annealing for different time
periods (indicated by the number near each spectrum, in minutes). All the spectra show five
peaks, which we assign as the C1, C2, C3, C4, and C5 modes.** To quantitate the effects of
vapor annealing on the SERS spectra, we calculated the area intensities of the peaks by curve
fitting using Wire 3.2 software (Renishaw, Inc.) and plotted the area intensities as a function of
annealing time (Fig. 4.3b). All the modes exhibit decreased peak area intensities with increasing
annealing time. However, the C5 mode decreases less than the rest of the modes, specifically
during the initial 2 h of annealing when the major changes in supramolecular structure occur.
Our previous study revealed that C5 is a mixture of the three moderately intense modes
combining the NN stretch, the minor in-plane ring modes, and alkyl HCH bending.** This mode
mixture makes C5 less sensitive to the dipole-dipole interactions among Azol molecules. The
STM studies revealed that vapor annealing could involve direct exchange of the Azol molecules
with C12 vapor molecules or desorption of Azol followed by opportunistic adsorption of C12
vapor-phase molecules at the vacant substrate sites.** This result indicates that, although the

annealing-induced loss of Azol molecules can cause a decrease in the SERS intensity, the
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dipole-dipole interactions account for the larger decrease in the SERS intensity for modes C1,

C2, C3, and C4. The SERS spectra of the Azo2 samples show similar evolution.

To test if the decreased peak area intensities in the SERS spectra were correlated to the
evolution of supramolecular structure, we performed control experiments with samples that
maintained their structure during vapor annealing. Figure 4.4a shows a STM image of the sample
before annealing. The protruding azobenzene-functionalized molecules are found within the
matrix domains. A STM image of the sample after vapor annealing for 120 min is shown in
Fig. 4.4b. In contrast to the chains observed in Fig. 4.2d, the azobenzene-functionalized
molecules in Fig. 4.4b remained isolated within the matrix. Figure 4.4c shows the Raman spectra
recorded from the control sample after vapor annealing as a function of time (indicated by the
number near each spectrum, in minutes). The spectra exhibit the same modes as those in
Fig. 4.3a. However, in contrast to Fig. 4.3b, Fig. 4.4d shows that the peak area intensities
increase as a function of annealing time for the control sample. The increases are likely due to
increases in the tilt angles of azobenzene-functionalized molecules as the matrix gets tighter due
to the vapor annealing. This would lead to the long axis of the azobenzene moiety aligning more

closely to the surface normal and thus experiencing stronger electromagnetic enhancement.

We use density functional theory (DFT) to calculate the effects of supramolecular
structure on the Raman spectra of azobenzene. An azobenzene pair was used as a model and the
inter-azo distances from the STM analyses (Fig. 4.2) were used as references for setting the
distances in the calculations. We define the inter-azo distance as the center-to-center length of
the two closest azobenzene molecules. The dimer, trimer, clusters (n=4-7), and chains have

intermolecular distances of 5.6 + 0.2 A, 5.4+ 0.3 A, 53+ 0.3 A, and 4.4 + 0.1 A, respectively.
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All DFT calculations were performed within the NWCHEM software package** and employed
the B3LYP functional and a 6-31G* basis set.*® To represent the various orientations of
azobenzene in the experiments, we construct three basic types of pair configurations: face-to-
face (FF), face-to-side (FS), and side-to-side (SS) (Fig. 4.5a). We simulated the Raman spectra
from each configuration as a function of the inter-molecular distance, R, ranging from 11.0 A to
roughly the van der Waals distances. Figure 4.5b shows the Raman spectra for the FF
configuration, which exhibit reduced spectral intensity with decreased R. The calculated spectra
match experimental data (Fig. 4.3a) with the five major modes indicated as C1, C2, C3, C4, and
C5. The spectra for FS and SS configurations are similar to those for FF. In Figs. 4.5c-e, we have
plotted the Raman differential cross section of modes C1-C5 as a function of inter-azo distance
for FF, FS, and SS configurations, respectively. These trends match the experimental results

(Fig. 4.3).

To understand the physical mechanism behind the observed relationship between the
Raman spectral intensity and inter-azo distance, we examine the trends in the polarizability and
the Raman intensity as a function of inter-azo distance using a simple analytical model*®** and
DFT. The analytical models describe the parallel and perpendicular interactions of two
azobenzene molecules by considering them as two interaction point polarizable objects. In this

way, the total polarizability of the complex can be written as:

4aq1a
a1+a2+#

3
ay = —1_@ (1)
R

and
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ay = ——mm (2)

where a3 and a, are the polarizability of the first and second azobenzene molecule, respectively,
and R is the inter-azo distance. As shown in Fig. 4.5a the y-axis is the parallel axis while x- and
z-axes are the perpendicular axes. Figure 4.6 shows the diagonal components of the
polarizability tensor and the isotropic polarizability of the azobenezene pairs as calculated with
DFT and the analytical model. The two methods are in good agreement. The perpendicular
elements of the polarizability tensor, ox and oz, decrease at small inter-azo distances while the
parallel element, ayy, increases, as the analytical model (egs. (1) and (2)) predicts. The isotropic
polarizability is an average of the diagonal components of the polarizability tensor. As seen in
Fig. 4.6d, the perpendicular interactions dominate and reduce the polarizability for the FF and FS
configurations. The polarizability for the SS configuration is only slightly reduced from the
uncoupled limit to R = 8 A by DFT and R = 6 A by the analytical model. Thus, the Raman
intensity is expected to decrease as well. At close distances, the SS configuration begins to

increase its polarizability, implying that the Raman intensity may increase for this orientation.

More accurately, the Raman intensity of a given normal mode is proportional to the
derivative of polarizability with respect to the mode. For two interacting polarizable bodies, the

Raman intensity can be represented as:
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where Q; and Q. are the normal modes for the first and second azobenzene molecules,
respectively. If egs. (1) and (2) are the polarizability function for eq. (3), we derive the follow

expressions for the Raman intensity:

4 4
; oc|%2 1422 +|aﬂ2 1423 @
I loa ] \1-2222 00,1 \1-*%2
and
4 4
e 2 (i) + e (2 ©
L™ lao, 1—% 30, 1—% :
60.’1 2 6a2 2 - - . .
where |£ and |£ are the Raman intensities for the first and second isolated azobenzene
1 2

molecules, respectively. The factors to the fourth power can be viewed as enhancement or de-
enhancement factors to the Raman spectrum. Since the R® terms are practically zero where the
analytical model is valid, we can safely ignore this term and only consider the numerator and R®
terms. With this simplification, we find that the Raman intensity for each of the isolated
molecules is affected by the other molecule’s polarizablity. The physical interpretation of egs.
(4) and (5) is that the local fields generated by the induced dipoles of one azobenzene molecule
affect the Raman spectrum of the other molecule positively for the parallel interactions (i.e., eq.
(4)’s numerators are additive) and negatively for the perpendicular interactions (i.e., eq. (5)’s
numerators are subtractive). Since the perpendicular interactions dominate the polarizability, we
expect similar effects in Raman intensities (i.e., eg. (5) to dominate the trends). Thus, the total
Raman spectrum is expected to decrease as the azobenezene molecules have increased dipole-

dipole interactions, which is observed in both DFT and experimental data.
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4.4 CONCLUSIONS AND FUTURE PROSPECTS

By combining a precisely controllable self-assembly strategy with high-sensitivity and
high-resolution SERS and STM analytical tools, we successfully revealed the tunable dipole-
dipole interactions in the precise molecular assemblies. Experimental data are well supported by
calculations based on both DFT and an analytical model. While our experiments observe
destructive interference in the Raman spectra, further calculations reveal that both constructive
and destructive interference are possible by better control of the dipole-dipole interactions
through adjusting the orientations of the excitation light and molecular assemblies. This
prediction challenges our experimental capabilities in designing and controlling the precise
orientations of the molecular assemblies across the substrate. This work opens new avenues with
which to control intermolecular distance precisely and paves the way toward new insights into
intermolecular interactions both for studying fundamental physics and for controlling molecule

and device functionality.
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Figure 4.1. (a) A schematic of tethered azobenzene in self-assembled monolayer of thiolates on
a Au surface, illustrating the effects of the light-induced intermolecular interactions (indicated by
two black arrows) on the Raman signal. The red arrows indicate the excitation light and the
purple arrows indicate the scattered light (i.e., Raman signal). The inset shows a representative
scanning electron micrograph of a nanohole array in a Au thin film. The scale bar in the inset is
600 nm. (b) Chemical structures of the two azobenzene-functionalized molecules studied, 4-(1-
mercaptoundec-11-yloxy)-azobenzene (Azol) and 4-[2-(4-phenylazo-phenyl)-ethoxy]-butane-1-
thiol (Azo2), and the corresponding matrix molecules, dodecanethiolate (C12) and
decanethiolate (C10). (c) An illustration of how the vapor-annealing method tunes the
supramolecular structure of azobenzene-functionalized molecules. The gray and blue dots

represent alkanethiol and azobenzene-functionalized molecules, respectively.
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Figure 4.2. A series of scanning tunneling microscope images of Azo2 in a decanethiol matrix as
a function of vapor annealing time: (a) 0 min; (b) 30 min; (c) 60 min; and (d) 120 min. (e) The

relative counts of each structure as a function of annealing time.
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Figure 4.3. (a) A series of surface-enhanced Raman spectra of azobenzene-functionalized
molecules (Azol) as a function of annealing time. The numbers near the spectra indicate the
annealing times in minutes; C1, C2, C3, C4, and C5 indicate the five modes observed. (b)

Evolution of peak area intensities of the five modes as a function of annealing time.
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Figure 4.4. Control experiments with samples prepared by co-adsorption from solution. (a)
Scanning tunneling microscope image of Azo2 in a C10 matrix without vapor annealing. (b)
Scanning tunneling microscope image of Azo2 in a C10 matrix with vapor annealing for 120
min. (c) A series of surface-enhanced Raman spectra as a function of annealing time; the
numbers near the spectra indicate the annealing time in minutes. C1, C2, C3, C4, and C5 indicate
the five Raman modes observed. (d) Evolution of peak area intensities of the five modes as a

function of annealing time.
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Figure 4.5. (a) Three basic types of configuration of the azobenzene pairs. Left: face-to-face
(FF), middle: face-to-side (FS), and right: side-to-side (SS). (b) The B3LYP/6-31G* Raman
spectra of azobenzene pairs in FF configurations as a function of the intermolecular distance R.
The five major modes are indicated as C1-C5. The arrow indicates the spectra from high to low
intensities corresponding to the R values. R=2*single indicates the spectrum obtained by

doubling the single azobenzene spectrum. (c-e) The Raman differential cross sections of modes
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C1-C5 as a function of inter-azo distance for FF, FS, and SS configurations, respectively.
R=2*single is assumed to be 20 A for a better perspective of the figures. The B3LYP/6-31G*

frequencies where scaled by 0.9614.%
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Figure 4.6. The polarizability of azobenzene pairs as function of intermolecular distance for the

FF (black), FS (blue), and SS (olive) configurations where (a), (b), and (c) are the xx, yy, and zz

diagonal components of polarizability tensor, respectively, and (d) is the total isotropic

polarizability. The solid curves are the polarizabilities calculated by the analytical model, while

the points are the B3LYP/6-31G* polarizabilities. As shown in Fig. 4.5a, the y-axis is the

parallel axis while the x- and z-axes are the perpendicular axes.
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CHAPTER 5

EFFECT OF TETHER CONDUCTIVITY ON THE EFFICIENCY OF
PHOTOISOMERIZATION OF AZOBENZENE-FUNCTIONALIZED MOLECULES ON

Au{111}
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5.1 INTRODUCTION

Precise control over the reversible isomerization of functional molecules when assembled
on solid surfaces is of great importance in order to understand the rules of molecular and

supramolecular-scale action.***  Various kinds of photochromic molecules such as

9,25-27 28,29

azobenzene,"?* diarylethene, spiropyran,?®?® and more recently dihydroazulene®** have
been investigated as possible candidates for molecular switches. These families of functional
molecules have relative advantages and disadvantages due to factors such as their ease of
molecular assembly on substrates, quantum yield of photoisomerization, reversibility of
isomerization, and quenching of isomerization by the underlying substrate. Of these families of

photochromic molecules, azobenzenes have thus far attracted the greatest attention.

Azobenzene (henceforth Azo) exists in a near-planar trans conformation in its
thermodynamically stable state with nearly zero dipole moment.>*®* When irradiated with UV
light at ~365 nm, the molecule isomerizes to a non-planar cis conformation via rotation of a
phenyl group out of the plane of the azobenzene moiety, carrying a dipole moment of 3 D.*
Upon subsequent irradiation with ~420 nm visible light, the cis conformation reverts back to its
original trans conformation, although thermal relaxation from cis to trans has also been shown to
be a common pathway for the reverse reaction where relaxation times typically depend upon the
substituents on the azobenzene moiety ranging from minutes (for alkyl-substituted molecules) to
days (for unsubstituted azobenzenes). Due to their difference in planarity, it has been established
that trans form is approximately 100 times more conductive than cis'® and hence, azobenzenes
are considered to be a type of molecular switches.?? Various theoretical and experimental studies
have been performed to understand the mechanisms of photoisomerization of azobenezenes in

the gas phase, in various solvents, and on solid substrates when isolated as single molecules or in
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ensembles. For instance, it has been well established that photoisomerization of molecules such
as azobenzenes is quenched when the molecules are adsorbed directly on conductive substrates
such as Au{111}.”° However, by attaching a relatively non-conductive tether to the azobenzene
functional moiety, that the molecules can be spatially separated from the substrate, and a
dramatic increase in the photoisomerization yield has been observed both at ensemble® and

22,37-39

single-molecule scales. Recently, SERS has been shown to be an excellent tool for

following photoisomerization of functional molecules at the ensemble scale.!#3¢°

41,42

Although, the effects of the surrounding environment, the coupling of the functional

12,18,20-22,43,44 21,38,45 th

moiety to the substrate using a tether, the conductivity of the substrate, e

46,47 36,47-49

length and free volume of the tether, the structure of the substrate, and ways to
circumvent steric interactions between the azobenzene moieties?****®! have been reported
previously, the effects of the conductivity of the tethers on photoisomerization have not been
reported. In order to employ such molecular switches in a range of conditions and chemical
environments, it is imperative to understand the roles of all the key aspects constituting the
photoswitches and their supporting structures. To that end, we investigate the role of the

conductivity of the tether on the photoisomerization of azobenzene molecules when assembled

on Au{111}.

We designed tethers to functionalize azobenzene molecules so that they could be
covalently bound to Au substrates and such that the functional moiety is spatially separated from
the conductive substrate in order to avoid direct surface quenching. We assembled these
functional molecules as isolated single molecules by a co-adsorption technique that we have
reported previously.””  This technique enables us to separate azobenzene-functionalized

molecules from each other such that steric hindrance between neighboring molecules is

101



precluded. We employed azobenzene functionalized with two kinds of tethers in this study- a
non-conductive, saturated linear alkyl chain tether (henceforth Azol) and a more conductive
tether (henceforth Azo2) (Fig. 5.1). We used SERS to follow the time course of
photoisomerization of these azobenzene-functionalized molecules on Au{111} in sufficient

numbers to have significant statistics.******>*

The phenylene ethynylene tether in Azo2 is expected to be substantially more conductive
than the alkyl tether in Azol. If the conductance of a molecule is given by G=Ae ® (where A is
constant, n is the length of the molecule), the term B is a measure of molecular conductivity vs.
length. A number of studies have found that for saturated chains on Au p ~ 1.0 + 0.1 A%
whereas for phenylene ethynylenes, with mixed sp and sp? hybridization, it is approximately a
factor of two lower and p ~ 0.57 + 0.02 A™.**% Note that phenylene vinylene and other all sp
hybridized systems have f values another factor of two lower,®® and thus are more conductive

(and would be expected to quench even faster than the tether in Azo2).

We have previously reported an efficient way to follow the photoisomerization using
SERS.%**%" Using this method, Au substrates with regular nanohole arrays were shown to
enhance the signals of azobenzene Raman vibrational modes. Here, we employed the same

technique to follow the time course measurements of both Azol and Azo2 molecules.
5.2 METHODS

Focused ion beam (FIB) lithography (Nova 600 NanoLab, FEI Company, Hillsboro, OR,
USA) was used to fabricate cylindrical nanoholes (with a diameter of 175 nm) in square arrays
(with a period of 300 nm) into Au thin films. The samples were prepared in the dark by

immersing the flame-annealed Au{111} nanohole array substrates in a 1:4 mixture of ethanolic
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solutions of Azol or Azo2 and decanethiol (C10) (such that the final concentration of the
solutions was 1 mM), for 24 h under nitrogen atmosphere. The samples were then vapor
annealed over C10 solutions at 80 °C for 2 h in order to backfill the C10 matrix molecules.®®
This process, in which the substrate is heated and held over a neat liquid of C10 molecules to be
ordered, resulted in tight packing of the monolayer, thus hindering the surface mobility of the

switch molecules.***®% The samples were then stored in the dark until further analysis.

A Renishaw inVia Raman system (Renishaw Inc., Illinois, USA) operating under ambient
conditions was employed for Raman analysis. We chose a 632.8 nm He-Ne laser as the Raman
excitation source considering the resonant wavelength of the Au substrates. Laser power and
beam diameter were ~17 mW and ~1 pum, respectively. Each measurement was a convolution of
50 sweeps in the wavelength range of interest with a set integration time of 150 s. Wire 3.2
(Renishaw Inc., Illinois, USA) and OriginPro software were used to analyze peak areas and to

curve fit and to calculate decay constants, respectively.

In order to compare the experimental results with theory, simulations were performed to
predict the Raman spectra of the trans and cis isomers of Azo2 molecules attached to a Aus;
cluster. All calculation used the NWCHEM software package.”* The B3LYP hybrid functional
with the 6-31G* basis set for N, C, S, and H atoms and the LANL2DZ effective core potential
for Au atoms were employed for all calculations of the geometric structure and vibrational
frequencies. Vibrational frequencies were scaled by 0.9614; no imaginary frequencies were
found. The Raman differential cross sections were calculated with a three-point numerical
differentiation of the analytical polarizabilities with LC-oPBE functional (»=0.3 Bohr™, 0=0.0,
and p=1.0) and the same basis set. The Raman differential cross sections were broadened with a

Lorentzian having a full-width-at-half-maximum of 20 cm™ and an incident light of 514.5 nm.
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Raman signals for different mole fractions of the molecules were also calculated to gain a better
understanding of the switching efficiencies of molecules on the substrate. The analogous
calculations for Azol (without the Au cluster) have been reported previously®® and are used here

in elucidating the role of the tether.
5.3 RESULTS AND DISCUSSIONS

Figure 5.2 shows the overlay of simulated Raman spectra of Azo2 molecules attached to
Augs clusters as a convolution of various mole fractions of trans and cis isomers. The spectra
have been offset for clarity. Multiple peaks in the range of 1000 to 1700 cm™ were observed
with major peaks at 1055, 1116, 1435, 1458, 1495, and 1573 cm™ (see Fig. 5.3 for schematics of
all these modes in trans and cis conformations). After considering all the peaks in the simulated
spectra, the peaks labeled P1 (1055 cm™) and P2 (1116 cm™) were identified as strong indicators
of photoisomerization. Also, the area of peak at 1540 cm™ was observed to increase with trans-
cis isomerization. This peak arises due to the vibration mode of the N=N double bond (Fig. 5.3)
and is not prominent when the molecules are in the trans conformation; only when the molecule
isomerizes, does this vibrational mode become Raman active. Although we identified this peak
in our experiments, the peak area was usually at or below the detection limit; thus, it was not
used for quantitative measurements. Whereas all the other peaks decrease in area, the areas of

peaks at 1055 cm™ (P1) and 1573 cm™ show very little change.

The Raman intensity usually scales with the polarizability of a system (because the
Raman intensity derives from the polarizability derivatives (da/9Q)?). Since the trans isomer
(highly conjugated) is more polarizable, it is expected to have a stronger Raman signals than the

less polarizable cis isomer (less conjugated), as observed in Figs. 5.2 and 5.5. To explain the
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behavior of the P1 mode, we observe that the mode is mainly isolated to the tether ring, while P2
is mainly a ring breathing mode of the azobenzene unit (Fig. 5.4). The trans to cis isomerization
reduces the conjugation and thus the polarizability of the azobenzene unit, but not that of the
tether, at least not directly. Thus, it is not surprising to find that the P1 mode (that is isolated to
the tether) is minimally affected by isomerization while P2 (an azobenzene mode) is significantly
affected. Figure 5.4 shows the schematic of the vibrational modes of Azo2 that contribute to the

intensity of these peaks in the spectra.

We identified and used peaks P1 and P2 for quantification, due to their strong signals and
relative sensitivity to isomerization. We followed the changes in these peak areas as a function
of UV illumination time. As can be seen in Fig. 5.5, the peak area of P1 remains relatively
unchanged, whereas, the peak area of P2 decreases with the duration of UV illumination. The
simulated spectra and the experimental results are in close agreement. We chose P1 as an
internal standard (due to the minimal effect on its peak area upon photoisomerization) and by
comparing the rate of change of the peak area of P2 with respect to P1 a direct measurement of
the photoisomerization kinetics of Azo2 was achieved. We measure the ratio of peak areas of P1

to P2 and plot the change in the ratio as a function of UV illumination.

We measured the peak areas of P1 and P2 from the baseline-subtracted spectra for each
data point from 0 to 90 min UV light exposure (~365 nm and power of ~1 mW/cm?). We then
plotted the ratios of peak areas of P1 to P2 versus the duration of UV light exposure. An
exponential decay curve was derived by using the formula Y = Y, + Ae®™, where Ry is the
decay constant of the best fit curve, with units as time™. The inverse of the calculated decay
constant gave us the time constant . We calculated the time constants for both molecules using

the same procedure. Figure 5.6a shows the change in the ratio of peaks P1 to P2 as a function of
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UV light illumination for the molecule Azo2. The plot was generated by taking the average of
three data sets (peak area ratios of P1:P2) measured under identical conditions. Figure 5.6b
shows the plot generated from simulated spectra. We have reported the decay plot for Azol
previously,” wherein we used the peak area ratios of vibrational modes, which were in
agreement with the simulated spectra for Azol. The time constant derived from the exponential
decay curve of Azo2 in Fig. 5.6a, was found to be T = 61 + 11 min. The time constant from our

previous study with Azol was found to be T = 38 + 13 min.%’

The reverse isomerization of Azo2 from cis to trans was also investigated by irradiating
the sample with blue light (~450 nm and power of 6 mW/cm?). Whereas Azol showed ~90%
reversibility in isomerization within 100 minutes of visible light illumination,®” Azo2 did not
exhibit complete reversibility, at least after 24 h of visible light illumination. Figure 5.7 shows a
series of SERS spectra of the surface assembled with Azo2 under constant visible light
irradiation (spectra have been offset for clarity). Complete reversal in the peak area ratios was
not observed after several hours of the time course study. The samples were then left under
visible light illumination overnight and spectra were collected after 24 h. It can be seen that the
peak areas of P1 and P2 increase dramatically and the ratio of the peak areas approached the
initial ratio before UV illumination. The time constant derived from the experimental curve was
found to be 286 = 37 min (Fig. 5.7) as opposed to the faster cis to trans photoisomerization of

Az01, which had a time constant of 75 + 27 min.%’

Due to the increased conductivity in Azo2, the lifetime of the photoexcited state is lower
than in the case of nonconductive tether, resulting in decreased numbers of molecules that
undergo photoisomerization over a period of time, resulting in significant difference in the time
constants. The experimental studies for both the molecules were performed under identical
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conditions, i.e., sample preparation, concentration of switch molecules, the nanohole array
periodicity of the substrate, power of UV and visible light sources, and power and beam diameter
of the Raman laser source. The only difference was the identity of the tether between the
azobenzene functional group and the Au{111} substrate. Due to ~30° tilt with respect to the
surface normal, Azol molecules align themselves in registry with the C10 molecular tilt,
whereas, it has previously been shown that molecules with tethers similar to Azo2 assemble
nominally perpendicular to the underlying Au{111} substrate,’* we observed similar structures
when Azo2 was assembled on Au{111} (Fig. 5.8). Thus, even though the lengths of the tethers
in Azol and Azo2 are different, after the assembly on Au{111}, the distances separating the
azobenzene moieties in both the molecules from the underlying substrates are nearly the same.
Since all the parameters are left constant other than the identity of the tether, the difference in the
time constants can be directly correlated to the change in the conductivity of the tethers. We
calculated the photoisomerization cross section of surface-bound Azol and Azo2 molecules by
using the formula o = hc/(ktlp), where h is Planck’s constant, ¢ the speed of light, A the
wavelength of irradiation (365 nm), t the time constant, and I the power of the UV light source
(570 pW/cm?). By holding all the experimental parameters constant we calculate and compare
the surface-bound photoisomerization cross section of Azol to be o; = 4.5 (+1.5) x10™ cm? and
of Az02 to be o, = 2.5 (+0.5) x10™ cm?®. These figures of merit indicate an order of magnitude
reduction in cross section of surface-bound molecules when compared with the values in
solution.  Moreover, the cis-trans isomerization cross section of nonconductive-tethered
molecules is an order of magnitude larger than that of conductive-tethered molecules indicating
the direct effect of tether conductivity on the photoisomerization of surface-bound molecules.

Since it is critical to be able to tune the functionality of surface-bound molecular switches in
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order to build efficient functional devices, this observation indicates a means to gain that ability
by tuning the metal-molecule junction properties and to tailor the efficiency of

photoisomerization.
5.4. CONCLUSIONS

We have designed a new conductive tether and demonstrated its effect on the efficiency
of photoisomerization of azobenzenes when assembled in precisely controlled nanoscale
environments. We have employed SERS to monitor the photoisomerization Kinetics of isolated
single molecules in well-defined nanoscale environments. By directly comparing the time
constants of non-conductive and conductive tethers, we have demonstrated that even when the
azobenzene functional moiety is well separated from the substrate, the efficiency of
photoisomerization decreases with increasing conductivity of the tether. This study helps
elucidate how to tune the photoswitching efficiency of photochromic molecules for assembly and

incorporation into nanoscale assemblies for actuation at the nanoscale.™
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Figure 5.1. Schematic of (left) Azol and (right) Azo2. Due to the linear alkyl chain Azol

assumes ~30° tilt with respect to surface normal, whereas Azo2 assumes a nominally

perpendicular orientation with respect to the Au{111} surface (see Fig. 5.8).
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Figure 5.2. A) Simulated Raman spectra of trans and cis Azo2 at various mole fractions as

shown in the legend; The peaks labeled P1 and P2 were used to follow the Kkinetics of

photoisomerization.
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Figure 5.3. Calculated vibrational modes of all the prominent peaks of Azo2 attached to a Aus

cluster observed in theoretical calculations in their trans and cis conformations, respectively.
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Figure 5.4. Schematics of the calculated vibrational modes of Azo2 attached to a Aus cluster in
a) P1 trans, b) P2 trans, ¢) P1 cis, and d) P2 cis geometries. The contributions to Raman peaks
P1 and P2 are due to the tether and the benzene rings (predominantly, the lower ring) of the

azobenzene moiety, respectively.
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Figure 5.5. Experimental surface-enhanced Raman spectra of Azo2 on Au{111} nanohole arrays

as a function of UV irradiation time (see legend). The spectra have been offset for clarity. The

peaks labeled P1 and P2 are used for monitoring the photoisomerization kinetics.
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Figure 5.6. Top: Experimental decay plot of peak ratios tracking trans to cis conversion of Azo2
on Au{111} nanohole array, demonstrating the reduction in the peak area ratio (P2:P1). The
calculated time constant from the decay plot was 61 + 11 min. Bottom: Decay plot using peak
area ratios from simulated SERS spectra showing the ratios expected as a function of

photoconversion.
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Figure 5.7. Top: The surface-enhanced Raman spectra showing the photoisomerization of Azo2
back from cis to trans under visible light illumination over a period of 24 h (see legend). The
spectra have been offset for clarity. Bottom: The exponential curve fit to the ratio of peak areas
(P2: P1) shows the slower cis to trans back reaction. The x-axis has been truncated after
250 min to include the 24-h data point. The cis to trans photoisomerization of Azo2 was found

to be four times slower when compared to that of Azol.
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Figure 5.8. Azo2 molecules assemble nominally perpendicular to the Au{111} surface as

opposed to the tilted alignment of Azol alkyl tethers. Imaging conditions: Vs =-1V, | = 1 pA.
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CHAPTER 6

PHOTOREACTION OF MATRIX-ISOLATED DIHYDROAZULENE-FUNCTIONALIZED

MOLECULES ON Au{111}
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6.1 INTRODUCTION

Functionalization of solid substrates with molecules capable of performing specific

functions when subjected to external stimuli is of great interest in the fields of electronics

9 10-13 14,15

medicine, energy, 16-23

(display technologies),*® biology,” and nanoelectromechanics.
The functional molecules should be able to switch reversibly between two or more stable or
metastable states. Moreover, these molecules must retain their functionality when they are
assembled on solid substrates in order to be efficiently utilized in electromechanical applications.
For instance, it is well established that the photoisomerization of functional molecules is
guenched when deposited on conductive substrates due not only to the underlying substrates but
also to the surrounding environments.?*® Hence, it is desirable to decouple (electronically) the
functional group from the surface and to isolate the molecules from each other in order to
understand the single molecular photokinetic behavior. Much research has focused on finding
and optimizing molecular switch candidates capable of responding to a variety of external

d'l9,36—39

stimuli such as light,**® electric fiel electrochemical potential,***? or heat.*>** Of all

the external stimuli mentioned above, light offers a straightforward means to excite and to probe
the functional molecules assembled on solid substrates, because it is non-invasive, preserves the

surface integrity, and is easily addressable. Various families of molecular switches have been

24,25,29,30,33 42-45

synthesized to meet such requirements, including, azobenzenes, spiropyrans,

46-48 49-52 16,20-22,53 36,37,54-57

stilbenes, diarylethenes, rotaxanes, oligo(phenylene ethynylene)s,
dithienylethenes,*®®! and dihydroazulenes®***4¢2% (DHAs). However, the quest for highly

efficient surface-bound molecular switches continues.

It is well established that the photoreaction quantum yield of DHAs is higher than that of

azobenzenes and stilbenes, and yet DHA systems have not been extensively studied as molecular
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switches on solid substrates, until recently in single-molecule junctions.*®” When irradiated
with UV light, DHA undergoes a 10-electron retro-electrocyclization to vinylheptafulvene
(VHF) that exists in equilibrium between s-cis and s-trans conformations.®® It is also known that
VHF undergoes a ring-closing reaction to DHA via thermal relaxation through the s-cis
conformation. It has been shown that the absorption maximum of DHA can be tuned by
tailoring the substituents on the functional moiety. Although reversible transformation between

DHA and VHF isomers has been well established in solution,*6:646°68-76

the photochromism has
not been extensively studied when these molecules are bound to solid substrates.®* To that end,
we have designed a S-(4-((4-(1,1-dicyano-1,8a-dihydroazulen-2-yl)phenyl)ethynyl)phenyl)
ethanethioate molecule (henceforth DHA") and studied the photokinetics by assembling them as
isolated single molecules on a Au{l111} nanohole array. By attaching an acetyl-protected
thiolate via a tolane linker to the five-membered ring of DHA, we were not only able to separate
the functional moiety spatially from the underlying substrate but also to restrict the photoreaction
to just the s-cis conformation.?*** We employed highly sensitive SERS to monitor the kinetics
of photoreaction due to its high sensitivity to molecular conformation, non-destructive nature,

and high throughput.*® We interpret our experimental measurements and analyses with

supporting density functional theory calculations.

We have previously demonstrated a sensitive means to follow the photoisomerization
kinetics of functional molecules assembled on atomically flat surfaces using SERS.* By
employing a Au nanohole array substrate we have shown that the vibrational modes of the
molecule are enhanced using plasmonics, which are otherwise not detectable when a substrate
without nanoholes is used. We employ the same technique here to follow the photoreaction

kinetics of DHA' molecules assembled on Au{111} nanohole array substrates.
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6.2 METHODS

Focused ion beam (FIB) lithography (Nova 600 NanoLab, FEI Company, Hillsboro, OR,
USA) was used to fabricate cylindrical nanoholes (with a diameter of 175 nm) in square arrays

(with a period of 300 nm) into Au thin films.

The samples were prepared by flame-annealing a Au{111} nanohole array substrate and
then subsequently immersing it in a 1:4 mixture of ethanolic solutions of DHA" and C12 in the
dark such that the final solution concentration was 1 mM. The sample was then stored in the
dark and under nitrogen atmosphere for 24 h. Subsequently, the sample was rinsed with ethanol
and then vapor annealed over C12 solutions at 80 °C for 2 h in order to increase the crystallinity
of the matrices by backfilling the C12 molecules into existing defect sites. This procedure
resulted in the formation of tightly packed large domains of the host molecular monolayer matrix
with the dilute DHA' molecules isolated as single molecules within the domains of the C12
matrix.2>37""®  Thus, random diffusion of the isolated DHA molecules on the substrate was
restricted. The samples were stored in the dark until further analysis. Figure 6.1 shows a
schematic of the assembly of isolated single molecules in a host C12 matrix. The molecule exists
in a thermodynamically favorable, closed ring DHA isomer and switches to corresponding
vinylheptafulvene (henceforth VHF') isomer upon illumination with 365 nm UV light. The

thermal back reaction occurs at 30 °C.

A Renishaw inVia Raman system (Renishaw Inc., Illinois, USA) was employed for
Raman analysis. A 632.8 nm He-Ne laser was chosen as the Raman excitation source taking into
consideration the resonant wavelength of the Au substrates. Laser power and beam diameter

were ~17 mW and ~1 pum, respectively. All the Raman measurements were performed under
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ambient conditions. Each measurement was a convolution of 50 sweeps in the wavelength range
of interest with a set integration time of 150 s. Raman spectra, individual peak intensities, and
the time constants from the exponential curves were calculated using Wire 3.2 and OriginPro

software packages.

The samples were analyzed in a dark room by exposing the substrate to a ~365 nm UV
lamp source. Time course measurements were performed over a period of 60 min. The power of
the UV source was held constant (570 pW/cm?), similar to our previous measurements.® After
each successive UV illumination time period, Raman spectra were collected in the same location
of the substrate. Since it is common to observe a slight increase in temperature where the laser is
focused on the during the Raman measurements, the sample was allowed to cool down naturally
after the final UV measurements before performing the thermal relaxation measurements. The
sample was then held at a constant temperature of 30 °C and time course measurements were

performed at regular time intervals until the ratio of peak intensities saturated.

The NWCHEM package” was used to calculate the Raman spectra of DHA' and VHF'
formations. The ground state geometry and normal modes were calculated using DFT®*% and
the polarizability was calculated using TDDFT.* In all cases, the B3LYP functional® and the 6-
311G* basis set from the NWCHEM basis set library were used. The differential Raman cross
sections were calculated using a three-point numerical differentiation of the polarizability for
each normal mode™ and an assumed incident laser wavelength of 633 nm. The differential
Raman cross sections were broadened using a Lorentzian function with a full width at half

maximum (FWHM) of 20 cm™. The Raman intensities for a mixture of open and closed isomers

Open x IOpenk + XCIosed * ICIosed

for a given normal mode k (1M>*® ) was calculated as IM**% = x

Open Closed

where X" and X are the mole fractions of the open and closed isomers, respectively, and
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19°¢", and 1'%, are the Raman intensity of the open and closed isomers for the k™ normal mode,

respectively.
6.3 RESULTS AND DISCUSSIONS

The calculated DHA' Raman spectrum (Fig. 6.2) revealed five distinct peaks in the range
of 1000-1700 cm™, with peak positions at 1112, 1166, 1230, 1572, and 1618 cm™. The peak at
1112 cm™ is due to the ring breathing modes of the tether (parallel to the S-C bond) that was
employed to attach the functional moiety to the underlying Au substrate. The motion
symmetrically localized around the C=C stretch attached to the functional moiety has an intense
peak positioned at 1166 cm™. The peak at 1230 cm™ arises due to intense symmetric H wagging
modes of the benzene spacer unit. The C-C stretching modes and in-plane H wagging motion of
the five-membered ring of the functional moiety give rise to a distinct peak at 1572 cm™ and the
prominent C-C stretch in the five-membered ring of the functional moiety results in peak at
1618 cm™ (Fig. 6.3). In order to follow the surface photokinetics, we simulated the Raman
spectra of the VHF' isomer and the intermediate spectra of DHA' and VHF" at different mole
fractions. As can be seen from Fig. 6.2, the intensities of all the peaks decrease dramatically as
the photoreaction proceeds from DHA' to VHF", except for the peak at 1112 cm™, labeled P1.
Since this peak arises due to the vibrational modes of the tether unit (Fig. 6.4), the photoreaction
has no effect on the peak intensity. The peak labeled P2, on the other hand, is directly affected
due to the cross-conjugation in the five-membered ring of the functional moiety and the intensity
of C-H bending vibrational modes decreases as the photoreaction proceeds from DHA' to VHF'
(See Fig. 6.4). Thus, monitoring the peak intensities of peaks labeled P1 and P2 experimentally,
provides a direct measure of the fractions of reactant and product. Figure 6.4 shows the

vibrational modes of DHA" and VHF" isomers that give rise to peaks P1 and P2, respectively.
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Figure 6.5 shows a series of Raman spectra collected over time as described in the
experimental section above. Four distinct peaks in the 1000-1700 cm™ range are observed. The
spectra are measured as a function of illumination time and are offset for clarity. Although peaks
P1 and P2 are well resolved, the peaks at 1580 and 1610 cm™ (corresponding to 1572 and
1618 cm™ in the simulated spectra), were not completely resolved and thus were not considered
for quantification. Also, it can be seen that the intensity of peak Pl remains constant, in
agreement with simulations. We thus chose P1 as an internal standard. Since the peak intensity
of P1 is the least affected by the DHA'—-VHF' photoreaction, comparison of the intensity of P2
with that of P1 provides a direct measurement of the progress of the photoreaction on the
surface. Hence, we measured the ratio of the peaks P2 and P1 (P2:P1) and monitored it as a

function UV illumination time.

The series of Raman spectra in Fig. 6.5 show that the intensity of P2 decreases
dramatically with UV illumination time, while the intensity of P1 remains constant, indicating
the forward photoreaction of DHA' to VHF'. The UV measurements were stopped when the
ratio of peak intensities saturated. The samples were then cooled to room temperature for a few
minutes and were maintained at a constant temperature of 30 °C. Time course Raman
measurements were performed as a function of time at constant temperature. Relevant series of
Raman spectra can be seen in Fig. 6.6. As can be seen, the intensities of peaks other than P1
increase as a function of time. The peak intensities in the Raman spectra after 60 min of
measurements was observed to be close to those of the initial (pre-illumination) measurements,
however, the ratio of the peaks was still lower than the initial values, indicating that the thermal

back reaction was not yet complete. By 120 min, the peak ratios saturated.
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Figure 6.7a shows an exponential fit to the decay curve plotted for P2:P1 peak ratios with
respect to UV illumination time. The error bars are from five measurements performed on five
different nanohole array substrates. The P2:P1 ratio saturated after about 25 min of UV
illumination. The minimal deviation in the data points after the 25 min mark from five different
measurements indicates the robustness of the SERS measurement technique. The data were fit
with an exponential curve with the formula Y=Y +A*exp(Rot), where Ry is the decay constant of
the best fit curve, with units of time™. The time constant was then calculated by taking the
inverse of the decay constant in units of min. The time constant extracted for the DHA' to VHF'
photoreaction was 9 + 2 min. This is in agreement with our previous single-molecule
measurements where the onset of photoreaction was observed to occur after 10-20 min of UV
illumination.®* The correlation of the single-molecule measurements with those of the ensemble
measurements of surface-bound molecules reveals that the photoreaction quantum yield of the
DHA moieties is higher even when assembled and isolated on surfaces, when compared to other
photochromic molecules such as azobenzenes and stilbenes.*> As a comparison figure of merit,
isolated azobenzenes with saturated tethers exhibit photoisomerization time constant of ~38 min
studied using the same measurement conditions and techniques®® and ~54 min when studied

using high-resolution scanning tunneling microscopy (STM).?

Figure 6.7b shows the exponential increase in P2:P1 as a function of thermal relaxation
time. The ratio of peak intensities increased as a function of time and eventually saturated after
120 min, indicating completion of the surface-bound VHF'—-DHA" thermal back reaction. The
time constant calculated was similar to that of the UV-induced forward reaction measurement,
38+7 min. The ratio (P2:P1) of peak intensities from theoretical calculations were also plotted as

a function of VHF" mole fractions in order to compare with the experimentally observed trend.
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A decreasing trend in the peak ratio with increasing mole fraction of VHF' was observed

(Fig. 6.8), further providing support to our experiment.

In order to improve the efficiency of controlled molecular motion and function of
surfaces functionalized with switches, molecules with higher photoisomerization quantum yield
have to be employed. Trans—cis photoreaction of azobenzene, for example, has an average
quantum yield of ~0.2 and a yield of ~0.5 for the reverse reaction,®® whereas DHA—VHF
photoreaction in acetonitrile has a quantum yield of 0.55.° We calculated the
photoisomerization cross sections of the current DHA' system and compared them to those of
our previous measurements of azobenzene-functionalized molecules performed under identical
conditions to get a quantitative estimate of the photoisomerization efficiency. By using the
formula 6 = hc/(ktlp), where h is Planck’s constant, ¢ the speed of light, A the wavelength of
irradiation (365 nm), t the time constant, and 1, the power of the UV light source (570 pW/cm?),
we get the photoisomerization cross section with units of cm? In solution, we observe switching
times of 1 min,* corresponding t0 osn = 2 x 10 cm? similarly, we found that the
photoisomerization cross section of surface-bound DHA" molecules with a rate constant of 9 min
under these conditions gives opoung = 1.5 X 10718 ¢m?, in reasonable agreement with our previous
single-molecule measurements.®* These cross sections are an order of magnitude lower than
those observed in solution. However, when compared with measurements of azobenzene-
functionalized molecules studied under the identical conditions and with those measured using
STM, we find that the surface-bound photoreaction cross section for DHA" is higher, where caz
varied between 4 x 10™° and 8 x 10"° cm? depending upon the conductance of the tether and the

degree of spatial separation of the functional moiety from the underlying substrate.?***
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6.4 CONCLUSIONS AND FUTURE PROSPECTS

We have designed novel photochromic dihydroazulene-functionalized molecules and
isolated them as single molecules on Au{111} nanohole arrays. The cross sections derived from
SERS measurements as a function of UV illumination time reveal the high photoswitching
efficiency of the functional molecules, compared to previous studies on various other surface-
bound photoswitches. Furthermore, the reversibility of the dihydroazulene photoreactions via
thermal relaxation has also been established. Since these molecules do not need large free
volume to isomerize, these molecules could be used to fabricate 2D films on Au{111} and the
reversibility of the entire monolayer between the two isomeric states could be achieved. Atomic
force microscopy can be employed to study the 1-V characteristics of the 2D films before and
after illumination with UV light and subsequently after thermal relaxation. In conjunction with

theory, the reversible changes in the conductance of the molecules can be established.
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Figure 6.1. Schematic of UV-light-induced photoreaction of functionalized dihydroazulene
(DHA', left) to a vinylheptafulvene (VHF', right) isolated as single molecules in a dodecanethiol

(C12) matrix and the back reaction via thermal relaxation.
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Figure 6.2. Series of theoretical simulations of Raman spectra as a mixture of different mole
fractions of functionalized dihydroazulene (DHA') and corresponding vinylheptafulvene

(VHF"), spectra are offset for clarity. Peaks labeled P1 and P2 were used to follow the

photoreaction spectroscopically.
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Figure 6.3. Vibrational modes of the peaks at 1572 cm™ in dihydroazulene (DHA") and

vinylheptafulvene (VHF') isomers, respectively.
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Figure 6.4. Vibrational mode P1 of a) functionalized dihydroazulene (DHA') and b)

vinylheptafulvene (VHF") isomers. Vibrational mode P2 of ¢) DHA" and d) VHF' isomers.
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Figure 6.5. Series of experimental surface-enhanced Raman spectra as a function of 365 nm UV
light illumination time (the legend shows the duration of light illumination). The ratio of peaks
labeled P1 and P2 was used to follow the kinetics of surface-bound molecular photoreaction. The

spectra are offset for clarity.
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Figure 6.6. Series of experimental surface-enhanced Raman spectra as a function of thermal
relaxation time (the legend shows the thermal relaxation time at 30 °C). The spectra are offset

for clarity.
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Figure 6.7. (Left) The peak area ratio (P2:P1) as a function of UV light irradiation time fit to an
exponential decay. The extracted time constant for dihydroazulene to vinylheptafulvene
(DHA'—-VHF") photoreaction was 912 min. (Right) Data showing the increase in P2:P1 ratio as
a function of thermal relaxation time at a constant temperature of 30 °C, also fit to an exponential

curve. The time constant for the VHF'—DHA" thermal back reaction was 38+7 min. The errors

bars are from five sets of measurements.
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7.1 OUTLOOK

In this chapter, I discuss the future directions of the design, control, and measurement of
molecular assemblies. Based on our understanding from single-molecule and ensemble
measurements, we can design better molecules to harness enhanced and precise molecular
function at the nanoscale. | will discuss designs of new molecules in subsections based on the

kind of molecular motion/function.
7.1.1 AZOBENZENE

Scanning-tunneling-microscope-based measurements have revealed unprecedented
cooperative motion of nanoscale assemblies (Chapter 3) and highly sensitive SERS
measurements revealed the tunability of dipole-dipole interactions by exploiting nanoscale
fabrication via self- and directed assembly of azobenzene-functionalized molecules. By
comparing the efficiency of photoisomerization of isolated single molecules, 1D linear chains,
and 2D clusters, we were able to elucidate the limits of molecular motion and identified the
critical players such as the conductivity of the tether, the spatial freedom required for the
functional moiety, and the intermolecular interactions that determine molecular function at the
nanoscale. By designing tethers that enable sufficient spatial freedom for azobenzene moieties to
switch without steric interference, 2D films of functional molecules can be fabricated and
cooperative reversible isomerization of single-component systems can be achieved.
Adamantanetrithiols have been shown to assemble on Au{111} with intermolecular separations
of ~7.4 A* If azobenzene molecules are functionalized with these bulky adamantanetrithiols
(Fig. 7.1), the lateral separation provides enough spatial freedom for the azobenzene moieties to

switch without interactions from the neighboring molecules. The S atoms of each trithiol cage
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are separated from the S atom of neighboring molecule by ~2.88 A, indicating that strong
intermolecular interactions are possible. Moreover, adamantane cage molecules are known to
assemble on metal substrates with fewer defects than do alkanethiols. Hence, increased and
uniform surface coverage of azobenzene-functionalized adamantanetrithiol is possible,

potentially resulting in enhanced photoisomerization cross sections of the SAM.

It is known that surface modification of metals with SAMs of organic molecules can
introduce changes to the work function of the material. It is also known that by tuning the
surface polarity, the hydrophilicity of a metallic surface can be tuned. Azobenzene has 0 D
dipole moment in its trans conformation and the dipole moment increases to 3 D after
conversion to cis conformation. If a 2D film of these organic molecules can be cooperatively
switched between polar and nonpolar states, the simultaneous nanoscale motion can be employed
to induce microscale motion on the surface.>* Moreover, by introducing a dipole moment into
the functional moiety in its trans conformation (Fig. 7.2) and by studying the effects of
photoisomerization on such systems, the effect of molecular polarity on the work function of the
materials can be understood. Kelvin probe measurements on 2D SAMs of such molecular
systems will reveal interesting properties of concerted nanoscale motion on the properties of
materials. Single-molecule measurements that can reveal the effects of tunneling electrons on
molecular switching can be performed using STM (see chapter 3 for details on experimental

setup and materials and methods).
7.1.2 DIHYDROAZULENE

We have demonstrated that dihydroazulene-functionalized molecules can be switched

between an open form and a closed form using light (Fig. 7.3). Our initial theoretical
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calculations reveal that DHA is more conductive than VHF and the electron transport properties
vary dramatically when the molecule switches between closed and open forms of the five-
membered ring of the DHA moiety (unpublished results). Moreover, DHA molecules were
successfully isolated as single molecules in alkanethiol matrices and the reversible isomerization
has been demonstrated at ensemble scales using SERS (see chapter 6). In situ single-molecule
measurements using STM can reveal the changes in conductance of isolated molecules (without
change in physical height). Scanning tunneling microscopy can be employed to study the I-V
characteristics of the monolayer before and after illumination with UV light and the experimental
results can be compared with our initial theoretical calculations. Using nanofabrication
techniques that have been demonstrated previously,> 2D films of these molecules can be
sandwiched between two metal electrodes and by controlling the conductance of the molecules

via external stimulus, a functional device can be fabricated.
7.1.3 ROTAXANE

Mechanically interlocked molecules (MIMs) are a class of molecular switches based on
noncovalent interactions between two or more components that can move relative to one other.®®
Bistable catenanes and rotaxanes are two commonly studied MIMs.>*? Rotaxanes are shaped
like a dumbbell with a ring threaded on the shaft (Fig. 7.4A). The cyclobis(paraquat-p-
phenylene) ring (CBPQT*", shown in blue) can associate noncovalently with either of two
stations: a tetrathiafulvalene station (TTF, shown in green) or a dioxynaphthalene station (DNP,
shown in red). When the TTF station is in its thermodynamically favorable neutral state, the
CBPQT*" ring docks to the TTF station through electron donor-acceptor interactions. When
oxidized, the TTF loses two electrons, resulting in electrostatic repulsion between positive

charges on the ring and the TTF station, pushing the ring to the DNP station. Upon reduction of
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the TTF unit, the ring shuttles back to its original position.**™® Properties of rotaxanes have been
well established in solution. However, surface switching is also important for potential device
applications, and as with azobenzenes and other switches, binding to the surface can change the

behavior of the molecules.

To investigate the properties of surface-bound rotaxanes, in collaboration with Huang and
Stoddart, we designed rotaxanes functionalized with dithiol tethers to facilitate binding to
Au{111}, and monitored molecular motion in situ using electrochemically controlled STM.*
Individual tethered rotaxanes on Au{111} appear as a single protrusion on the surface in STM
images.'® Since the rotaxane shaft is much less conductive than the ring, the thread does not
appear in STM images, and the protrusions correspond to the location of the rings (Fig. 7.4A).
Since STM images are convolutions of topographic and electronic effects, including the size of
the probe tip, and since the ring is conductive, it typically has an apparent height of ~3 A and a
lateral dimension of ~12 A, substantially larger than the physical diameter of the ring (~5 A).
Since only the ring is visible, the locations of the TTF and DNP stations are inferred from the
locations of the ring when the STM is held at low (~0.1 V) and high (~0.5 V) potentials. Blue
and red arrows in Fig. 7.4A show the direction and magnitude of each ring motion as the

electrochemical potential is raised and lowered, respectively.

Measuring the motions of many individual rings reveals the behavior of the molecules
bound to the surface (Fig. 7.4B). For the oxidation step, a root mean square displacement of
~20 A was observed (smaller than the 32 A distance between the two stations in the extended
molecule) (Fig. 7.4C). Along with the wide observed distribution (0-55 A) of displacements, this
suggests bending of the flexible thread, and interactions between the rings and the substrate in

some cases. Thus, rotaxanes with a more rigid shaft would be expected to exhibit improved
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device performance, producing a tighter distribution of shuttling distances nearer to the inter-

station distance. In addition, proximate molecules were found to interfere with one another.

As with photochromic switches, mechanically interlocked switches bound to surfaces can
be used together to perform microscopic work.*>*" Figure 7.5A shows the structure of a bistable
rotaxane used to induce mechanical strain in a solid substrate, similar to the contraction of a
muscle. The shaft contains four stations, and is encircled by two rings, which are thiolated and
bound to the gold surface. Upon oxidation, the positively charged TTF*2 stations propel the rings
toward the DNP stations, straining the substrate. Upon subsequent reduction, the rings shuttle
back to the original positions.****> Cantilevers coated with rotaxanes on one side and held in a
microfluidic chamber deflected by ~30 nm when chemical oxidizing and reducing agents were
added, repeatable for several oxidation and reduction cycles.!” However, electrochemically
controlled actuation (similar to the STM experiments) produced nearly an order of magnitude
greater deflection of the cantilever (~ 300 nm) (Fig. 7.5B), reversible through hundreds of
oxidation/reduction cycles.’> Thus, the collective nanoscale motion of ~8 billion molecules

induced micron-scale motion of the cantilevers.

If intermolecular interactions were designed into this system to guide assembly and the
threads were synthesized to be rigid and conjugated, we anticipate that greater and cooperative
forces and action would be induced. To this end, we have designed oligorotaxanes in
collaboration with Prof. Stoddart’s group (Fig. 7.6A). A preliminary X-ray crystal structure of
the oligo DNP/CBPQT ring complex showed that there exists chain folding of DNP thread in the
presence of the rings and continuous donor-acceptor interactions between DNP stations and the
rings, forming rigid stacks. The additional binding force is hydrogen bonding (C-H....O)

between the ring and the glycol chain. The distance of the rigid part of the structure is 3.85 nm
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calculated from extreme aromatic rings (each aromatic ring is 3.5 A thick). The distance between
the two disulfide ligands is greater 3.85 nm due to the inclusion of the lengths of flexible chain

of the stopper and alkyl chains attached to the ligand.

Initial STM measurements revealed that the feature size of individual molecules is not
uniform, indicating that the molecule is not completely rigid (feature sizes varied between
30 - 40 A). However, due to the high conductance of the rings on the linear thread,
intramolecular resolution could not be obtained (Fig. 7.6B). Low-temperature UHV
(LT-UHV) measurements are underway in order to develop sufficient statistics on the rigidity of

the molecules when molecular motion is precluded.

Force-curve measurements on isolated single molecules using stable AFM could reveal
very interesting properties of these oligorotaxanes. One end of the disulfide ligand of the
oligorotaxane is tethered to the Au{111} surface and the molecules can be pulled using a Au-
coated AFM tip to unfold the oligorotaxane structure into its linear analogue. The secondary
interaction force between the ring and the unbound DNP unit would be expressed by the
mechanical force read by the AFM tip. In principle, more mechanical input is necessary for the

extended oligorotaxanes to break up the folding structure.

A longer version of the molecule with an additional ring incorporated into the system has
also been designed (Fig. 7.7A). Similar measurements will be performed on this longer
supramolecule in order to understand both the intramolecular interactions using AFM and the
rigidity and intermolecular ineractions using STM. Initial measurements revealed that the
molecules are not rigid upon adsorption on Au{111}. Lengths of the molecules varied between a

fully extended form of ~60 A and the shortest features were ~30 A. Most commonly, the
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molecules were found in a distorted rectangular feature with diagonal distance of ~40 A,
indicating that the molecules adsorb in a looped thread orientation (Fig. 7.7B). However, it
should be noted that the molecules desorbed after repeated scanning over the same area,
indicating that molecular motion takes places under the imaging conditions. In order to explore
the submolecular features and to develop sufficient statistics to calculate the separation between

the consecutive rings within the molecules, LT-UHV measurements are required.

Molecules in which the n-7 interactions of the aromatic rings (separated by 3.5 A) make
the thread rigid and help retain its linearity have also been synthesized recently (Fig. 7.8).
Ambient STM measurements on isolated single-molecules revealed that the molecules do not
form ordered monolayers due to the thioether functional groups at the end. Although isolated
single molecules were observed on Au{111}, the molecules desorbed from the surface while the
probe tip rastered over the imaging area. Due to this, submolecular features could not be
observed under ambient conditions. However, sample preparation at 1 uM concentration did
result in the adsorption of isolated single molecules. Measurements using a LT-UHV STM are
underway such that the molecules can be frozen on the Au surface thereby restricting the
mobility of the molecule thus enabling us to resolve the submolecular features. These single-
molecule measurements from both STM and AFM will help us understand the behavior of these
supramolecules and guide us in increasing the efficiency of mechanical work that can be

harnessed from the cooperative motion of functional molecules.
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Figure 7.1. Structure of azobenzene-functionalized adamantanetrithioacetate molecule. The
lateral separation between neighboring surface-bound molecules will be ~7.4 A, providing
enough spatial freedom for the azobenzene moiety to switch between trans and cis

conformations.
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Figure 7.2. Structures of azobenzene terminally functionalized with polar (left) NO; functional
group and (right) CF3 functional groups. Introduction of dipole to the trans conformation of the
azobenzene moiety will help elucidate the effect of dipole moment on the photoisomerization
cross sections of the molecules when assembled on solid substrates and the effects on the work

function of the metal before and after isomerization.
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Figure 7.3. Structures of the dihydroazulene-functionalized molecule (in its closed form, left)

and vinylheptafulvalene (in its open form, right) studied.
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Figure 7.4. A) Structure of a surface-bound rotaxane. Initially, the ring docks at the TTF station,
shown in green. Upon oxidizing the TTF unit at 0.53 V, the ring shuttles to the red DNP unit
(blue arrow). Subsequent reduction of the TTF unit propels the ring back to the original position
(red arrow). B) Three STM images (initial, after oxidation, and after reduction) superimposed on
each other show the translation of the rings on the rotaxane molecules shuttling between the
DNP and TTF stations. The blue arrows indicate the motion of the ring after the oxidation step
and the red arrows indicate the motion after the reduction step. C) Histograms depicting the
displacements of the protrusions in STM at equilibrium potentials of 0.12 V and 0.53 V (top).

The displacement of rings after the oxidation step showing a range of 0-55 A with a root mean
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square (rms) displacement of 20 A and after the reduction step with a rms displacement of 16 A

(bottom). Figure reproduced with permission from reference 11. Copyright ACS 2010.
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Figure 7.5. A) Schematic of surface-bound rotaxanes. B) Deflections of the cantilever after
reduction and oxidation sweeps. Bare cantilever deflection in the upward direction due to
perchlorate adsorption during the forward sweep, and perchlorate desorption during the
backward sweep (red). Control experiments with alkanethiols (pink) and molecules without the
rings (green) blocked some of the ion adsorption/desorption (more for the higher quality
alkanethiol monolayer). Cantilever assembled with functional rotaxanes showed upward

deflection at low potential due to some ion adsorption and downward deflection once a potential
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is reached where the TTF unit oxidizes, indicating the onset of ring shuttling and hence stress on

the substrate. Figure reproduced with permission from reference 10. Copyright ACS 2009.
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Figure 7.6. A) Structure of polyrotaxane (5NP[4]R) functionalized with dithiol tethers in order
to enable adsorption to Au. B) Scanning tunneling microscope image of isolated single
molecules of 5NP[4]R showing the varied size distribution of rotaxane molecules indicating that
the molecular thread is not rigid. C-F) High-resolution images of isolated single molecules
showing a curved feature indicating that the molecular thread is not rigid and that the molecules
orient themselves in bent conformations when adsorbed on a metal surface. Imaging conditions:

Vs=-1.0V and I = 2 pA.
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Figure 7.7. A) Structure of a longer polyrotaxane (7NP[5]R) functionalized with dithiol tethers.
B, C) Scanning tunneling microscope images of isolated single molecules of 7NP[5]R showing
the variation in feature size. D, E) High-resolution images showing the preferred looped

orientation of single molecules. Imaging conditions: V=-1.0 V and |; = 2 pA.
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Figure 7.8. Structure of a [4]rotaxane 3R.3PFs molecule (designated as nR-nPFg, where n is

equal to the number of —CH,NH,"CH,— recognition sites) with thioether functionality.
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