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ABSTRACT

Azobenzene derivatives have been shown to act as a molecular switch when ex-

posed to an applied electric field. Many applications require the switching molecule

to be adsorbed on a surface. The behavior of chemisorbed N -(2-mercaptoethyl)-4-

phenylazobenzamide on a Au(111) surface has been investigated using a mean-field

theoretical approach for azobenzene in alkylthiol monolayers and density functional

theory calculations at the zero-density limit. Azobenzene switching in monolayers

was found to be dependent on surface coverage, as well as the strength and polarity

of an electric field. In the zero-density regime, azobenzene derivatives adopted paral-

lel and upright geometries for both trans and cis isomers. Charged states for upright,

adsorbed structures were also analyzed and were found to lower the isomerization

energy barrier.
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Chapter 1

Introduction

1.1 Azobenzene as a Molecular Switch

A molecular switch is a molecule that can change between two or more stable states

as a result of changes in its external environment. Most molecular switches are

reversible, but they can also be irreversible, like systems that behave as a fuse. The

switching process can be triggered by a variety of factors, such as pH, temperature,

electromagnetic radiation, chemical stimuli, electric fields or electronic tunneling.

Molecular switches have been known in science for a long time, pH indicators being a

classic example. At the opposite end of the spectrum, the complex chains of reactions

leading to a true/false type of response, such as the genetic regulation [2,3] and signal

transduction pathways [4], are biological examples of molecular switches.

Molecular switches are being examined as components in nanotechnology designs.

In order for a molecule to be considered for such designs, there must be a change in a

chemical or physical property upon switching. Where the switching behavior leads to

a change in molecular geometry, the molecular switch can serve as a molecular motor

[5,6].
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An archetypal example of a molecular switch in chemistry is the azobenzene

molecule. Azobenzene and its derivatives exhibit a well-known cis-trans isomerization

of the azo (-N=N-) group that leads to large geometrical changes in the otherwise

rigid molecule. The more thermodynamically-stable trans isomer has two coplanar

phenyl rings whereas the less stable cis isomer has its phenyl rings twisted away from

each other. The cis form is not planar due to steric hindrance between hydrogen

atoms on neighboring phenyl rings. Consequently, there is a break in the conjugation

along the N=N bond. Coupled to its chromophore character due to an extended

π-system, this geometrical change upon isomerization has led to a broad range of

practical applications for azobenzene derivatives. They include classical dye man-

ufacturing and chemical sensors [7-11], optical data storage [12-14], photobiological

switches [15,16], polymer additives for photoactive materials [17] and the promotion

of alignment changes in liquid crystals [18], to name a few. Similar changes in azoben-

zene molecules tethered to metal surfaces may lead to applications such as switches

in molecular electronics [19-21].

The isomerization process has been well studied, particularly in the excited state,

and three channels have been proposed for cis-trans isomerization [22-26]: an inversion

channel through bending of a single CNN angle, a rotation channel around the CNNC

torsional angle and a concerted inversion channel in which both CNN angles change

simultaneously. Figure 1.1 shows the rotation and non-concerted inversion pathways.

The reaction pathway depends on the excitation energy and the availability of free

volume for rotation, but recent theoretical studies suggest that high barriers make the

non-concerted inversion pathway unlikely in the excited state [25,26]. Rotation has

been found to be the favored mechanism for photoisomerization [24,26-29]. In this

pathway, azobenzene is promoted to the first excited state where the NN bond order

becomes one, undergoes rotation of the CNNC dihedral until it reaches the energy
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Figure 1.1: Schematic of the inversion and rotation mechanisms of azobenzene trans-
cis isomerization.

minimum of the first excited state, relaxes to the ground state and then undergoes

further rotation to form the cis isomer [24,26,29].

Ground-state isomerization of many azobenzene derivates has also been studied

theoretically [30-34]. Fuschel et al. [35], in particular, discussed the isomerization

of neutral and charged surface-bound azobenzene species. In the gas phase, neutral

azobenzene molecules were found to have an isomerization energy barrier on the order

of 1 eV, the exact value dependent on the substituents attached to the phenyl rings.

The non-concerted inversion and rotation pathways were analyzed and the authors

found that the inversion and rotation energy barriers were lowered for cationic species.

For anionic azobenzene derivatives, only the rotational barrier decreased. The effect

of the surface was then included in the form of a work function.

Adsorbed azobenzene derivatives have the ability to switch between two conduc-

tance states, that are usually attributed to cis and trans isomers. Scanning tunneling
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microscopy (STM) experiments suggest that self-assembled monolayers (SAMs) of ad-

sorbed azobenzene undergo reversible cis-trans isomerization when exposed to light

[1,19,36-40]. Photoillumination studies by Levy et al. [39] and Comstock et al. [40]

have shown that weakly bound, physisorbed tert-butyl azobenzene converts under

UV illumination between a low conductance state and a high conductance state in

closely packed SAM structures. The low conductance state is generally attributed

to the trans isomer, oriented parallel to the substrate, whereas the high conductance

state is attributed to the cis isomer, with one benzene ring parallel to the substrate

and the other roughly perpendicular to it. The geometry in the adsorbed phase also

appears to be significantly affected by substituents in STM studies. Morgenstern et

al. [41,42] performed STM studies of 4-amino-4-nitroazobenzene on Au(111) surfaces

and observed both trans and cis forms to be parallel to the surface.

In contrast, strongly bound, chemisorbed azobenzene derivatives with alkylthiol

linkers form different structures. Experiments on such systems were performed by

Kumar et al. [19] and Weidner et al. [1] Current understanding suggests that in

these monolayers, the high conductance state is the trans isomer since the extended

conjugated system is prevented by surrounding molecules from interacting with the

substrate (Figure 1.2). Upon isomerization, the benzene ring located furthest from

the surface moves downward, resulting in a state with lower conductance [43].

1.2 Density-dependent Switching of Azobenzene

Monolayers

For many nanotechnology applications involving molecular switches, the material

must be immobilized on a solid surface, rather than present in the liquid or gas
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Figure 1.2: Trans and cis isomers of a chemisorbed azobenzene derivative embedded
in an alkylthiol matrix. The trans isomer has a larger molecular height than the cis
isomer.

phase. The presence of the surface adds significant complexity to the switching process

through a number of factors. A fundamental issue is that the molecule can be either

chemisorbed or physisorbed on the surface, which influences its behavior with respect

to other important factors, such as monolayer density and surface quenching. Another

challenge lies in assembling molecules on a surface in an ordered fashion. Further

complications arise from the fact that molecular properties in the adsorbed state

differ from those in solution or the gas phase.

While the switching behavior of physisorbed azobenzene monolayers is nearly in-

dependent of the surface coverage [44], azobenzene switching is strongly dependent

on the density of the SAM for chemisorbed structures. At high densities, molecules

in chemisorbed azobenzene monolayers are found standing up, nearly perpendicular

to the surface. Densely packed monolayers of azobenzene derivatives have generally

shown poor photoisomerization yield [37]. This is thought to be because of the differ-

ent geometry of the cis isomer. The cis azobenzene structure has a significantly larger

footprint than the trans form, which leads to inhibition of the cis-trans isomerization
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process [1]. At high surface coverage, the available free volume is insufficient to allow

isomerization to occur, as shown in Figure 1.3. Exceptions to this were noted when

collective isomerization of the monolayer occurred for rigid azobenzene derivatives

[36,45]. Solutions to the density problem have been found through use of bulkier

groups such as tert-butyl for chemisorbed azobenzene [38-40], use of bulky surface

binding groups [1] or, in co-adsorption cases, the use of substituent chains that bring

the photochromic group on top of the surrounding alkylthiol monolayer [19]. These

bulky substituents also serve to distance the azobenzene moiety from the metallic

substrate, thus reducing surface quenching of the photoisomerization process.

On the other hand, Elbing et al. [36] showed that in extended, fully conjugated

azo systems such as azo-biphenyl moieties, the highly ordered high-density mono-

layer can exhibit collective switching when illuminated. When these authors used

spacers such as methyl substituents on the biphenyl rings, molecules in the lower-

density monolayer switched independently, in a fashion similar to that observed for

unsubstituted azobenzene.

We found that an alternate interpretation of the density-related suppression of

trans-cis isomerization processes is based on lateral interactions. In mixed monolay-

ers, lateral interactions between switching molecules and the matrix play a role in

the stabilization of one or both of the conductance states [46]. Needle-like trans-

azobenzene molecules can interact, as well as pack, with surrounding molecules more

effectively than cis-azobenzene molecules. As the density increases, the lateral inter-

actions become stronger.
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(a)

(b)

Figure 1.3: Schematic of azobenzene monolayers with densities (a) high enough to
inhibit trans-cis isomerization and (b) low enough to allow trans-cis isomerization to
occur. Adapted from Reference [1].
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1.3 Field-induced Switching of Azobenzene

Recent studies have suggested that adsorbed azobenzene can undergo isomerization

without photoillumination or electron tunneling: the electric field created by the STM

tip is sufficient to overcome the isomerization energy barrier [47-49]. Other systems

have also been shown to switch between conductance states when an electric field

was applied [50-52]. In these cases, isomerization is thought to occur because of the

field-dipole coupling. There is a difference in the permanent dipole moment between

the two isomers as a result of variation in the configuration of the phenyl rings and

azo group. Consequently, the field-dipole coupling energy can preferentially stabilize

one azobenzene isomer over the other.

In cases where binding to the surface occurs through highly flexible alkyl spacers,

dipole-field coupling may produce conformational changes in the spacer that lead to

changes in the molecular height of the adsorbed molecule [49]. This adds complexity

to an already challenging path toward developing an understanding of the switching

process in these systems. Moreover, particular care must be taken to discern between

different kinds of switching when performing STM studies of optical isomerism (i.e.

switching due to field coupling, electron tunneling or UV radiation).

Yasuda et al. [47] observed conductance switching in STM studies of mixed,

chemisorbed, alkylthiol/azobenzene monolayers. At boundary and pit sites, molecules

exhibited a low current form at low voltage, which underwent fast reversible switching

to a high-current form at voltages above 0.25 V/nm. Azobenzene molecules adsorbed

within the monolayer did not show any switching capabilities. The authors interpret

the motion as a trans-cis isomerization. Das and Abe [49] offer an alternate inter-

pretation of the switching process using density functional theory, arguing that the

high isomerization barrier makes the process unlikely at the reported voltages. They
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propose that the switching behavior may be due to rotation around one of the single

bonds in the linker groups and conclude that orientation of the carbonyl (C=O) group

in the linker portion of the molecule, as well as the azo group, are primarily responsi-

ble for the field-dependent switching. However, Das and Abe neglect the importance

of the surface on the conformation of the chemisorbed azobenzene derivative.

Field-induced switching has also been studied on physisorbed azobenzene mono-

layers [41,48,53-55]. Alemani et al. [48] demonstrated experimentally that roughly

10% of all physisorbed trans-azobenzene molecules, with tert-butyl groups at the

ortho positions, converted to the cis isomer at both positive and negative voltages.

By varying the distance between the STM tip and the surface, they found that the

isomerization was caused by the electric field rather than tunneling electrons since

isomerization was observed even at large tip-surface distances. The authors inter-

preted that the cis isomer, having one phenyl ring oriented away from the surface,

can couple to the electric field more effectively as a result of a higher polarizability

along the surface normal in addition to its permanent dipole moment.

1.4 Mean Field Theory

Mean field theory is used extensively for many-body systems possessing complex inter-

actions between particles. Determining thermodynamic properties for such systems,

by taking into account the interactions explicitly, is challenging even for a simple 2D

Ising model [56]. Mean field theory provides a way to simplify the system such that

thermodynamic functions can be solved analytically. In a mean field approximation

(MFA), all of the specific interactions felt by an individual particle from neighboring

particles are assumed to form an average potential [56,57]. In other words, pair in-

teractions are replaced by their average value, thereby reducing an n-body problem
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to a single-body one. The approximation is valid for systems that are well-ordered

and do not have large fluctuations [58].

For SAMs, the mean field potential is determined largely by the orientation and

nature of the molecules, and the overall order of the SAM [59]. Appropriately applied

and for relatively small molecules like N -(2-mercaptoethyl)-4-phenylazobenzamide

and dodecanethiol used in this thesis, a MFA can yield good qualitative agreement

with experiment, and, more importantly, is capable of providing significant physical

insight.

The MFA was first developed and applied to materials that are capable of forming

nematic phases by Cotter and Wacker [59] and Gelbart [60]. Their method was

later extended and used in numerous applications, including polymeric thin films

[61-63], surface-protein interaction studies [64], and mixed monolayers [65]. This

thesis employs the MFA to determine the strength of the attractive and repulsive

interactions between the host alkylthiol matrix and azobenzene molecules.
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Chapter 2

Methodology

2.1 Derivation of the Helmholtz Free Energy Ex-

pression within the MFA

Understanding the behavior of an equilibrium system with a large number of molecules

can be achieved using statistical thermodynamics. Characterizing a large system

based on microscopic properties without keeping track of each individual particle

is computationally inexpensive and allows for generalization [58]. Perhaps the most

important thermodynamic parameter is the total energy, and we have chosen to derive

the Helmholtz free energy because our system, described in Section 2.2 and Chapter 3,

is modeled at constant temperature and volume. The Helmholtz free energy for a

multi-component system with restricted molecular conformations has previously been

derived in the MFA for phase separation in SAMs [65] and nematogenic solutions

[59,66,67]. The main derivation points for treating field-induced molecular switching

are discussed here. In general, the Helmholtz free energy F [56] is given by

F = E − TS, (2.1)
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where E is the internal energy of the system, T is the temperature and S is the

entropy of the system. Helmholtz free energy is the thermodynamic function used at

constant volume, temperature and number of molecules [56], which makes it suitable

for modeling our system.

Information about equilibrium statistics in condensed matter systems can be ob-

tained by locating minima on the typically complex free energy surface for that sys-

tem. In statistical thermodynamics, the Helmholtz free energy of a system of N

particles in a volume V (or area for this study) is directly calculated from the config-

urational partition function

βf = − ρ

N
ln QN . (2.2)

Here, f is the Helmholtz free energy per unit volume, ρ = N/V is the number density

and QN is the configurational partition function,

QN =
k
∏

ν=1

(Nν !)−1

∫

dΩNdrNe−βU(rN ,ΩN ), (2.3)

where β = 1/kBT , k is the number of components, Nν is the number of molecules of

component ν, U is the system’s potential energy and Ω and r denote the molecular

orientations and positions, respectively. The Nν ! term accounts for indistinguishable

particles. The 6N -dimensional integral of Equation (2.3) can be estimated numer-

ically in approaches such as molecular dynamics and Monte Carlo simulations, or

analytically using a series of approximations that allow separation of variables. An

analytical solution, which can allow generalization without substantial computational

cost, is developed here (below) by following others [59,65] in making valid approxi-

mations.

In a most general sense, a k-component monolayer is under investigation. Molecules
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are adsorbed on a substrate and there is a distribution of molecular orientations. The

STM experiment generates an electric field, considered here to be uniform and sta-

tionary. The system is physically defined by its potential energy, as is the case in most

types of statistical approaches. In this case, the potential energy can be expressed as

U = V attr + V ∗ + V ads + V field. (2.4)

Here, V attr is given by all the attractive intermolecular interactions and V ∗ is con-

stituted by the overall intermolecular repulsions. V ads and V field are the adsorption

energy and the coupling energy between molecular dipoles and the external field of

the STM tip, respectively.

Orientation-dependent integrals are handled by considering a number of discrete

orientations, n, available to each molecule by dividing the unit sphere into solid angles

of ∆Ω:

n =
4π

∆Ω
. (2.5)

This transforms the integrals over Ω into nested sums over discrete orientations

∫

dΩN =

(

∆Ω

4π

)N
∑

N1,1

· · ·
∑

Nk,n

k
∏

ν=1

n
∏

σ=1

Nν !(Nν,σ!)−1, (2.6)

where Nν,σ is the number of molecules of type ν with orientation σ. Molecules in the

system have a specific distribution of orientations that form the largest term in the

partition function summation. Using the largest term approximation [57] reduces the

configurational partition function to a 3N -dimensional integral over positions

QN =

(

∆Ω

4π

)N k
∏

ν=1

n
∏

σ=1

(Nν,σ!)−1

∫

drNe−β(V attr+V ∗+V ads+V field+V iso). (2.7)
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Two-centre integrals coming from pair intermolecular attractions are determined

using the MFA: the attractive potential V attr(r, N1,1, . . . , Nk,n) is replaced by the

average potential, Ṽ attr(N1,1, . . . , Nk,n), which is approximated to be independent of

molecular positions. This leads to

V attr = Ṽ attr

=
1

2V

k
∑

ν=1

n
∑

σ=1

k
∑

ν′=1

n
∑

σ′=1

Nν,σNν′,σ′Aσ,σ′

ν,ν′ , (2.8)

in which V is the total area and the attraction parameter Aσ,σ′

ν,ν′ is the average potential

of molecule ν with orientation σ felt by molecule ν ′ with orientation σ′. By invoking

the MFA, the attractive term is no longer a function of the intermolecular distance

and can thus be brought outside of the integral in Equation (2.7).

Integrals involving the repulsive potential are again treated in a mean-field fashion

by replacing them with the excluded area terms. These excluded area terms depend

on the type of molecules and their orientation but not on the identity and position

of the molecules. The excluded area is based on a hard core potential [57]

V ∗(r) =











∞ if molecules overlap

0 otherwise.

The repulsive interaction integral then becomes

∫

drNe−βV ∗(r) =

(

V − Vex

V

)N

, (2.9)



15

where the excluded area Vex is given by

Vex =
1

2N

k
∑

ν=1

n
∑

σ=1

k
∑

ν′=1

n
∑

σ′=1

Nν,σNν′,σ′bσ,σ′

ν,ν′ . (2.10)

Here bσ,σ′

ν,ν′ is equal to the area excluded to a molecule of type ν with orientation σ by

the presence of neighbouring molecules of type ν ′ with orientation σ′.

The adsorption and field-dipole coupling energies are also approximated to be

independent of position

V ads =

k
∑

ν=1

n
∑

σ=1

Nν,σhν,σ; (2.11)

V field = −
k
∑

ν=1

n
∑

σ=1

Nν,σEz(µν,σ
z + αν,σ

z,zEz), (2.12)

where hν is the molecular adsorption energy, Ez is the electric field strength (applied

along z), µz is the z-component of the dipole moment and αz,z is the z, z-component

of the polarizability tensor. The external electric field is assumed to be aligned only

along z, the surface normal.

With these approximations, the logarithm of the partition function becomes

ln QN = N ln

(

∆Ω

4π

)

−
(

k
∑

ν=1

n
∑

σ=1

Nν,σ ln Nν,σ − N

)

+ N ln

(

V − Vex

V

)

−βṼ attr − βV ads − βV field − βV iso, (2.13)
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and after some mathematical manipulation, the Helmholtz free energy becomes

βf = −ρ ln

(

∆Ω

4π

)

+ ρ ln ρ + ρβ

k
∑

ν=1

n
∑

σ=1

xν,σhν,σ + ρ

k
∑

ν=1

n
∑

σ=1

xν,σ ln xν,σ

+
ρ2β

2

k
∑

ν=1

n
∑

σ=1

k
∑

ν′=1

n
∑

σ′=1

xν,σxν′,σ′Aσ,σ′

ν,ν′

−ρ ln

(

1 − ρ

2

k
∑

ν=1

n
∑

σ=1

k
∑

ν′=1

n
∑

σ′=1

xν,σxν′,σ′bσ,σ′

ν,ν′

)

−ρβ Ez

k
∑

ν=1

n
∑

σ=1

xν,σ(µν,σ
z + αν,σ

z,zEz) + ρβV iso, (2.14)

where xν,σ is the mole faction of molecules of type ν with orientation σ.

2.2 Application to Azobenzene Switching in Mono-

layers

The system for our statistical mechanical study presented in Chapter 3 is com-

prised of three components: dodecanethiol, trans- and cis-N -(2-mercaptoethyl)4-

phenylazobenzamide (denoted C12, TAB and CAB, respectively) chemisorbed on an

Au(111) substrate. TAB and CAB can interconvert, but the total proportion of

azobenzene in the monolayer is constant. To simplify the free energy expression each

component was assumed to have a characteristic tilt angle. In other words, each

component adopts a uniform orientation. This assumption is consistent with the

well-ordered nature of alkanethiol [68-70] and conjugated [71,72] single-layer SAMs,

and leads mathematically to the removal of all sums over orientations in Equation

(2.14). Furthermore, molecular orientation is assumed to be independent of density.

This is not usually the case in experimental investigations, but has a minor impact

in the qualitative results in medium to high coverage monolayers. This is confirmed
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by the investigation of tilt angles, evaluated by varying the attractive and excluded

volume terms (Section 3.7).

The Helmholtz free energy of the system thus becomes

βf = ρ ln ρ + ρ(x1 ln x1 + x2 ln x2 + x3 ln x3) + ρβ(x1h1 + x2h2 + x3h3)

+ρ2βA − ρ ln(1 − ρB) − ρβEz(x1µz,1 + x2µz,2 + x3µz,3)

−ρβE2
z (x1αzz,1 + x2αzz,2 + x3αzz,3) + ρβx3∆H iso, (2.15)

where the indices 1, 2 and 3 refer to C12, TAB and CAB, respectively, and ∆H iso is

the free energy of the trans-to-cis isomerization reaction. A and B are the attractive

and excluded volume terms, respectively, and are defined as

A =
1

2
(x2

1A11 + x2
2A22 + x2

3A33 + 2x1x2A12 + 2x1x3A13 + 2x2x3A23) (2.16)

and

B =
1

2
(x2

1b11 + x2
2b22 + x2

3b33 + 2x1x2b12 + 2x1x3b13 + 2x2x3b23). (2.17)

In Equations (2.16) and (2.17), the cross terms are symmetric with respect to molec-

ular exchange which leads to the factors of two inside the brackets.

Desorption events are not considered, which means that the mole fraction of C12 is

constant. Moreover, because the total fraction of AB is unchanged, the mole fraction

of CAB can be expressed as a function of the mole fraction of TAB. This means that

x1 + x2 + x3 = 1 (2.18)
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and

x2 + x3 = xAB, (2.19)

where xAB is the total AB mole fraction. As a result, the free energy can be expressed

as a function of just one variable.

Stationary states of Equation (2.15) were found by minimizing the Helmholtz free

energy with respect to the mole fraction of TAB, using the expression

β

(

∂f

∂x2

)

= ρ ln

(

x2

x3

)

+ ρβ(h2 − h3) + ρ2βA′ +
ρ2B′

1 − ρB

−ρβEz(µz,2 − µz,3) − ρβE2
z (αzz,2 − αzz,3) − ρβ∆H iso, (2.20)

where

A′ = x2A22 − x3A33 + x1A12 − x1A13 + (x3 − x2)A23 (2.21)

and

B′ = x2b22 − x3b33 + x1b12 − x1b13 + (x3 − x2)b23. (2.22)

The minimization of the Helmholtz free energy was performed numerically using

the Numerical Algorithms Group (NAG) subrouting E04BBF [73]. The subroutine,

appropriate for unconstrained searches for a minimum within the interval (0,1) of the

minimization variable, is based on cubic spline interpolation. The subroutine uses

analytical first derivatives in addition to the input function, and requires continuity

for both Equations (2.15) and (2.20). There are no discontinuities in the Helmholtz

free energy expression in the full range of TAB mole fractions. The case of the mole

fraction of TAB (x2) or CAB (x3) going to zero was avoided since the logarithmic

terms in Equations (2.15) and (2.20) would be undefined. Numerical minimizations

were performed on the SHARCNET high performance computation consortium.
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2.3 DFT Calculations using SIESTA

Statistical thermodynamics is useful in obtaining a qualitative understanding of the

behavior of a collection of molecules at a finite temperature. However, this method is

not suitable for modeling single molecules adsorbed on a surface. To properly treat

the behavior of an adsorbed molecule in the zero-density limit, density functional

theory (DFT) is employed.

2.3.1 DFT Overview

DFT is an ab initio electronic structure method in which electron density, rather

than wavefunctions, is the variable used to solve the Hamiltonian operator. Electron

density is proportional to the probability of finding an electron within a particular

volume and integrates to the total number of electrons [74]. Hohenberg and Kohn

[75] proved that the external potential is determined by the electron density and that

the electron density that minimizes the total energy is the exact ground state electron

density.

Figure 2.1 outlines the process of a DFT calculation [74]. Electron density is

initially formed by a linear combination of atomic orbitals. The effective potential is

calculated from the electron density and the Kohn-Sham equation,

E[ρ(r)] = T [ρ(r)] + Vne[ρ(r)] + Vee[ρ(r)], (2.23)

is solved, where ρ(r) is the electron density and T , Vne and Vee are the electron

kinetic energy, nuclei-electron interaction energy and electron-electron interaction

energy functionals, respectively.

The main advantage of using DFT over other electronic structure methods is that
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Figure 2.1: Block diagram of a DFT calculation.

calculations, in practice, scale linearly with the number of electrons [74]. Electron

density depends only on position, whereas methods employing wave functions depend

on position and the number of electrons. As a result, DFT can be used on large

systems. However, there are some drawbacks to DFT. The most fundamental problem

is that there is no known functional connecting electron density to the kinetic energy

or electron-electron interaction energy [74]. Another issue is poor treatment of van der

Waals interactions [74]. Improving DFT treatment of dispersive forces is of current

research interest [76-78].

2.3.2 SIESTA Methodology

The SIESTA [79,80] (Spanish Initiative for Electronic Simulations with Thousands of

Atoms) code, version 2.0.2, was used for all DFT calculations, and electron density

plots were determined using the DENCHAR utility program. A double-ζ plus polar-

ization (DZP) basis set was utilized for all atoms in combination with the Perdew-

Burke-Erzenhof [81] (PBE) generalized gradient functional and norm-conserving non-
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local Troullier-Martins [82] pseudopotentials. For main group atoms, the valence

electrons were treated explicitly. For gold, the 5d and 6s electrons were treated ex-

plicitly. The use of pseudopotentials contributes significantly to the high efficiency

of SIESTA for large systems such as those considered here. The SIESTA code also

uses effective core potentials (ECP) for all heavy atoms. Since the behaviour of an

adsorbed molecule in the zero-density limit is of particular interest, the unit cells in

the calculations were fixed and made large enough such that interactions between

neighboring cells is negligible: cubic boxes with 50 Å edges were used which provided

sufficient vacuum space.

Despite limitations of traditional DFT methods in describing dispersive interac-

tions, a PBE generalized gradient functional was used. This functional is known to

generally underestimate dispersive effects in molecule-surface interactions [83], which

is slightly preferable to other nonbonding [83] or overbinding [84] quantum methods

applicable to our system size.

For the results presented in Chapter 4 and Section 5.1, the surface was modeled

using a two-layer, 128-atom regular Au(111) lattice. In Sections 5.2-5.4, the surface

employed was a two-layer, 61-atom regular Au(111) lattice. The surface was mini-

mized for each system using PBE/DZP, with periodic boundary conditions, to remove

spurious forces due to mismatch between the ideal (111) lattice and the minimum-

energy lattice within the computational method. Surface atoms were then frozen for

the remainder of the calculations.

To determine the number of Au(111) layers that are necessary to accurately model

molecule-substrate interactions, the surface atomization energies were examined by

removing a single gold atom from the top surface layer. The atomization energy is

given by

Eatom = EN − EN−1 − E1, (2.24)
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layers Eatom (eV)
1 7.06
2 6.63
3 6.67
4 6.66
6 6.58

Table 2.1: Changes in the atomization energy with the number of gold layers. The
atomization energy is determined using Equation 2.24.

where EN is the energy of an N -atom surface, EN−1 is the energy of the surface with a

single atom removed and E1 is the energy of an isolated gold atom. The atomization

energy measures the reactivity of a given atom due to an incomplete surface. The

atomization energy should be independent of the surface thickness considered, once

a sufficient number of layers have been included.

As indicated in Table 2.1, two layers are sufficient to produce a value for Eatom that

is close to the values obtained using three to six layers. This is consistent with the

results of a study by Mavrikakis et al. [85], in which the number of Au(111) layers had

no significant effect on the binding energy of carbon monoxide and atomic oxygen for

surfaces of more than two layers. Therefore, a two-layer Au(111) surface was used,

with a large enough surface area to fully support a chemisorbed AB molecule. A

larger surface was utilized in Chapter 4 since all AB conformations were considered.

Note that Table 2.1 suggests that more than two layers may be necessary to account

for the forces on atoms at or near the surface to be well-converged. However, using

more than two layers would be computationally expensive and would have a minimal

impact on the accuracy for the systems under consideration here.
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Chapter 3

Bistability in Mixed

Azobenzene-Alkylthiol Monolayers

using Mean-field Theory

AB exhibits an interesting response to applied electric fields, as its permanent dipole

moment is located along the amide C=O bond while polarizability response occurs

along the extended conjugated azobenzene moiety. In an experimental study by

Yasuda et al. [47], this azobenzene derivative was observed to undergo conductance

switching in low-density defects of the alkylthiol monolayer, but AB molecules within

the monolayer did not undergo switching. Although the aim of this chapter is not to

explain the results of this particular study, we have chosen to use this system (Figure

3.1) to investigate AB switching at a variety of electric field strengths and densities

from a statistical thermodynamic perspective. Section 3.1 outlines the methods of

calculating parameters of the Helmholtz free energy expression derived in Section 2.2.

An analysis of the impact of the electric field strength, density and other parameters

on the ratio between trans- and cis-AB in the monolayer is given in Sections 3.2-3.5.
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Figure 3.1: Sketch of the mixed C12/AB monolayer.

3.1 Calculation of Parameters

The attractive interactions (A) terms and the excluded volume (b) terms were eval-

uated numerically. The attractive terms included contributions from both van der

Waals and permanent dipole-permanent dipole potentials, whereas the excluded vol-

ume terms were determined solely from geometrical arguments. Their values are

presented in Table 3.1 for three different values of AB tilt angles. In all calculations,

it was assumed that the molecules are tilted in the same direction, as shown in Figure

1.2. This assumption is valid since a common tilt direction is a property of SAMs in

well-ordered phases [69,70,86,87].

As averages of the attractive interaction potential, A terms were calculated by in-

tegrating the pair intermolecular potential over the entire surface where the potential

is attractive:

Aνν′ =

∫ ∞

−∞

∫ ∞

−∞

uνν′(x, y)dxdy, for all values uνν′(x, y) < 0. (3.1)
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Aν,ν′ (kJ·nm2/mol) bν,ν′ (nm2)
ν, ν ′ 10◦ 20◦ 30◦ 10◦ 20◦ 30◦

1, 1 -15.34 -26.82 -26.82 0.090 0.090 0.090
1, 2 -15.34 -17.02 -19.98 0.098 0.098 0.099
1, 3 -14.17 -15.80 -17.73 0.213 0.178 0.140
2, 2 -18.63 -19.49 -22.73 0.095 0.100 0.108
2, 3 -15.32 -16.24 -18.27 0.131 0.137 0.149
3, 3 -15.56 -15.89 -16.12 0.167 0.175 0.189

Table 3.1: Attractive free energy contributions and excluded volume terms for pairs
of C12, TAB and CAB molecules, calculated for AB tilt angles of 10◦, 20◦ and 30◦.
In the first column, ν and ν ′ refer to the molecule type, identified as 1 for C12, 2 for
TAB and 3 for CAB.

The interaction potential uν,ν′ is

uνν′ = uvdw + udd

= −
n
∑

i=1

m
∑

j=i

4εij

[

(

σij

rij

)12

−
(

σij

rij

)6
]

+
1

4πε0

(

µν · µν′

r3
νν′

− 3 (µν · rνν′) (µν′ · rνν′)

r5
νν′

)

. (3.2)

where ε0 is the vacuum permittivity constant, summation in the Lennard-Jones term

is done over the atoms in the molecules ν and ν ′, εij and σij are the regular Lennard-

Jones parameters [88], and rij is the distance between atoms. Lorentz-Berthelot

combination rules [89,90] were used to estimate the mixed Lennard-Jones parameters:

σij = (σii + σjj)/2 (3.3)

εij =
√

εiiεjj. (3.4)

In the dipole-dipole interaction terms of Equation (3.2), the intermolecular separation

vector rν,ν′ was estimated using the displacement between the amide nitrogen atoms

on the azobenzene molecules, because the amide unit is primarily responsible for the
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magnitude of the permanent dipole moment.

Polarizability contributions were neglected in the evaluation of the pair potential,

for the sake of keeping the attractive interaction terms A independent of the applied

electric field. This approximation is equivalent to the neglect of local field effects.

There are two considerations that make this a valid approximation. First, the dipole-

dipole potential contribution to the A terms was much less than that of the van der

Waals potential (< 2%). Second, the dipole-dipole potential is relevant for A terms

that involve only AB, and the majority (99%) of the interactions in the monolayer

involve C12.

The permanent dipole moments and polarizabilities of TAB and CAB were calcu-

lated by first optimizing their structures, in the absence of a gold surface, using the

Q-Chem [91] electronic structure program, at the B3LYP/6-311G** level of theory.

Optimized structures were rotated to a 30◦, then single point calculations were per-

formed to obtain permanent dipole moments and polarizabilities. For the remaining

tilt angles, the permanent dipole moments and polarizabilities were simply rotated

about z. The calculated values are presented in Table 3.2. The permanent dipole

moment of C12 was taken to be zero since alkanethiols have a small dipole moment

in comparison to amides. In addition, the polarizability of C12 was assumed to be

negligible because C12 does not contain a π-system. Furthermore, these terms do not

appear in the first derivative of the Helmhholtz free energy.

Excluded volume (b) terms were evaluated using a modified Zwanzig model [92]
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ν w (Å) ℓ (Å) φ (◦) µx (D) µy (D) µz (D) αzz (10−21C·nm2/V)
1 2.15 17.05 30 ≈0 ≈0 ≈0 ≈0
2 2.59 16.89 10 -3.34 -2.22 3.44 5.48

20 -2.69 3.97 5.40
30 -1.96 4.38 5.15

3 4.53 12.12 10 -5.30 1.93 1.67 3.51
20 -4.93 2.56 3.45
30 -4.41 3.38 3.30

Table 3.2: Geometric parameters (width w and height h) of Zwanzig prisms used to
represent molecules in the monolayer. Dipole moments and polarizabilities along the
electric field axis are also included. Molecule type ν = 1, 2 and 3 correspond to C12,
TAB and CAB, respectively.

for molecules, as illustrated in Figure 3.2 and described by the following equations:

b1,1 =
2dw1

cos φ1

b1,2 = b2,1 = d

(

w1 cos φ1 +
ℓ1 sin(φ1 − φ2) + w2

cos φ2
+ w1 sin φ1 tan φ2

)

b1,3 = b3,1 = d

(

w1 cos φ1 +
ℓ3 + w3 tan φ3 sin(φ1 − φ3) + w2

cos φ1
+

w3

cos φ3
+ w1 sin φ1 tan φ3

)

b2,2 =
2dw2

cos φ2

b2,3 = b3,2 = d

(

w2

cos φ2
+

w3

cos φ3

)

b3,3 =
2dw3

cos φ3

, (3.5)

where the height ℓ and width w were measured from the molecular structures, and

the depth d was estimated by the distance between hydrogen atoms on a methylene

group. Tilt angles were taken from experimental studies of SAMs composed of con-

jugated molecules [93,94] and alkanethiols [95]. The geometrical parameters used in

our calculations for the C12, TAB and CAB molecules are presented in Table 3.2, and

the calculated values for b terms are included in Table 3.1.

The tilt angle of C12 was taken from an X-ray diffraction study of SAMs composed
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Figure 3.2: Sketch of the geometrical model used to evaluate the excluded volume (b)
terms. The width w, depth d, length l and tilt angle φ for the Zwanzig-type prisms
are indicated in the figure. A uniform depth of d=1.81Åwas used for all molecules.

of dodecanethiols [96]. There is no specific information in the literature about the

tilt angle of azobenzene molecules with short flexible linking groups when embedded

in an alkylthiol monolayer. In simulations by Alkis et al. [97], azobenzene inclusions

with a single methylene thiol linking group were found to follow roughly the tilt angle

of the host alkylthiol monolayer, with an average monolayer tilt, defined from the

surface normal, of roughly 30◦. Similar angles were reported for pure monolayers

of azobenzene bound to the surface through long, flexible linking groups [1]. More

rigid, sp2-bound guest molecules bind perpendicular to the surface plane [98]. For

biphenyl-based monolayers with alkylthiol linking groups, the dependence of the tilt

angle on the length of the alkyl spacer exhibited an odd-even effect [99]: on gold,

monolayers with an odd number of methylene groups had a roughly 20◦ tilt angle,

while molecules with even length spacers were tilted at 30◦. Most of the calculations
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presented in this thesis were performed using a tilt angle of 30◦ for the AB moiety.

The effect of the AB tilt angle is shown in Section 3.7.

The adsorption energy for C12 was calculated to be -20.9 kJ/mol from electro-

chemical data and Au-S and S-H bond strengths [100]. Adsorption energies for both

AB isomers are -29.3 kJ/mol [65]. The isomerization energy (∆H iso) was calculated

from the energy difference between the cis and trans isomers using the Q-Chem quan-

tum chemistry package [91], at the B3LYP/6-311G** level of theory, and found to

be 24.2 kJ/mol. The entropic contribution was considered to be negligible as there

is no change in the number of particles or the phase. A temperature of 298 K was

used and the mole fraction of C12 was taken to be x1 = 0.9, which is roughly based

on coadsorption STM images [47].

3.2 Effect of an Electric Field

Two effects are usually examined in discussions of AB switching in STM fields: cou-

pling of the molecular dipole moment with the electric field and the existence of the

necessary free volume to accomodate the larger footprint of CAB on the surface.

When there is sufficient free volume, switching is understood to occur due to the

destabilization of TAB in negative sample biases as a result of coupling between the

TAB permanent dipole moment and the STM field [47]. The effect of an applied elec-

tric field on the isomerization of AB was investigated by optimizing the Helmholtz

free energy at various field strengths. A positive field denotes electrons tunneling

from the STM tip to the surface, where the gold surface defines the xy plane and the

tip is located on the positive z-axis. This is equivalent to a positive sample bias in a

STM experiment.

Figure 3.3 shows the percentage of AB molecules that are in the trans form as
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a function of field strength. Results for four monolayer densities are shown, when

the effect of polarizability was (panel (a)) and was not (panel (b)) included. When

the molecular polarizability is neglected (panel b), the system exhibits a monotonous

transformation from all-cis at negative fields to all-trans at positive fields. The z

component of the TAB permanent dipole is 1.3 times larger than the CAB permanent

dipole moment along z (Table 3.2). This leads to a more stabilizing coupling between

applied large positive fields and TAB molecules, and the absence of CAB molecules

in the monolayer at these fields. At negative fields, both CAB and TAB experience

destabilizing contributions to their free energy from permanent dipole-field coupling,

but this contribution is again stronger for TAB.

The neglect of polarizability is a poor approximation for these molecules. Azo-

benzene is highly conjugated, with conjugation extended over both phenyl rings and

through the NN double bond. In an electric field, this allows for electron displacement

within the molecule. Because of the large polarizability of TAB, unfavorable coupling

between the negative field and the permanent dipole of TAB can be overcome at

negative fields by induced dipole-field coupling, which is independent of field polarity.

This response is stronger in TAB because there is a break in the conjugation at the

azo group in CAB.

The resulting curves (Figure 3.3(a)) are characterized by an optimal field strength

at which the percentage of CAB in the monolayer is highest. At this field strength,

the dipole-field coupling is the most destabilizing for the trans isomer, relative to the

cis isomer. At positive fields, as discussed above, the permanent dipole moment of

TAB is aligned with the field, which stabilizes the trans isomer and, consequently,

inhibits isomerization. On the other hand, when the field is strongly negative, TAB’s

higher polarizability leads to an induced dipole moment that aligns with the field

which is again stronger than that of CAB and leads to TAB dominance.
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Figure 3.3: Electric field dependence of the fraction of AB molecules in the trans
configuration (panel (a)). Black circles, red squares and blue triangles represent
densities of 0.1, 1 and 2 molecules/nm2, respectively. Panel (b) is the same except
that calculations do not include polarizability. There are 500 data points between each
symbol. Panel (c) shows the field dependence on the dipole-field coupling component
of the free energy derivative (∆ffield = ρβEz(µz,2 − µz,3) + ρβE2

z (αzz,2 − αzz,3)) in
Equation (2.20)
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Maximization of CAB in the monolayer occurs at field strengths that minimize the

dipole-field coupling terms in the derivative of the Helmholtz free energy (Equation

(2.20) and Figure 3.3(c)). Due to the complexity of the mole fraction expression in

Equations (2.15) and (2.20) it is difficult to see how this comes about. Interestingly,

the field strength at which the monolayer is richest in CAB is independent of the

density of the monolayer (Figure 3.3(a)).

3.3 Impact of Monolayer Density

Density plays an important role in determining whether field-effect switching can

take place. If a monolayer is too compact, switching is seldom observed although

collective switching can occur [1]. Collective switching is not possible in the mixed

monolayer case analyzed here. As shown in Figure 3.4, calculations also show that

TAB-CAB isomerization is inhibited at high densities. There are two factors that

can account for this in the formalism. The first factor is attractive interactions in the

monolayer. When the density is increased, lateral interactions within the monolayer

become more important. TAB interacts more effectively with the surrounding C12

molecules (Table 3.1), which means that TAB is favored at high densities. The second

factor is that the larger excluded volume of the cis isomer (versus the trans isomer)

plays a more important role when the density is high, since there is less room available

for isomerization. Note that independent of field strength, the density at which only

the trans isomer remains is lower than the typical 5 molecules/nm2 monolayer density

for pure alkanethiol systems [101-103].

In order to separate the effects of the attractive and excluded volume factors, they

were varied independently and the resulting monolayer composition was determined.

Figure 3.5 shows the effect of changing the value of the attractive interaction parame-
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ter for the CAB-C12 pair. Experimentally, attractive interactions can be modified by

using different matrix molecules. Figure 3.5 demonstrates that more attractive CAB-

C12 interactions result in a decrease in curvature of the density dependence curve,

characteristic of an increase in the stability of the cis isomer for higher densities. Less

attractive interactions have the opposite effect. Lateral interactions are negligible at

zero density so all curves have the same value at that limit.

The excluded volume parameters were also varied by altering the width of the cis

isomer. In practice, a relatively wider cis isomer can be achieved by adding bulky

substituents to the phenyl rings or a result of a larger CNNC dihedral. Figure 3.6

displays the density dependence of the monolayer composition when the CAB width

is doubled and tripled. In contrast to the attractive interactions, altering excluded

volume terms had almost no impact on the shape of the density plot. Therefore, there

is sufficient free surface area to allow isomerization to occur without a substantial

increase in free energy for the densities used in this thesis.

3.4 Azobenzene Tilt Angles

The effect of the AB tilt angle on the switching process was estimated by varying

AB tilt angles. Specifically, calculations were repeated using tilt angles of 10◦ and

20◦. The C12 tilt angle was unchanged since the mole fraction of AB is much smaller

than mole fraction of C12. Tilt angles impact the different projections of the dipole

moment and polarization (Table 3.2), as well as A and b terms (Table 3.1). As the AB

tilt angle increases, the AB geometry better matches that of the host alkylthiol, and

lateral interactions become more favorable for both TAB and CAB. The dominant

C12-AB interaction terms are stabilized by 30% for TAB and 25% for CAB when the

AB tilt increases from 10◦ to 30◦. At the same time, the excluded volume of CAB
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decreases as it packs better in the host monolayer at larger tilt angles. Excluded

volume terms for TAB remain essentially unchanged with tilt. Attractive terms are

more important in determining isomer stability in the monolayer, as discussed in

Section 3.4, and thus it is expected that the TAB isomer is stabilized with increasing

tilt angle.

The resulting changes in monolayer composition are presented in Figure 3.7. As

expected, the stabilization of TAB is reflected in a shallower minimum for 30◦ tilt

in panel (a) and also in the higher overall percentages of TAB in panel (b). Full

conversion of CAB to TAB in the monolayer occurs at lower densities when the tilt

angle is larger, again emphasizing the dominance of the lateral interaction effects over

excluded volume effects on the switching process.

As the tilt angle is increased, the C=O bond axis progresses toward the surface

normal for both isomers. This results in larger values for the z component of the

permanent dipole moment and thus more efficient field-permanent dipole coupling.

Changes in polarizability with tilt are much less pronounced. This leads to a stabi-

lization of CAB at more positive fields, and thus to a shift to higher voltages for the

minimum of the curves in Figure 3.7(a).

3.5 Substituent Effects

The effect of the adsorption and isomerization energies on AB switching are presented

in Figure 3.8. Like the excluded volume, both of these parameters can be altered by

the addition of functional groups. In the standing up structures considered here,

the bulk of the surface binding energy is determined by the interaction between gold

and the molecular thiol group, which makes the TAB and CAB adsorption energies

identical. At lower densities, on the other hand, azobenzene derivatives can lie flat on
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the surface in the trans form, and sometimes even in the cis form (see Section 4.1).

In these cases, substituents on the benzene rings can also interact with the surface

and lead to differences in the adsorption energies of the two isomers.

The field and density dependence of the fraction of AB in the trans form are pre-

sented in Figure 3.8(a) and (b), respectively, at different relative adsorption energies.

It is apparent from the figures that TAB-CAB isomerization occurs more readily when

CAB is more strongly bound to the substrate. From the formalism presented in Sec-

tion 2.2, this is a direct result of the energetically more stable CAB form that results

once it is strongly bound. In practice, however, changes in the strength and type

of binding to the substrate have much more complex effects on monolayer behavior.

For example, stronger binding by favorable orientation of a substituent can result in

a molecule that is less likely to adjust to changes in the monolayer, to lift up from

the surface at a given density or to interact as effectively with other molecules in the

monolayer.

Finally, Figure 3.8(a) and (b) demonstrate how changes in the isomerization en-

ergy affects the proportion of trans molecules as a function of field and density. Not

unexpectedly, a more positive isomerization energy (thus a less stable CAB product)

leads to more TAB in the mixture. One important note to add is that because of

the similar mathematical representation of the adsorption energy and isomerization

energy in the Equation (2.15), their effects are also similar. Specifically, a destabi-

lization by 2 kJ/mol of CAB through weaker binding to the substrate leads to an

identical simulation to the case in which ∆H is 2 kJ/mol larger.
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3.6 Summary

Azobenzene switching in mixed azobenzene-alkylthiol monolayers was investigated

using statistical thermodynamics, in which the interaction potential was treated in

a mean field fashion. TAB was found to be favored at all electric field strengths,

although the amount of CAB was maximized at moderate negative fields. When po-

larizability was neglected, CAB was dominant at strong negative fields. TAB became

more prevalent as the monolayer density increased as a result of attractive, rather

than repulsive, lateral interactions. Similarly, increasing the AB tilt angle inhibited

switching due to more favorable attractive interactions for the trans isomer at larger

tilt angles. Addition of substituents to the phenyl rings can also have an effect on

switching through changes in adsorption and isomerization energies.
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Figure 3.4: Density dependence of the fraction of AB molecules in the trans configu-
ration. Black circles, red squares, blue triangles and green diamonds represent field
strengths of -0.9, -1.5, -2 and -2.5 V/nm, respectively. Because the electric field effect
is symmetric about -0.9 V/nm (Figure (3.3), the curves for field strengths of -0.9,
-0.3, +0.2 and +0.7 V/nm, respectively, overlap the ones shown in the figure. There
are 500 data points between each symbol.
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Figure 3.5: The effect of the attractive interactions on the density-dependence of
AB switching. From the bottom upward, lines represent increasing values of the A13

terms for 30◦. Black circles has an A13 terms that is 2 kJ·nm2/mol lower than the
values given in Table 3.1. Red squares have the same A13 value in the table, whereas
blue triangles has an A13 value that is 2 kJ.nm2/mol higher. There are 500 data
points between each symbol.The field was fixed at -0.9 V/nm.
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Figure 3.6: Effect of CAB width on the density-dependence of AB switching. Black
circles, red squares and blue triangles correspond to widths equal to, double and
triple that reported in Table 3.2, respectively. There are 500 data points between
each symbol. The field was fixed at -0.9 V/nm.
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Figure 3.7: Effect of the AB tilt angle on AB switching. Panels (a) and (b) plot the
percentage of TAB as a function of applied field and monolayer density, respectively.
Black circles, red squares and blue triangles represent AB tilt angles of 10◦, 20◦ and
30◦, respectively. There are 500 data points between each symbol. In panel (a), the
density was 1 molecule/nm2. In panel (b), the field corresponding to the minimum in
panel (a) were used as follows: E = -1.5 V/nm for 10◦, E = -1.2 V/nm for 20◦ and
E = -0.9 for 30◦.
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Figure 3.8: Effect of the adsorption and isomerization energies on AB switching.
Panels (a) and (b) plot the percentage of AB molecules in trans form as a function of
applied field and monolayer density, respectively. Black circles, red squares, and blue
triangles represent differences in adsorption energies (h2 − h3) of 2, 0 and -2 kJ/mol,
respectively. Due to the formalism of the Helmholtz free energy, black circles, red
squares and blue triangles also represent isomerization energies of 22.2, 24.2 and
26.2 kJ/mol, respectively. There are 500 data points between each symbol. In panel
(a), the density was held constant at 1 molecule/nm2. In panel (b), the applied field
was -0.9 V/nm.
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Chapter 4

Conformational Analysis of

Chemisorbed Azobenzene

Derivatives

We found that in mixed monolayers, switching is fully inhibited at densities signif-

icantly lower than those where considerations of molecular footprints are relevant.

The behavior of adsorbed molecules at the zero-density limit differ from molecules

embedded in a monolayer, since the adsorbed molecule can interact with electrons

in the conduction band of the surface. Molecule-substrate interactions may result

in different molecular conformations and, consequently, different types of switching.

Switching behavior of AB in the zero-density limit has been seen experimentally in

surface pit sites [47]. Conformations of AB and an associated butyl derivative in the

zero-density limit are explored computationally in Sections 4.1 and 4.2, respectively.

AB molecules are, at all times, tethered to the surface through two covalent S-Au

bonds. In Section 4.3, inversion and rotation mechanisms are studied for the most

stable geometries of trans- and cis-AB.
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4.1 Equilibrium Structures of N-(2-mercaptoethyl)-

4-phenylazobenzamide

Structural relaxations were performed with and without an external electric field.

The potential energy surface was complicated for the AB and gold system and zero-

temperature DFT calculations tended to become trapped in local minima. At least

two starting geometries were used for both isomers: one parallel to the surface and

the other tilted nearly perpendicular to it. Although parallel structures are lower in

energy and thus more stable, optimizations almost never found them when starting

from upright initial structures.

The conformational space of AB chemisorbed on a Au(111) surface at the zero-

density limit was investigated. Figure 4.1 shows the equilibrium structures of cis

and trans AB, found from tilted and parallel starting geometries, and Table 4.1 gives

the relative energies and heights of each structure. As is the case with physisorbed

azobenzene [40,54,55], the most energetically favorable structure is trans isomer in

which the phenyl rings and azo group are oriented parallel to the surface (Figure

4.1(a)). This structure is stabilized by dispersive interactions between the extended

π-system of the AB molecule and the d-electrons of the surface, as well as interactions

involving the lone (n) pairs of electrons on the oxygen atom and the surface. The

latter interaction causes the conjugation of the amide group to become distorted, and

thus the -CO-NH- group is no longer coplanar with the phenyl rings.

In the less-favorable upright trans structure (Figure 4.1(b)), the molecule is ori-

ented approximately 35◦ from the surface normal. As π-d interactions are no longer

present, strains within the molecule are removed causing the amide group to become

coplanar with the azo group and the ethylthiol linker to recover its staggered confor-

mation. However, the substrate interactions do result in the carbonyl group pointing
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Figure 4.1: Equilibrium structures of trans (parallel (a) and upright (b)) and cis
(semiparallel (c), parallel (d) and upright (e)) AB isomers chemisorbed on a Au(111)
surface in the absence of an electric field. C, H, O, N and S atoms are grey, white,
red, blue and yellow, respectively.
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structure energy (eV) height (Å) desorption energy (eV)
parallel trans 0.00 4.20 +2.77
upright trans +2.77 15.68

semiparallel cis +2.25 10.51 +1.09
parallel cis +1.11 4.64 +1.14,+2.23
upright cis +3.34 13.05

Table 4.1: Relative energies, heights and desorption energies of AB equilibrium struc-
tures.Energies are reported relative to the parallel trans structure.

towards the surface. The desorption energy of 2.77 eV is largely due to the lack of

dispersive interactions between the conjugated system and the metal surface in com-

parison to the parallel structure. The upright trans structure is found predominantly

in medium to high coverage monolayers where the lateral dispersive forces and the

molecular footprint become important [1,36].

In the gas phase, CAB is non-planar because of steric repulsions between hydrogen

atoms in the two phenyl rings. As a result, in principle, only one of the two phenyl

rings can be fully parallel to the surface when adsorbed. However, our DFT calcu-

lations suggest that the repulsive energy is overcome by π-d interactions, since most

stable cis structure was the one that had both phenyl rings parallel to the surface and

the amide group oriented toward the surface (Figure 4.1(c)). The CNNC dihedral

angle between the planes of the two rings decreases from 66◦ in the gas phase to 22◦

in the parallel cis structure. This type of parallel cis structure has been previously

reported by Henzl et al. [54] for physisorbed push-pull azobenzene molecules, but has

not been reported in the literature for a chemisorbed azobenzene molecule.

The semiparallel cis structure (Figure 4.1(c)) is more often encountered in STM

studies. In this structure, the inner phenyl ring is roughly parallel to the surface while

the outer phenyl ring points upwards due to steric repulsion. Also, the semiparallel

structure indicates again a competition between coupling to the surface by the phenyl

ring and oxygen atom and maintaining conjugation through the amide group. In the
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optimized structure, conjugation is maintained and the oxygen-surface coupling is

satisfied at the expense of the inner phenyl ring. The oxygen points toward the

surface, which leads to a slight tilt of the inner phenyl ring away from the surface

parallel. This means that, within the PBE/DZP approximation, π-d interactions

between one phenyl ring and the surface cannot overcome the energy cost of weakening

conjugation through the amide group. Tilted initial cis isomers optimize to an upright

cis structure (Figure 4.1(e)), which is the least stable structure. This structure has

the highest energy due to the lack of dispersive forces between the molecule and the

substrate and the inherently less stable cis N=N bond.

When the parallel trans structure is desorbed, it adopts the upright trans struc-

ture. However, the desorption of the parallel cis structure is more complicated due

to the break in conjugation at the azo group. A partial desorption results in the for-

mation of the semiparallel cis structure and a full desorption results in the formation

of the upright cis structure.

Despite deficiencies associated with PBE/DZP-based dispersion and conformation

searches at 0 K, this conformational analysis nevertheless gives a good indication of

the expected behavior of chemisorbed AB in the zero-coverage limit of STM exper-

iments. In STM experiments, the brightness of an image depends on the molecular

height and the local density of states [104]. Molecular heights are therefore expected

to correlate well with STM images, as the most visible features are generally phenyl

rings. The parallel trans form of AB would be seen as having the lowest height in

an STM image. Although the height of the parallel cis structure is comparable to

that of the parallel trans structure, the position of the two phenyl rings allows one to

distinguish them [54]. The semiparallel cis configuration has one phenyl ring pointing

away from the surface, and thus would be seen as two contrasting spots: a darker

spot corresponding to the lower phenyl ring and a brighter spot due to the upright
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structure energy (eV) height (Å) µ0
z (D)

parallel trans 0.00 5.01 1.77
upright trans +1.71 10.15 1.39

semiparallel cis +1.10 6.94 2.97
parallel cis +1.21 5.22 2.00

Table 4.2: Relative energies, heights and permanent dipole moments of AAB equilib-
rium structures in the absence of an electric field. Energies are reported relative to
the parallel trans structure of AAB.

phenyl ring. The upright trans and cis structures, which have the largest molecular

heights, would be seen as the high, or bright forms.

4.2 Equilibrium Structures of 4-Mercaptobutyl-4-

phenylazobenzene

The behavior of the derivative 4-mercaptobutyl-4-phenylazobenzene (AAB, alkyl azo-

benzene) was studied to determine contribution of the n-d coupling terms to the

binding energy in the equilibrium structures of AB. Possible effects of the replacement

of the amide unit with an ethyl unit are higher flexibility of the linking group and

loss of oxygen-surface interactions.

Minima on the zero-field potential energy surface of AAB are similar to those

found for the amide derivative (Figure 4.2). Like AB, the most stable configuration

of AB the parallel trans structure (Figure 4.2(a) and Table 4.2), which having its

entire conjugated system oriented parallel to the substrate. The molecule lies higher

above the surface than AB, because of the smaller attraction between the linker group

and the surface. Upright trans and semiparallel and parallel cis structures were also

found, as shown in Figures 4.2(b)-(d), respectively.

However, their structures show notable differences when compared to the corre-
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(a) (b)

(c) (d)

Figure 4.2: Equilibrium structures of trans (parallel (a) and upright (b)) and cis
(semiparallel (c) and parallel (d)) alkyl azobenzene isomers chemisorbed on a Au(111)
surface in the absence of an electric field. C, H and S atoms are grey, white and yellow,
respectively.
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sponding amide derivatives. The upright trans structure is significantly closer to the

surface, with a tilt angle of approximately 65◦ from the surface normal. Also, the

desorption energy is smaller by 1.06 eV in comparison to the amide derivative be-

cause of weaker dispersive interactions between the linker group and the gold surface

for AAB. The cis isomer does not follow the same trend as AB. The semiparallel

structure is more energetically favorable than the parallel configuration (Table 4.2).

This is in part due to steric repulsion in the azo group region of the parallel cis struc-

ture. However, the main difference is that the inner phenyl ring of the semiparallel

structure can be fully parallel in AAB, because it lacks the intramolecular strains

discussed above.

The 1.7 eV desorption energy of trans-AAB is in agreement with experimental

data for small aromatic systems such as benzene, which has a desorption energy of

about 0.65 eV [105,106]. McNellis et al. [107] find an experimental desorption energy

of 1.7 eV for tetra-tert-butyl azobenzene. This agreement may be due to cancellations

of errors [108] arising from the inability of PBE to account correctly for dispersion

interactions, basis set superposition errors for the small atomic-orbital basis set used

here [106,109], and the use of periodic boundary conditions. Note that the desorption

energy values are significantly higher than those reported in Reference [105] for plane-

wave DFT calculations on unsubstituted, physisorbed azobenzene using the PBE

functional.

The equilibrium structures of AAB demonstrate that the carbonyl group of azoben-

zene influences the adsorbed geometry and its associated energy. Coupling of the

oxygen atom to the surface results in either the distortion of the inner phenyl ring

from parallel or a loss in conjugation with the neighboring ring. When the amide unit

is replaced with an ethyl group, the added flexibility and decrease in surface coupling

allows the molecule to adopt lower-energy metastable structures.
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4.3 Ground State Isomerization Pathways of Par-

allel Structures

Inversion and rotation pathways for the trans-cis isomerization of AB in the presence

of a gold surface was investigated for parallel structures. There are effects of the

Au(111) surface that may make these pathways different from the well-studied gas-

phase channels: the surface may also stabilize transition state geometries, such as a

parallel structure, that would otherwise be thermodynamically unfavorable in the gas

phase. Furthermore, the surface restricts the adsorbed AB molecule from adopting

certain conformations.

The relaxed inversion and rotation pathways of the parallel trans to parallel cis

isomerization in the zero-density limit were performed as follows. Calculations for

the inversion channel were done by optimizing the AB structure, except for the CNN

bond angle. Rotation channel geometries were optimized in a similar fashion, with

the CNNC dihedral frozen instead. The parallel trans structure was the initial con-

figuration for CNN bond angles of 120-175◦ and CNNC dihedrals of 105-180◦. For

the remainder of the inversion and rotation calculations, the cis configuration was the

starting structure.

Energy profiles for the inversion and rotation pathways are presented in Figure

4.3 and transition state structures are given in Figure 4.4. The inversion mechanism

involves a succession of intermediate geometries that have both phenyl rings roughly

parallel to the substrate. The azobenzene moiety was planar between the trans isomer

and the transition state. As the CNN bond angle was increased further, the inner

ring twisted away from the horizontal as a result of steric repulsion between hydrogen

atoms on neighboring phenyl rings. The activation energy was found to be 2.31 eV

for the trans-to-cis pathway and 0.60 eV for cis-to-trans. The NNC angle (azo group
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nitrogen atoms and closest carbon atom of the inner ring) did not change toward a

concerted pathway: it changed from 113◦ near the trans starting point to 137◦ at the

cis structure.

Rotation channels for gas phase isomerization generally have higher activation

energies than inversion channels in the ground state but lower barriers in excited

states [29,34]. Calculated rotational barriers range in height from 1.6 to 2.4 eV in

the ground state, while inversion pathways have barriers of 1.6-2.2 eV [23,26,29,34].

When an adsorbed, parallel AB molecule undergoes isomerization through a rotation

mechanism, there is a loss of planarity at the transition state. The energy profile

for this mechanism is illustrated in Figure 4.3(b). The ground state energy barrier

is approximately 0.45 eV lower than that for the inversion pathway. The transition

state closely resembles that of the semiparallel cis structure (see the lower path in

Figure 4.4 and Figure 4.1(c)). However, here the inner phenyl ring and azo group is

oriented nearly parallel to the surface.

It is important to emphasize that all of the inversion and rotation calculations were

performed in the electronic ground states. During the isomerization of AB, the N=N

bond is partially broken in both the inversion and rotation mechanisms. Calculations

allowed for spin polarization, so they should be able to account for this. However,

the mechanisms described here do not apply to light-induced isomerizations, which

occur in excited states, or to tunneling-induced transformations that involve charged

states along the isomerization pathways. The latter will be discussed in Section 5.4.

4.4 Summary

Zero-field conformers of amide and butyl azobenzene derivatives were examined with

DFT calculations. The amide derivative was found to have five conformers: parallel
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Figure 4.3: Energy profile of trans-cis isomerization of the (a) inversion and (b) rota-
tion pathway for the electronic ground state. In both graphs, the left side corresponds
to the trans configuration while the right side corresponds to the cis isomer. Lines
are included only for clarity
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Figure 4.4: Inversion and rotation pathways of azobenzene trans-cis isomerization on
a Au(111) surface. C, H, O, N and S atoms are grey, white, red, blue and yellow,
respectively.

and upright trans geometries and parallel, semiparallel and upright cis geometries.

Parallel structures were the most thermodynamically-stable structures for each iso-

mer. When the ethylamide unit was replaced by a butyl linking group, desorption

energies decreased and the semiparallel cis structure became the lowest energy cis ge-

ometry. Inversion and rotation channels were also investigated for parallel AB in the

electronic ground state. The rotational energy barrier was determined to be 0.45 eV

lower than the inversion barrier.
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Chapter 5

Chemisorbed Azobenzene in an

STM Environment

In the previous chapter, parallel structures at zero-density were examined. We found

that the energies involved in parallel-based switching are too high. Furthermore,

desorption of the parallel geometry to an upright geometry required nearly 3 eV.

Scenarios in which upright structures are stabilized over parallel structures include

AB buried within single- and multi-component monolayers, as well as in monolayer

boundary sites. Also, upright structures interact with an STM tip more effectively

due to a larger molecular height, resulting in greater field-dipole coupling and pos-

sible short-lived ionic states due to electron tunnelling. In Section 5.1, permanent

dipole moments and polarizabilities of AB conformers are calculated and electric field

effects are analyzed. Sections 5.2-5.4 discuss AB isomerization and its mechanisms

for neutral and ionic states, in both the gas phase and adsorbed phase.
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5.1 Single Azobenzene Molecules in an Electric

Field

5.1.1 Dipole Moment Calculations

The electric field of an STM can be responsible for inducing molecular switching, even

in cases where electron tunnelling is negligible [48]. When a molecule is exposed to

an electric field, there is an interaction between the permanent dipole moment and

the field. This interaction may either stabilize or destabilize the adsorbed molecule,

depending on the orientation of the permanent dipole moment relative to the electric

field. Also, application of a field can result in geometrical changes, as this coupling

acts as a torque on the molecule. A free molecule will move to maximize the field-

total dipole coupling, whereas adsorbed molecules may have to overcome significant

binding energies for motion to occur. Furthermore, coupling between the field and the

induced dipole moment can become important when stronger fields are considered,

especially for polarizable molecules like AB. For an STM experiment, the electric

field is applied along the surface normal, denoted z. Therefore, the permanent dipole

moment along z and the z, z-component of the polarizability tensor are particularly

important. The permanent dipole moment µ0
z and the z, z-polarizability αzz for trans

and cis AB conformers described in Section 4.1 are given in Table 5.1. Figure 5.1

describes how αzz was calculated.

Parallel Structures. If one is interested only in the dipole moment of the

molecule, as is the case for modeling field-dipole coupling of adsorbed molecules,

then the molecule needs to be terminated with a functional group. AB was chosen

to be terminated with a polar thiol group as well as a non-polar S=S linkage. Dipole

moments of the system, which includes both the surface and AB, were also calculated.
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structure µ0
z,S−Au (D) µ0

z,S−H (D) µ0
z,S=S (D) αz,z (D·nm/V)

parallel trans 2.76 1.44 2.57 0.75
upright trans 1.20 1.70 2.87 2.94
parallel cis 2.75 1.78 2.97 0.92

semiparallel cis 4.10 3.41 4.60 1.63
upright cis -0.86 -0.30 0.86 2.02

Table 5.1: Permanent dipole moments at zero field µ0
z and calculated

z, zpolarizabilities αzz for the stable structures of cis and trans AB.

For parallel and semiparallel structures, dispersive interactions influence the perma-

nent dipole moment since the relative magnitude differs between adsorbed species and

corresponding terminated species (Table 5.1). The orientation of the amide group and

relative positions of the phenyl rings have the largest effect on µ0
z. Since parallel trans

and cis configurations have similar amide and phenyl ring orientations, their µ0
z values

are also similar (Table 5.1 and Figures 4.1(a) and (d)). The semiparallel cis struc-

ture has the largest µ0
z value because its outer phenyl ring is aligned with the surface

normal and its C=O bond axis is closest to this normal (Table 5.1 and Figure 4.1(c)).

Upright Structures. Upright trans and cis structures lack dispersive interac-

tions, making the dipole calculation method of little importance. This is evident

in Table 5.1, where the relative magnitude of µ0
z between isomers does not depend

on the terminating group. The value of the dipole moment for surface-bound AB

in an upright configuration (µ0
z,S−Au) is more negative than the dipole moment of

a thiol-terminated AB molecule (µ0
z,S−H), and even more than the S=S terminated

molecule (µ0
z,S=S), due to the inclusion of two highly-polarized Au-S bridge bonds

(Table 5.1). The upright cis isomer has a more negative permanent dipole moment

in comparison to the upright trans isomer due to the orientation of the outer phenyl

ring (ring furthest away from the amide unit), which points towards the surface in

the cis configuration (Table 5.1 and Figures 4.1(b) and (e)).

Figure 5.1 shows how the dipole moment changes with an electric field and the
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Figure 5.1: Effect of the electric field on µz on five AB geometries. Black circles
and red squares represent parallel and upright trans configurations, respectively, and
blue triangles, green diamonds and purple stars represent parallel, semiparallel and
upright cis configurations, respectively.

slope of each curve corresponds to αzz. αzz was determined by a linear regression of the

curves in Figure 5.1 and is given for each structure in Table 5.1. Because the structure

was allowed to optimize for each field strength, there is a small geometric component

of αzz, and thus we chose a large range of electric field strengths to determine αzz.

The quality of the fits shown in Figure 5.1 suggests that this geometric contribution

was negligible except for upright trans and cis geometries.

Total dipole moments reported by SIESTA for adsorbed species include a large

contribution from the redistribution of charge density within the gold slab when an

electric field is applied. To properly account for this contribution, molecular dipole

moments in Figure 5.1 were calculated in two steps. First, AB was optimized on a

Au(111) surface in an electric field. Then, a single point calculation was performed on
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the optimized structure with the surface removed. In this calculation, the Au-S bridge

bonds were replaced by a S=S bond, aligned with the z axis. This approximation was

used because the S=S group does not contribute significantly to µz and the valency

of the sulfur atom is maintained. Note that the interaction between the surface and

AB is not accounted for in the determination of αaz.

Generally, αzz values are larger for structures that have a large conjugated struc-

ture aligned or nearly aligned with the z-axis. This is the reason αzz is largest for

the upright structures, while the parallel configurations have the lowest values. The

semiparallel cis configuration had an intermediate value of αzz since one phenyl ring

is oriented towards the surface normal and the other ring and amide unit are oriented

parallel to the surface (Figure 4.1(c)).

5.1.2 Field Effects

The effect of applied fields on the energies of structures is shown in Figure 5.2(a). At

each field strength, the structure was optimized in the field and then the energy was

calculated. The total energy does, however, include contributions from field-surface

coupling. Although the surface has a large polarizability, the contribution of the

field-surface coupling to the total energy is the same for each structure. Therefore,

field-surface coupling does not affect the energy difference between AB structures.

Parallel Structures. The parallel trans structure is energetically favored at all

field strengths, even though this structure has the lowest αzz value (Figure 5.2(a)).

The energy gap between the various configurations, though, is lowered at high positive

and negative fields due to increasing values of αzz for the parallel and semiparallel

cis geometries (Table 5.1). There was also little variation in the overall geometry of

parallel and semiparallel structures with the electric field: only minor twisting of the
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phenyl rings and very small changes in the distance between the oxygen atom and

the surface were observed, but the height remained essentially unchanged.

Upright Structures. The upright trans structure is stabilized at high field

strengths due to a more favorable field-induced dipole coupling. However, this energy

is not sufficient to compensate for a lack of stacking interactions in this structure.

When a field of 5 V/nm was considered, the upright trans configuration is more

stable by approximately 0.5 eV than the parallel structure. However, it is unclear

whether the molecules would be chemically stable in experiments which use such

high fields. For the entire range of electric field strengths reported, the upright trans

isomer was more stable than the upright cis isomer, although the energy difference

was lowered at moderate negative fields (Figure 5.2(a)). Unlike parallel structures,

both isomers in the upright configuration showed field-dependent geometries. Figure

5.2(b) demonstrates that both isomers adopted a more upright structure. The tilt

angle decreased at large field strengths (both positive and negative) for the trans

and cis upright structures, but the phenyl rings and amide unit conformation did not

change. Only the ethyl linker group underwent minor conformational changes. A

more upright structure improves the favorable coupling between the induced dipole

moment and the field and, consequently, results in a lower energy structure.

The results presented here suggest that the application of an external electric

field does not induce a significant change in the equilibrium structure through field

alignment, in the density regimes where lateral interactions are negligible. Thus, these

calculations suggest that field-dipole coupling cannot overcome the binding energy

in parallel trans-AB to induce the physical desorption necessary for configurational

switching.
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Figure 5.2: Effect of the electric field on (a) the combined energy of AB and the gold
surface and (b) the molecular height of upright AB geometries. In panel (a), black cir-
cles and red squares represent parallel and upright trans configurations, respectively,
and green diamonds, blue triangles and purple stars represent parallel, semiparallel
and upright cis configurations, respectively. In panel (b), red squares and purple stars
represent upright trans and cis configurations, respectively. Lines are included only
for clarity.
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5.2 Modeling Chemisorbed Ionic States

Cationic and anionic species of both adsorbed and gas phase AB were investigated.

The switching process may be due to electron tunneling between the STM tip and

the adsorbed AB molecule, in which an ionic intermediate is formed. The charged

isomerization pathway can lead to lower activation energies, thus facilitating switch-

ing. In an STM experiment, a cationic (anionic) intermediate can be formed when a

negative (positive) bias voltage is applied.

Modeling an ionic AB molecule chemisorbed on a gold surface provides a computa-

tional challenge. Experimentally, in the case of forming a cation, an electron tunnels

from AB to the STM tip since the separation distance between the tip and the surface

is too large for electron tunneling from the surface to occur. However, the weakest

bound electron for our system is in the highest occupied molecular orbital (HOMO),

which is located within the conduction band of the gold surface. Consequently, in

removing an electron from the system the positive charge will not be localized on

the adsorbed molecule. Rather, an optimization of the electronic structure results in

the positive charge being located in the surface. To correct for this effect, an electric

field of +1 V/nm along the surface normal was applied, which resulted in part of

the HOMO being localized on the adsorbed AB molecule, without significantly alter-

ing the molecular conformation. When applying a field, an electron is promoted to a

molecular orbital that resides on the molecule and can thus be pulled out by the STM

tip. For comparison, a +1 V/nm electric field was also added for neutral, adsorbed

AB.

Similarly, determining the behavior of adsorbed AB in the anionic state involves

applying an electric field along the surface normal. Applying an electric field of -1

V/nm results in the adsorbed AB molecule being electron deficient and, consequently,
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AB is better able to accept an electron into the lowest unoccupied molecular orbital

(LUMO). Applying an electric field to an adsorbed AB molecule not only localizes

part of the HOMO or LUMO on the molecule itself, but also simulates experimental

STM conditions. It should be noted though that without applying an electric field,

or if a larger gold surface is used, there is no component of the HOMO or LUMO

located near the azo group.

5.3 Molecular Orbital Diagrams

Gas Phase. A comparison of the geometric parameters and energies for both gas

phase and adsorbed AB are given in Table 5.2. For gas phase optimizations, the

geometry around the azo group changes for both isomers in going from a neutral to

a charged species. For the trans isomer, the only notable change is a decrease in the

N=N bond length for the cation and an increase in the bond length for the anion. This

is attributed to an electron being removed from the HOMO of the neutral molecule

in the case of forming a cation, and adding an electron to the LUMO in the case

of forming an anion. The trans AB HOMO (Figure 5.3(a)) is overall non-bonding,

although there is a small amount of antibonding character in the N=N region. The

trans AB LUMO (Figure 5.3(c)), on the other hand, is largely antibonding, especially

in the azo region. Therefore, adding an electron to the LUMO weakens the N=N bond

and, as a result, the bond lengthens.

In comparison to the trans isomer, ionic states of the cis isomer in the gas phase

exhibited larger geometrical differences around the azo group. In addition to changes

in the N=N bond length, there were large changes in the CNNC dihedral angle in going

from an uncharged species to an ionic one. This is mainly due to electron repulsion

between the nitrogen lone pairs. The HOMO of cis AB (Figure 5.3(b)) shows C-N
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(a) HOMO (b) HOMO

(c) LUMO (d) LUMO

Figure 5.3: PBE/DZP frontier orbital diagrams for gas phase trans (panels (a) and
(c)) and cis (panels (b) and (d)) AB. C, H, N, O and S atoms are grey, white, blue,
red and yellow, respectively.
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isomer state rNN (Å) CNN (◦) CNNC (◦) ∆E (eV)
gas phase

neutral 1.28 113.5 177.0
trans cation 1.24 113.8 167.6

anion 1.33 112.2 176.6
neutral 1.23 237.4 12.6 0.51

cis cation 1.24 229.8 30.5 0.38
anion 1.32 238.2 39.7 0.58

adsorbed phase (upright)
neutral 1.28 113.8 178.0

trans cation 1.27 116.5 177.1
anion 1.29 112.7 117.5

neutral 1.26 237.3 14.3 0.62
cis cation 1.25 235.2 15.3 0.59

anion 1.27 237.6 16.3 0.60

Table 5.2: N=N bond lengths (rNN), CNN bond angles and CNNC dihedrals of
trans and cis AB in the gas phase and adsorbed to a gold surface, and trans→cis
isomerization energies (∆E = Ecis −Etrans). The geometries for neutral and cationic
adsorbed AB were determined in the presence of a +1 V/nm electric field normal to
the surface. The anionic adsorbed AB geometries were determined in the presence of
a -1 V/nm electric field normal to the surface.

bonding and N=N antibonding, whereas the lobes of the LUMO (Figure 5.3(d)) are

primarily localized on the nitrogen atoms and are antibonding in character. The

CNNC dihedral increases such that the lobes on the nitrogen atoms do not overlap

as effectively and, consequently, the lone pair repulsion is lowered. Both the HOMO

and LUMO show good qualitative agreement with those calculated by Fuchsel et al.

[35]

Adsorbed Phase. For adsorbed AB, however, conformational changes are not

nearly as pronounced relative to gas phase (Table 5.2), since a significant portion

of the pseudo-HOMO (p-HOMO) and pseudo-LUMO (p-LUMO) is found within the

gold surface (Figure 5.4). The ionic orbitals are denoted as p-HOMO and p-LUMO

because the orbitals were determined in the presence of an electric field. The orien-

tations of the orbitals localized on AB do match those of the gas phase, indicating
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that the application of an electric field did not influence the shape or relative ener-

gies of the AB-based orbitals. When a larger surface was used, or when an electric

field was not applied, the HOMO and LUMO were found to be only located in the

surface. Note that to more accurately model an anionic system, diffuse basis sets

should be employed. However, calculations involving diffuse basis sets are computa-

tionally expensive, especially for late transition metal elements such as gold, are not

straightforward to incorporate in the SIESTA package, and their compatibility with

the SIESTA pseudopotentials is debatable. As such, anionic results are presented

only for completeness.

5.4 Isomerization Pathways of Upright Azobenzene

for Neutral and Ionic Species

Out of the three possible AB isomerization mechanisms, only the ground state non-

concerted inversion and rotation channels are considered here (see Figure 1.1). In-

version and rotation calculations were carried out as described in Section 4.3, except

upright trans and cis geometries were used as initial configurations.

Gas Phase. In the gas phase, the inversion and rotation pathways have compa-

rable activation energies for the neutral state, as shown in Table 5.3. This suggests

isomerization could proceed through either mechanism in the ground state provided

that enough energy is supplied. When AB is cationic, the activation energy for each

isomerization mechanism is lowered dramatically (0.84 eV and 0.94 eV for the inver-

sion and rotation channel, respectively), but the rotation path is more favorable than

the inversion path when AB is anionic. These results are in good agreement with

other azobenzene derivatives studied by Fuchsel et al. [35] in which anionic systems
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(a) p-HOMO (b) p-HOMO

(c) p-LUMO (d) p-LUMO

Figure 5.4: PBE/DZP frontier orbital diagrams for adsorbed trans (panels (a) and (c))
and cis (panels (b) and (d)) AB. The p-HOMO and p-LUMO plots were determined
in the presence of a +1 V/nm and -1 V/nm electric field, respectively, normal to the
surface. The p-HOMO was determined in the cationic state and the p-LUMO was
determined in the anionic state. C, H, N, O and S atoms are grey, white, blue, red
and yellow, respectively.
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channel ∆E‡
neutral ∆E‡

cation ∆E‡
anion ∆E‡

neutral ∆E‡
cation ∆E‡

anion

gas phase adsorbed phase (upright)
inversion 1.51 0.67 1.37 1.45 1.18 1.41
rotation 1.56 0.62 0.72 1.47 1.03 0.96

Table 5.3: Energy barriers for the inversion and rotation channels of the gas phase and
adsorbed AB structures. The neutral and cationic adsorbed AB energy barriers were
determined in the presence of a +1 V/nm electric field normal to the surface. The
anionic adsorbed AB energy barriers were determined in the presence of a -1 V/nm
electric field normal to the surface. All values are in eV.

were treated with diffuse basis sets.

Frontier orbitals of the gas phase transition state structures are shown in Fig-

ure 5.5. The corresponding orbitals of the adsorbed state were not shown since the

majority of the orbital is located on the gold surface (Figure 5.4) and the portion of

the orbital localized on the molecule are nearly identical to those in Figure 5.5. Both

the inversion and rotation transition state HOMO’s (Figure 5.5(a) and (b)) show

C-N bonding and antibonding between the nitrogen lone pairs. The trans HOMO

(Figure 5.3a), on the other hand, is primarily non-bonding. Therefore, removing

an electron from the HOMO will preferentially stabilize the transition state of each

isomerization channel, thereby lowering the activation energy.

However, there is a subtle difference between the two transtion state LUMOs. The

LUMO of the inversion transition state has stronger double bond character along the

C-N than the LUMO of the rotation transition state. This is confirmed by a shorter

C-N bond distance for the inversion transition state when AB is negatively charged.

Due to the shape of the LUMO around the C-N bond, the inversion transition state

has greater antibonding contribution in the azo region than the rotation transition

state. Therefore, adding an electron to the LUMO destabilizes the inversion transition

state relative to the rotation transition state. This causes the rotation pathway to be

favored due to a lower energy barrier.
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(a) HOMO (b) HOMO

(c) LUMO (d) LUMO

Figure 5.5: PBE/DZP frontier orbital diagrams of the transition state structures for
gas phase AB. Panels (a) and (c) show the inversion transition state and panels (b)
and (d) show the rotation transition state. C, H, N, O and S atoms are grey, white,
blue, red and yellow, respectively.
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The inversion and rotation energy profiles for adsorbed AB are illustrated in Figure

5.6, and the energy barriers are given in Table 5.3. For the neutral species, both

isomerization channels have comparable activation energies. The activation energy

decreases by 0.27 eV and 0.44 eV for the inversion and rotation pathways, respectively,

for cationic adsorbed AB. The barrier for the rotation mechanism was lowered even

more in comparison to the inversion mechanism for anionic adsorbed AB. The relative

transition state stabilization for adsorbed AB species is not as large in comparison

to the gas phase. This is due to the excess charge being partially delocalized in the

gold surface. In other words, a significant portion of the HOMO and LUMO of the

transition state is located within the surface, as was the case for the trans and cis

isomers (Figure 5.4).

Adsorbed Phase. The addition of a positive or negative charge to AB adsorbed

on a gold surface results in a decrease in the energy of activation for isomerization,

thereby facilitating molecular switching. However, these energies are still far greater

than the thermal energy. Furthermore, the resonance lifetimes of a charged state for

an adsorbed molecule are generally short-lived (on the order of ps up to ns) [110-112],

meaning that the timescale of the isomerization pathway may not be long enough to

allow the entire mechanism to proceed through an ionic state. The distance of the

azo group of AB from the surface, however, is expected to increase the lifetime from

those of small molecules. In order for switching to occur more readily, one should

consider the addition of substituents to either phenyl ring which may stabilize the

transition state relative to the trans isomer.



70

100 150 200 250
0

0.5

1

1.5

060120180
0

0.5

1

1.5

re
la

ti
ve

en
er

gy
(e

V
)

CNN angle (◦)

re
la

ti
ve

en
er

gy
(e

V
)

CNNC dihedral (◦)

(a)

(b)

Figure 5.6: Energy profile of trans-cis isomerization of the (a) inversion and (b) rota-
tion pathway for adsorbed AB. Black circles,red squares and blue triangles represent
neutral, anionic and cationic species, respectively. All energies are relative to the
energy of the optimized trans structure for that species. The anionic and cationic
plots are translated up and down, respectively, such that the trans isomer had an
energy of zero. The neutral and cationic adsorbed AB energies were calculated in the
presence of a +1 V/nm electric field normal to the surface. The anionic adsorbed AB
energies were determined in the presence of a -1 V/nm electric field normal to the
surface. Lines are included only for clarity.
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5.5 Summary

The behavior of chemisorbed AB under STM conditions (electric fields and tunnelling

electrons) was examined computationally. Application of an electric field did not re-

sult in molecular switching in the zero-density, single molecule limit since the parallel

trans geometry was favored at all field strengths (except at extreme fields). Deter-

mining ionic states of adsorbed AB was challenging due to surface effects, but was

overcome by incorporating an electric field and using a small surface. Even with these

considerations, orbitals of adsorbed AB were still found to be located partially within

the surface. Isomerization energy barriers were lowered for both inversion and rota-

tion pathways for cationic molecules, whereas only the rotational barrier was lowered

substantially for anionic molecules.
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Chapter 6

Conclusions

Chemisorbed azobenzene structures, whether in mixed monolayers or in zero-density

regions, show promise in a number of areas from molecular electronics to biosensors.

However, studies involving field- or electron tunnelling-induced switching are still at

an exploratory stage. From a theoretical perspective, these systems are challeng-

ing: a large number of atoms are necessary to accurately describe the monolayer,

treatment of the interaction of the molecules with the field is required, dispersive

interactions that influence molecular conformations complicate the potential energy

surface, inclusion of a metallic surface is computationally expensive and charge states

are susceptible to surface quenching.

The equilibrium between cis and trans isomers of AB in a mixed monolayer was

investigated with regards to electric fields, monolayer density, tilt angles and sub-

stituents. In the range of electric fields examined, TAB was found to be more preva-

lent than cis in the monolayer. Both TAB and CAB are highly polarizable molecules,

but TAB being a planar molecule TAB being a planar molecule with extended conju-

gation through the azo group is more polarizable than CAB. The interplay between

the permanent dipole coupling and polarizability contributions is such that at pos-
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itive fields and strong negative fields, TAB dominates the monolayer composition.

CAB was found, but not dominantly, at small to intermediate negative fields, with

an optimal field strength of -0.9 V/nm. Neglecting polarizability lead to an incor-

rect interpretation of dipole-field coupling, resulting in CAB being favored at strong

negative field strengths.

Density effects are also complex. The percentage of TAB in the monolayer in-

creased as the density increased. It has been suggested that the availability of free

volume for CAB is important in AB switching. However, for densities more than suffi-

ciently small to accommodate CAB, repulsive interactions were not a factor. Rather,

lateral interactions within the monolayer were found to influence density-dependent

switching. TAB has a more similar geometry as the host alkylthiol matrix and, as a

result, is able to pack more efficiently. The effect of the AB geometry and substituents

were also addressed and found to influence AB switching behavior.

The tilt angle of AB was varied to account for different orientations within the

monolayer. Because changing the tilt angle causes changes in dipole moments along z,

attractive interactions and repulsive interactions, the field- and density-dependence

on AB switching also changed. Larger tilt angles inhibit switching primarily due

to more favorable TAB-C12 lateral interactions and shift the optimal switching field

strength due to different permanent dipole moment and polarizability orientations.

Substituent effects were analyzed by varying adsorption and isomerization energies.

Not surprisingly, more negative CAB adsorption energies and smaller isomerization

energies promoted switching.

In the zero-density limit, DFT calculations, which include a Au(111)surface large

enough to provide a substrate for the entire molecule, showed that AB was found

to adopt two types of structures for the trans isomer and three types of structures

for the cis isomer. The parallel geometries were found to be the lowest energy con-



74

formations for each isomer sincet hese structures maximize π-d interactions with the

gold surface. Partial or full desorption costs a high energetic price, within 1-3 eV.

Interactions between the amide group and the surface provide a large percentage of

the binding energy. However, it competes with having to remain conjugated with the

azobenzene moiety in determining the most effective binding geometry. Replacing the

amide group with a more flexible ethyl group resulted in resulted in changes in two

equilibrium geometries. Upright trans-AB adopted a larger tilt angle and semiparallel

cis-AB had its phenyl ring closest to the butyl group lie fully parallel to the surface.

Two isomerization pathways were examined for parallel AB geometries in the

electronic ground state. The inversion pathway was determined by increasing the

CNN bond angle whereas the rotation pathway was calculated by making changes to

the CNNC dihedral. For the parallel mechanism, the surface significantly affects the

transition state structures, and the barriers for the two channels remain within the

range calculated for analogous gas-phase isomerizations.

Field effects were also studied at the single molecule level using SIESTA. Within

the -3 to +3 V/nm range, the most thermodynamically-favorable structures were the

parallel geometries for each isomer. At a large field strength of 5 V/nm, upright TAB

was favored. Applying an electric field did not result in any geometrical changes for

parallel TAB nor parallel or semiparallel CAB, but the tilt angle did vary for upright

structures. At high positive and negative fields, the tilt angle decreased resulting in

taller structures.

Computational methods for determining charged states of chemisorbed AB were

difficult since the molecular orbitals fall within the conduction band of the gold sur-

face. Addition of an electric field, in combination to using a smaller surface, was

necessary to have a component of the HOMO and LUMO localized on the adsorbed

AB molecule. Without an electric field, or if a larger surface is used, frontier orbitals
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are completely delocalized within the surface. Cationic AB in the gas phase showed

a reduction in the isomerization energy in comparison to the neutral species. This

was attributed to a decrease in the repulsion between nitrogen lone pairs of the cis

isomer. This reduction was not nearly as large for the adsorbed, upright molecule

due to a significant portion of the HOMO present on the surface. The isomerization

energy of negatively-charged AB increased in the gas phase but decreased slightly in

the adsorbed phase.

Inversion and rotation pathways for gas phase and upright, adsorbed AB were also

studied. Frontier orbitals of both transition states were found to have antibonding

character in the N=N bond region, although to varying degrees. Addition of a positive

charge decreased the energy barrier for both pathways in comparison to the neutral

species, while addition of a negative charge only decreased the rotational barrier. Gas

phase barriers decreased more in the ionic state than adsorbed, upright barriers since

the HOMO and LUMO are localized in the azobenzene moiety.

Future Work. While significant insight on the switching behavior of azoben-

zene on Au(111) has been gained in this thesis, there are more studies that could be

performed on monolayer systems or at the zero-density limit. The statistical ther-

modynamics formalism could applied to a alkylthiol monolayer embedded with the

butyl azobenzene derivative described in Section 4.2, which would confirm whether or

not the phenyl ring orientation is responsible for the field-dependent switching. Also,

temperature effects could be examined. At higher temperatures entropy becomes

more important and, therefore, should lead to a greater amount of CAB in the mono-

layer. DFT calculations could be expanded to include physisorbed molecules that do

not contain thiol linking groups. Another structure that could be analyzed is an azo-

benzene dimer. Azobenzene dimers stack together through their π-system, so there

may be competition between molecule-molecule interactions and surface-molecule in-
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teractions. Furthermore, energetics of a chemisorbed azobenzene molecule located at

the edge of a monolayer can be determined through either DFT or molecular dynam-

ics. Whether or not the upright structure is favored over the parallel structure would

provide insight into what type of switching occurs at these locations in the monolayer.
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Appendix A

Additional Information

A.0.1 Helmholtz Free Energy

The attractive interaction parameter described in Section 3.2 was calculated using the

Fortran program shown in Figure A.1. Permanent dipole moments and polarizabilities

were rotated using the Fortran program shown in Figure A.2. The Helmholtz free

energy expression was optimized numerically as a function of the mole fraction of

TAB. This was accomplished using the program shown in Figure ??.

A.0.2 DFT Calculations

All DFT optimizations were given the input parameters shown in Figure A.4, except

with different initial geometries for the azobenzene molecule. The molecular coordi-

nates were entered in the form of a Z-matrix because it allowed for simple alteration

of the CNN bond angle and CNNC dihedral. A maximum of 1000 conjugate gradient

(CG) steps was allowed, but calculations reaching this number did not reach a stable

energy and, consequently, were not reported.

The utility program DENCHAR was used with the following method. First,
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SIESTA was run with WriteDenchar and WriteDM set to true, KgridCutoff set to 10

Å and a WaveFuncKpoint block added. Files ending in PLD, DIM, DM, WFS and

ion were transfered to a different directory along with the DENCHAR executable.

The DENCHAR input file is shown in Figure A.5. It is important to ensure that

there is sufficient space between the minimum (maximum) coordinate of the SIESTA

structure and the minimum (maximum) coordinate specified in the DENCHAR in-

put file. Once DENCHAR is compiled and run, orbitals and electron density can be

viewed with xcrysden by opening a cube file.
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Figure A.1: Fortran code to calculate the attractive interaction parameter.



94

Figure A.2: Fortran code to rotate molecular moments.
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Figure A.3: Fortran code to optimize the Helmholtz free energy.
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Figure A.4: Sample SIESTA input file for an optimization. This particular input file
was for optimizing a parallel trans structure in a -1 V/nm electric field.

Figure A.5: Sample DENCHAR input file for plotting orbitals and electron density.


