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ABSTRACT

Studying charge transport through single molecules is of great importance for
unravelling charge transport mechanisms, investigating fundamentals of chemistry, and

developing functional building blocks in molecular electronics.

First, a study of the thermoelectric effect in single DNA molecules is reported. By
varying the molecular length and sequence, the charge transport in DNA was tuned to
either a hopping- or tunneling-dominated regimes. In the hopping regime, the
thermoelectric effect is small and insensitive to the molecular length. Meanwhile, in the
tunneling regime, the thermoelectric effect is large and sensitive to the length. These
findings indicate that by varying its sequence and length, the thermoelectric effect in
DNA can be controlled. The experimental results are then described in terms of hopping

and tunneling charge transport models.

Then, I showed that the electron transfer reaction of a single ferrocene molecule
can be controlled with a mechanical force. I monitor the redox state of the molecule from
its characteristic conductance, detect the switching events of the molecule from reduced
to oxidized states with the force, and determine a negative shift of ~34 mV in the redox
potential under force. The theoretical modeling is in good agreement with the
observations, and reveals the role of the coupling between the electronic states and

structure of the molecule.

Finally, conclusions and perspectives were discussed to point out the implications

of the above works and future studies that can be performed based on the findings.
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1 INTRODUCTION

1.1 Introduction of Molecular Electronics

Molecular electronics is an idea of building circuits using molecular functional
blocks. This concept originated from a seminal paper published in 1974 by Aviram and
Ratner, in which they proposed a single molecule rectifier-like device'. Since that time,
the field has grown rapidly with the development of experimental techniques which allow
investigation of charge transport properties through molecular junctions, such as

)2—4

mechanically controlled break junction (MCBJ)**, cross-wire junction>’, mercury drop

0 11-13

junction® 1, scanning tunneling microscopy (STM) break junction!'"'*, and conducting
probe atomic force microscopy (CP-AFM)'*!6. With the help of advanced organic
synthesis skills, a number of linker groups have been approved to effectively form metal-
molecule-metal junctions, including thiol'’, amine'8, carboxyl'®, pyridine!!, etc. Spanning

solid state physics, organic chemistry, biophysical engineering and material science,

molecular electronics rises as a highly interdisciplinary area.

Admittedly, molecular electronics is a burgeoning field that is far from well
developed, since the agreement between theory and experiment for the conductance value
of most systems hasn’t been reached yet, the accurate conductance values of quite a
number of molecules are still under debate, charge transport mechanisms in more
complicated molecular systems are beyond our understanding. Clearly, a lot of work
needs to be done to lead the techniques and measurements to its real practical

1



applications. However, apart from these short comings, molecular electronics is
considered as one of the most promising alternatives to complementary metal-oxide-
semiconductor (CMOS) technology to extend Moore’s law beyond its foreseen limit.
Extensive studies have been devoted into the invention of molecular building blocks

analogous to conventional CMOS functional units, such as molecular diode!*?!,

25-27

switches?>?*, transistor>2’. In addition, molecules can be designed to have novel

functionalities other than those seen in conventional electronics, for example,

28-30

thermoelectricity 31,32,

and mechanically gated electronic properties

Meanwhile, the capability to determine the electronic properties of single molecules
enables molecular electronics to be a powerful tool for exploring charge transport
mechanisms in different aspects such as current-voltage (I-V) characteristics, length
dependence, temperature dependence and electrochemical gate dependence of
conductance. New charge transport mechanisms have been continuously discovered and
understood in recent years. Besides fundamental investigations on how a single molecule
behaves in a junction, molecular electronics can also help characterize charge transport
properties in biological systems such as DNA¥-37 RNA3% % and proteins***!, making a
significant impact on molecular biology and bioengineering. Moreover, it becomes
possible to study different types of chemical reactions at single molecule level. An
exciting example is force induced redox reaction observed in single Ferrocene molecules,

which belongs to the realm of mechanochemistry.

This thesis will focus on how the charge transport through single molecular junctions

responds with influences of temperature gradient and mechanical force. First, a brief

2



introduction of the important concepts of molecular electronics and the background of
related measurements will be given. Next, an investigation into thermoelectric effect in
single DNA molecules will be described. The following section will look into the force
induced electron transfer reaction and conductance switching in single molecules. Finally,
concluding remarks will be made about the work presented in this thesis, and limitations,

prospective, and future directions will be discussed.

1.2 Charge Transport Theory of Single Molecule Junctions

As mentioned above, exploring charge transport mechanisms in single molecular
junctions is one of the most fundamental goals of molecular electronics. In this section,
we will start from introducing the very basic Landauer formula*>*, then proceed to two

44-46

widely accepted charge transport models, coherent non-resonant tunneling and

incoherent hopping*’#.

1.2.1 Landauer formula

The conventional Ohm’s law can no longer hold for small dimension systems, where
the quantum effect takes place. In turn, the charge transport process can be treated as a

transmission process, and described by the Landauer formula*> %,



In an ideal one-dimensional situation where a molecule is bridged in between two
electrodes (Fig. 1.1), the net current going from the left electrode to the right electrode is

given by
Ir = efvg(k)r(k) fL(E(k), u) n(k)dk (1.2.1)

, where e is the electron charge, v, is the group velocity of electrons in the leads, 1(k) is
the transmission probability for the electrons through the barrier, f; is the Fermi-Dirac

distribution for electrode L with chemical potential y;, n(k)dk is the density of states.

(b) Molecular level

~€Vhigs

Figure 1.1 Molecule bridged in between two metal electrodes. (a) Schematic

representation of a metal-molecule-metal junction. L and R stands for left and right



electrodes, a bias is applied across the junction and the current is monitored. (b) Energy

diagram of the molecular junction as a square barrier.

The density of states between k and k+dk can be described in terms of the length of

the junction L, as
2 L

The electron group velocity is given by

2 dE
v, (k) = 7”5 (1.2.3)
, where 4 is Plank constant and E is energy.

Thus, equation (1.2.1) can be written as
2e
Ir = ff T(E) fL(E,u) dE (1.2.4).
Similarly, the net current from the right to the left electrode is given by
2e

Therefore, the total current through the above one-dimensional system can be

described as

Itotat = Ipor — Ig—1 = sz T(E) [fL(E, 1) — fr(E,ug)] dE (1.2.6).



Assuming that Fermi energy is well above kT, so that the Fermi-Dirac distribution
can be approximated as a step-function with 1 below Er and 0 above. And assuming

small bias voltage applied across the junction, one have

2 2
Ltotar = —T(E)(uy, — ) (1.2.7),

Finally, dividing by the bias voltage gives the Landauer formular describing the

conductance
2
g= Z%T(E) (1.2.8).

2
In equation (1.2.8), 2% is called the conductance quantum, and normally denoted as Gy,

with a value of 77.4 nS or inversely 12.9kQ. It is the conductance of a gold quantum

point contact.

In real molecular junction systems, there are multiple modes resulting in multiple
transmission channels, the transmission probability is the sum of all transmission
channels through the junction, thus the complete representation of Landauer formula

should be written as

2e2
g =2 Tij(E) (1.2.9)

, where 7;;(E) is the transmission probability from mode i to mode .



1.2.2 Coherent non-resonant tunneling and superexchange model

Landauer formula provides a convenient framework for describing charge transport
in general mesoscopic systems. In many molecular junctions, however, calculating the
transmission function is not as straightforward and requires more complicated methods.
To deal with these larger systems, one of the most well accepted model is consist of two
electron reservoirs denoted by the doner |D>, acceptor |A>, and the molecular bridge in
between, denoted by a series of N single electron states, [1>, [2> ...[N> with energy E.
The charge carriers propagate from donner to acceptor and encounter with these
molecular states. Generally, this model only considers interactions between neighboring
states. Depending on the energy alignment and length of the bridge, the charge transport
process can be either coherent non-resonant tunneling based on superexchange theory, or

thermally activated incoherent hopping.

When the energy difference between Fermi level and molecular states is much larger
than kgT, the charge carriers tunnel through the bridge without physically residing on the
molecule, named as tunneling transport (Fig. 1.2). For this situation, superexchange
model and non-equilibrium Green’s function formalism is typically used. In this method,

the Hamiltonian of the molecular junction is described by

H=Hy+V (1.2.10)

, where H, is the isolated Hamiltonians of the molecule, and V is the coupling between

the molecule and electrodes.



Assuming weak coupling between molecule and electrode, the transfer operator is

given by

T=V+VGE)W (12.11)

, where G (E) is the Green’s function of the bridge given by

1
E—-H+iy

(1.2.12)

, with y being the inverse lifetime matrix of bridge levels. Assuming the states only
couples to their nearest neighbors, the transfer operator for the total coupling between

donor and acceptor can simplified as

TDA = VDlGlNVNA (1213)

Assuming tight binding limit and weak coupling, G,y can be expressed by

1
E—-En

_ N—1Vn,n+1
Gy = 322 (1.2.14).

In cases with identical bridge elements, for example alkane-chains, E;, and V,, ,,, are

reduced to constants £p and Vp, therefore

1 174
Gy =5~ G2 (12.15).

Also, the transfer operator is related with the transmission function by
Zi,j Tij(E) = 4m® ZD,A'TDAlz 6(E — Ep)S(E — Ey) (1.2.16).

Therefore, we have



YijTij(E) = |Giy|? T Ty (1.2.17)
, where T and I'y are coupling terms to the left and right electrodes.

Combining equation (1.2.17) and (1.2.15) gives us the following relationship for the

conductance

g |Gyl* = (i)z (E:—ﬁE)ZN x (%)_ZN = exp [——ln( )Na] = exp(—pd)

(1.2.18)

, where d= Na is the length of the molecular bridge, and f = ln ( S ) is the decay
B

constant. Thus in the superexchange model, the conductance is exponentially dependent
on the length of molecular bridge as one would expect for tunneling through a square

barrier.

Vs Ve Ve

— f— — — XK e —

I
. / ‘ Er

Figure 1.2 Energy diagram representation of coherent tunneling charge transport
mechanism. The states are only coupled with their nearest neighbors, and the charge
transfers directly from the one electrode to the other without residing on the molecular

states.



1.2.3 Thermally activated incoherent hopping

In the coherent tunneling transport, the charge carrier tunnels through the junction
without reside on any of the bridge states. In contrast, if the molecular length gets larger
and the transport time scale get longer, the electron can occupy the bridge states and
interact with the molecular vibration, thus losing its coherence. This is when sequential

hopping transport mechanism comes into play”° (Fig. 1.3).

If we consider a simple case with two scattering events, for which the transmission
probability is 77 and 7>. Since the electron loses its phase information, interference effect

is neglected, so the total transmission probability 772 is given by

1 1 1
—_— =4 —
T12 n T

(1.2.19).

From which we know that the total resistance will be a linear combination of the two

resistances
Rlz = Rl + RZ (1.2.20).

And if there are N scattering events, the resistance will be linearly dependent on N or the

bridge length
R=R.+aN (1.221)

, where R, is the contact resistance, and a is the unit resistance. This linear length
dependence of resistance has been observed for many long molecular wire systems,

especially in biological and redox molecules.
10



To explain this linear length dependence, the N bridge system can be utilized again,
where the charge transfer still only occurs between the nearest neighboring states. 0 state
and N+1 state represent the left and right electrode. Making steady state assumption (all

the states reach equilibrium), the master equations can be written as

% = —(ky,o + ki2)Py + ko 1Py + k1P, =0
% = —(ko1 + ka3)Py + ky 2Py + k3 pPs = 0
(12.22)
dl';zx;—l = —(kn—1n2 + kno1n )Pyt + kn—an-1Py—s + kn y_1Py = O
%V = — (ko1 + knns1)Py + kn_inPy_y = 0

, where k;; is the charge transfer rate from i state to j state, and P; is the charge density on
the 1 state. Assuming the same rate k& between all molecular state, and neglect ky .4 v, the

electron transfer rate through the whole system is given by

k k k
kO,N+1 = ,E 0'1/ kLO) (1223)

knnN+1 k10

Thus, the resistance of the whole system can be described by

-1 -1
_ knN+1tkio eEa/kpT 4 &k—leEa/kBT (1.2.24)
e2p(Ey) e?p(Ef)

11



Eq/kpT — k10
ko1

, where E, is the activation energy originated from e , it represents the

energy gap between the electrode’s Fermi level and the hopping states, p(Ef) is the
density of states at Fermi level. Equation (1.2.24) explicitly shows that the resistance has
a linear dependence on molecular length (N), and is also related with temperature, energy

alignment, and also the coupling between the bridge and electrodes.

Figure 1.3 Energy diagram representation of thermally activated incoherent hopping
charge transport mechanism. The charge carriers populate the states and migrate through

a series of steps.

1.3 Scanning Tunneling Microscopy (STM) Break Junction Technique

Back to 1981 when scanning tunneling microscopy (STM) was first invented, it was
used to image a conductive surface at scale as small as atomic level. The principle of
scanning relies on the exponential dependence of tunneling current on distance, which

can be described as

12



et (1.3.1)

, where [y is the contacting current depending on the electron density at the Fermi level, 5
is the decay constant of the medium, L is the distance. Because STM system is capable of
precisely controlling the distance and monitoring the electronic current at the same time,
it seems to be very promising tool for measuring metal-molecule-metal junctions. In 2003,
Tao and co-workers developed STM break junction technique'! to conduct fast, repeated
measurements and statistical analysis of single molecular junctions. Fig. 1.4 is a sketch of
STM break junction technique. A self-assembled monolayer is formed by the target
molecules with both ends reactive with metal electrodes (Fig. 1.4a). The STM tip is first
brought into contact with the sample to form molecular junctions (Fig. 1.4b), then
retracted at a constant speed, during which the conductance-distance traces are recorded
(Fig. 1.4c-d). At the forming of molecular junctions, plateaus are observed on the
conductance-distance trace, giving the conductance value of the junctions (Fig. 1.4e).
When the tip is pulled far enough from the substrate, the molecular junctions are broken
(Fig. 1.4d-e), causing a sharp drop in the conductance of the gap between the tip and
substrate. Thousands of conductance-distance traces are combined into a histogram with
peaks showing the most probable conductance values of molecules (Fig. 1.4f).
Sometimes there are multiple peaks presented in the conductance histograms. Usually the
peak corresponding to the lowest conductance is attributed to single molecular junction,

while other peaks are from multiple molecules bridged in between.
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Figure 1.4 Measurement of single molecule conductance with STM break junction
technique. (a) The STM tip approaches the substrate. (b) Molecular junctions are formed.
(c) The STM tip is pulled away from the substrate. (d) Molecular junctions are broken. ()
Conductance-distance traces of 4, 4’- bipyridine. (f) Conductance histogram of 4, 4’-

bipyridine. (Figures obtained from [''])

To date, STM break junction technique has been successfully utilized by several
groups around the world and approved to be an effective and robust technique. The
technique has also been adapted in various ways to obtain additional information or
introduce other physical parameters. For example, the tip can be halted once the
formation of molecular junction is detected, then by sweeping the bias, the current-
voltage characteristics can be performed, from which one can resolve valuable
information such as tunneling barrier height*" 3! 32, differential conductance® **, and

inelastic tunneling spectroscopy”> °°. Moreover, by modifying the setup, researchers have
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introduced many interesting physical parameters (electrochemical gate®’, temperature®s,
force’!, etc) into their experiments, providing ways to look into the interplay between
various physical influences and electronic properties. In addition, there’s a wide range of
environment that STM can perform in, including ultra-high vacuum, the air, some low-
conductivity solvents, and conductive solvent like water and ionic liquid (with Apeizon
wax coated tip). Above all, since STM break junction technique relies on statistical study,
the experimental results have shown high reproducibility across labs. All these great
features make the STM break junction technique a powerful tool in the study of

molecular junctions.

1.4 Thermoelectric Effects in Molecular Junctions

Thermoelectric effect, also known as Seebeck effect is the direct conversion of
temperature difference into electric voltage. The reverse effect is referred as Peltier effect,
in which the effect of heating or cooling presents at the electrified junction of two
different conductors. Based on these effects, many thermoelectric energy conversion
devices were built, for example, thermocouple thermometer and semiconductor heater or
cooler. To provide a measure of the temperature to voltage conversion efficiency, the

Seebeck coefficient S is used and defined as in
AV =V, -V, = f;f —S(T)dT (1.4.1)

, where S is dependent on absolute temperature. Normally, within small temperature

difference, S is treated as a constant given by
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AV
S=-2 (142).

When several pieces of materials are connected linearly in the circuit, the voltage

generated can be described as
T;
V=Y, fTuz =S;(T)dT (1.4.3)

, wWhere T;; and T;, are the temperatures applied to material i, and S; is its Seebeck

coefficient.

Basically, the Seebeck effect comes from the accumulation of charge carries moving
from one side of the material to the other. The charge carriers move along the thermal
gradient in both bulk materials via diffusion and molecular junctions via tunneling or
hopping. Fig. 1.5 illustrates two examples of electron transfer through LUMO and hole
transfer through HOMO. When the electrode’s Fermi energy is closer to the LUMO of
the bridged molecule, the charge transport will occur mainly through LUMO, and
electrons has larger transmission probability comparing to holes. Therefore, more
electrons will be transport from the hot side to the cold side, leading to a net negative
thermoelectric current. Similarly, when the electrode’s Fermi energy is closer to the
HOMO, holes will be the main charge carriers and move from the hot side to the cold

side, resulting in a net positive thermoelectric current.
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Figure 1.5 Energy diagram of thermoelectric effect in molecular junctions with (a)

The thermoelectric effect can also be reflected from a simplified model within the

Landauer framework. Take the scenario of LUMO transport for example, the current

Iyse = _Tf T(E) [fu(E, un, Ty) — fc(E,uc, T dE  (1.4.4)
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, where e is the charge carried by an electron, % is Plank constant, T(E) is transmission
function, fy and f; are Fermi-Dirac functions for the hot and cold electrode, E is energy,
Uy and p. are chemical potentials of the hot and cold electrodes, Ty and T, are the
absolute temperatures of the hot and cold electrodes. For hole transport through HOMO,

1-fis used instead of f.

By applying the Sommerfield expansion (equation 1.4.5), equation (1.4.4) can be

transformed into

H(E) u T2 1 2 , 1
eBE-W+1 dE = f—ooH(E)dE + ?(ﬁ) H'(w) + 0(5)4 (1.4.5)
~ _ 2lel? _ 2]e| n%kp?T 9 7(E)
s ® —=—T(EpAV — = ——"———= pe AT (1.4.6)

.where AV = = WED AT = T — Ty and T = 2 (T, + T).

le|
Assuming small bias and temperature gradient, one have

w2kg?T dln[t(E)]

AVl c=0 = o5 pog, AT (14D
Therefore,
AV 2k 2T dIn[t(E)
Sjunction =T n3|g| n_g; ] (1.4.8)

E=Ef

Equation (1.4.8) indicates that Seebeck coefficient is associated with the slope of

transmission function at the Fermi level, which is determined by the molecular level,
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coupling and Fermi level of electrodes. Interestingly the expression of Seebeck

coefficient for molecular junctions is similar to that for bulk materials given by,

AV m?kp®T dInR

Shuk = =47 = Sl OF lg—p, (1.4.9)

, where R is the resistance of the bulk material. The similarity provides us another aspect

to compare and understand the thermoelectric effect in different scales.

The measurement of thermoelectricity of molecular junctions was first carried out by
Reddy et, al.?® in 2007. There measurement was conducted by a room temperature STM
break junction set up, which combines a DC current preamplifier and a voltage amplifier
(Fig. 1.6a). Monitored by the current preamplifier, the cold tip was approached toward
the heated substrate functionalized with molecules until the current reached a set point
where the distance between the tip and substrate is short enough to form molecular
junctions. Then the tip was retracted, the bias was turned off, and the circuit was switched
to the voltage amplifier to measure the thermoelectric voltage. This approach provides a
straightforward way to obtain the Seebeck coefficient from the direct measurement of
thermoelectric voltage. However, the number of molecules bridged in between is not
reflected, and the relationship between the conductance and Seebeck coefficient could not

be observed.

In 2012, Widawsky et, al.° conducted the direct current measurement to measure the
single molecule thermoelectric effect using a room temperature STM break junction set

up. They also approach the cold tip to the heated substrate functionalized with molecules
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until close enough to form molecular junctions, and then retract the tip by a predefined
distance and hold it for a period of time, during which the bias is turned off and back on.
An electrometer was used to monitor the current. The conductance of molecular junction
was resolved from the current of the bias-on portion, while the thermoelectric current was
the current of the bias-off portion (Fig. 1.6b). Before the thermoelectric measurement,
they performed conventional conductance measurement to find out the reasonable range
for single molecule. According to this range, they selected the data corresponding to
single molecular junctions, and extract the Seebeck coefficient from the thermoelectric
current. This method measured the conductance and thermoelectric effect within a very
short time window, which enabled single molecule measurement, but still lacks direct

evidence that the data corresponding to single molecular junctions.

To really simultaneously measure the conductance and thermoelectricity, Shaoyin et,
al. used the rapid current-voltage (I-V) curve measurement method*® with a STM break
junction set up (Fig. 1.6¢). The tip was repeatedly approach toward, making contact and
retracted from the substrate functionalized with molecules. Once a molecular junction is
formed and detected, a rapid bias sweep over a small range (10 mV) will be performed.
From the statistic study of the I-V curves, they get the thermoelectric current at zero bias,
and obtained the thermoelectric voltage at zero current. Similar method was employed for
my measurement of the thermoelectric effect in single DNA molecules. More details can

be found in Chapter 2.
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Figure 1.6 Illustrations of different methods of thermoelectric measurement. (a)
Experimental set up of thermoelectric voltage measurement of molecular junctions.
(Figure obtained from [*®]) (b) Thermoelectric current measurement procedure. (Figure
obtained from [*°]) (c) Thermoelectric rapid I-V measurement procedure. (Figure

obtained from [*°])

1.5 Charge Transport/Transfer in DNA

Charge transport/transfer (CT) in DNA has been a hot topic for decades, and was
investigate mainly by the method of photochemistry, electrochemistry or molecular
electronics. Among the four bases, Guanine has the lowest ionization energy, followed
by Adenine, so the CT mainly happens by the hole transport through the HOMO of

Guanine and Adenine.
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It is commonly agreed that CT through GC (Guanine Cytosine) base pairs occurs via
sequential hopping, while for short AT (Adenine Thymine) base pairs, tunneling is
responsible for the CT, then as the number of AT base pairs increase, hopping becomes
dominant. The different pattern between CG and AT base pairs can be attributed to the
lower activation energy of CT through G base, thus making thermally activated hopping
to be the main pathway of CT. The transition from tunneling to hopping dependent on the
number of AT base pairs has been observed by many groups using different methods. For
example, Giese et, al.’® used the photolysis of 4’-acylated nucleotide to generate a radical
cation, which propagated through the bridge consists of repeating AT base pairs. By
measuring the oxidized damaged product, they resolved the charge transfer efficiency,
and noticed the CT mechanism changes from tunneling to hopping at the distance of 3
AT base pairs. Another method of photochemical measurement of CT in DNA was first
developed by Lewis and Wasielewski in 1997 -, They modified the double strand (ds)
DNA with a hole donor group on one end and a hole acceptor group on the other, then
used a time-resolved fluorescence spectroscopy to monitor the intensity at 575 nm and
525 nm, which correspond to the hole density at the donor and acceptor species,
respectively (Fig. 1.7a). From the intensity v.s. time they were able to extract the charge
transfer rate constant. And they also observed a transition from tunneling to hopping at

the distance of 3 repeating AT base pairs®! (Fig. 1.7b).

Another intensely utilized platform for analyzing CT through DNA is

162, 63

electrochemical methods developed by Barton et, a . ds DNA molecules were

modified with a redox group (methylene blue, anthraquinone or nile blue) on one end and
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thiol group on the other end to bind with Au surface® (Fig. 1.7¢). By performing cyclic
voltammetry under different scan rate and applying Laviron analysis®®, the charge
transfer rate constant through the DNA molecule was measured. It worth noting that the
charge transfer rate constant measured by electrochemical methods is different than that
measured by photochemical methods by 1 orders of magnitude, probably because
photochemical methods measures excited state, while electrochemical methods measures

ground state.

In addition to the characterizations with chemical methods, direct measurement of
charge transport in DNA is also possible by applying bias across a metal-molecule-metal

junction. For instance, Porath et, al.%

employed conducting AFM to measure the current-
voltage (I-V) characteristics of ds DNA bridged in between Au surface and Au
nanoparticle. More examples can be found in the STM break junction measurements,

such as conductance measurements by Xu et, al®’. on thiolated ds DNA molecules (Fig.

1.7d).

The theoretical framework of CT in DNA has also been intensely developed in recent

6870 and computational simulations’!"”. The hopping transport

years by theoretical models
mechanism through GC base pairs and transition from tunneling to hopping in AT base

pairs were successfully confirmed and explained by theoretical calculations’!.
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Figure 1.7 Illustrations of different methods of charge transfer/transport through DNA. (a)
In the photochemistry measurement, transition absorption spectroscopy from 1 ps to 6 ps
shows a changing ratio of the two peaks at 575 nm and 525 nm. (b) Charge transfer rate
constant changing with the number of AT base pairs. (Figures a and b obtained from [°']).
(c) In the electrochemistry study of DNA charge transport, DNA molecules intercalated
with methylene blue (MB) are immobilized on Au surface by thiol groups. (Figures a and
b obtained from [**]) (d) In STM break junction measurement of DNA charge transport,
single DNA molecule bridge in between two electrodes biased with a small voltage.

(Figures a and b obtained from [*7])
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1.6 Single Molecule Electrochemical Measurement

The conventional CMOS technology relies heavily on three terminal devices, thus
making it encouraging for molecular electronics to add a third terminal to the metal-
molecule-metal system to realize a more profound control. Different types of gating
method have been developed (back gate’, chemical gate” and electrochemical gate'?),
among which electrochemical gate is the most readily built, and can be most
straightforwardly controlled and understood. By adding a reference electrode in touch
with the electrolyte and insulating the STM tip with Apeizon wax, electrochemical
potential can be applied to the molecule to shift the relative alignment between molecular
levels and electrode Fermi levels during the STM break junction measurements (Fig. 1.8).
In this way, one can measure the electrochemical gate dependency of the interested
electronic properties, or conversely control the electronic properties with gating. For

example, Diez-Perez et, al.?

reported an enhancement of 2 orders of magnitude in the
conductance of coronene molecule under a negative gate potential, because the Fermi

level of electrodes is shifted closer to the LUMO level.
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Figure 1.8 Illustration of the electrochemical STM measurement set up. The source and
drain electrodes are the STM tip and substrate, and EC gate is a silver electrode. The

source-drain bias (Vuias), and the EC gate voltage (V) are controlled independently.

It is especially of great interest that electrochemical gate can be employed to control
the redox state of a redox active molecule bridged between electrodes. Conductance
switching between two states at different potentials was reported in many studies’® 7’.
When the redox state of molecule can be reflected by the level of conductance, by doing
statistical study of conductance and plateau length, one can then determine the relative
popularity of reduced and oxidized species under certain electrochemical gate potential.

Because in a conductance histogram, S, the area of the conductance peak for single

molecular junction can be expressed by’®,
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S=nj[-lLi, (1.6.1)
vU

where 7n; is the number of molecular junctions (traces with plateau), L is the plateau
length of the plateau, f'is the sampling frequency, v is the pulling rate in nm/s and U is the
number of bins in the conductance histogram. When f, v, and U are kept the same for
each experiment, the peak area S is proportional to the product of n; and L. Because the
oxidized state and reduced state are measured under exactly the same circumstances, and
their structures are only differed by the redox moiety, we believe that their yield of
forming molecular junctions are proportional to the surface coverage of the species.
Therefore, ideally the peak area, S is proportional to the product of surface coverage of

species and plateau length.

Apart from discrete levels of conductance under different gate voltages, different
patterns of gate dependency of conductance were also discovered for redox molecules.
For example, Xiao et. al.”’ reported a gradual increase of conductance for Ferrocene
derivatives as the gate voltage increases. And Osorio et, al. observed a conductance
maximum at redox potential of bipyridinium molecule?’, which can be explained by the

two step model®’,
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1.7 Molecular Mechanochemistry Done by STM Break Junction Measurements

Mechanical energy has been known to induce chemical reactions since time
immemorial, for example making fire. Mechanochemistry®!, as a field of research, arises
from the interface between chemistry and mechanical engineering. In the long history of
mechanochemistry, extensive studies have been devoted to mechanical activation of

reactions in bulk systems® %

, where shear, friction and compressive force play the key
roles. The landscape of mechanochemistry was substantially expanded when the skill of
force control evolves from conventional tools (grinding or milling) to advanced
techniques (atomic force microscopy®*, optical tweesers®®, molecular force probes®, etc).
By applying forces or stresses at molecular length scales on part of the molecule, the
chemical bonds are mechanically activated, yielding products of interest, which defines
the realm of molecular mechanochemistry®”. A wide range of processes at single-
molecule scale were studied. The effect of mechanical tension on polymers, for instance,
were found to cause structural change varying from simple conformational changes to
bond stretching and deformation®’. Another important example is the study of force-
induced rupture of the sulfur-sulfur bond in biopolymers®°. It has also been shown that

forces or stresses can trigger physiological processes such as unfolding of proteins®' and

DNA?,

The physical basis for mechanically activated reaction first proposed by Erying and
Kauzmann® attributes the change in reactivity to a decreased activation energy.

Specifically, the force alters molecular structures to lower the barrier, meanwhile the
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work performed by the force supplies energy to promote reactions’®. As a result, the
energy landscape was tilted by the force. The simplest model describes the activation
energy to be proportional to the magnitude of the applied force, and to the conformational
change aligned with the force®® . The approach of mechanochemistry is distinct from
thermochemical, photochemical and electrochemical methods because of the directional
nature of force and high spatial resolution of fine management over nuclear degrees of
freedom, leading to its outstanding convenience in controlling reaction rates and
equilibriums, steering reaction to follow specific pathways, and maintaining mild reaction

conditions.

To adopt the method of mechanochemistry in STM break junction measurements, we
need to first understand the force within the molecular junctions. Obviously, we are
applying a stretching force during the retracting phase in the break junction process.
From a bond elasticity of view, the magnitude of the force at breakdown should be
determined by the softest bond along the junction. To understand the break down
mechanism, Xu et, al.*® employed a conducting AFM set up to perform break junction
measurements for octanedithiol, which bind to the electrodes via Au-S bond, and
bipyridine, which bind to the electrodes via Au-N bond (Fig. 1.9). The breakdown force

of octanedithiol was measured to be 1.5+0.2 nN, which is similar to the breakdown

force of gold atomic wire (1.5 nN). And the smallest spring constant of Au-Au bond
among all the bonds involved in an octanedithiol molecular junction verifies the
assumption that the breakdown happens at the Au-Au bond. In contrast, the breakdown

force of bipyridine was found to be 0.8 £0.2 nN. This is because the Au-N bond is the
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weakest point in a bipyridine junction, and the breakdown force is defined by the spring
constant of Au-N bond. Since then, the breakdown force of molecules with a variety of
linkers have been studied by many works using conducting AFM°”%°. These studies all
agree that the largest possible breakdown force in a molecular junction formed in
between gold electrodes is 1.5 nN, which is the breakdown force of Au atomic wire.
Informed by the magnitude of breakdown force, it becomes possible for us to characterize
the force effect in electromechanical measurements and in force induced electron transfer
process. Bruot et, al. measured the force dependence of conductance for 1,4’-
Benzenedithiol with STM break junction technique. They observed a positive
relationship between the stretching force and conductance, and attributed the dependence
to the force-induced change in the molecule-electrode coupling. In the third chapter of
this thesis, we will look into the mechanochemistry done by STM break junction, in

which a redox reaction of Ferrocene is induced by mechanical force.
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Figure 1.9 Measurement of the breakdown force of molecular junction with AFM. (a)
Schematic illustration of the breakdown process of a molecular junction, during which
both the conductance and the force are monitored. (b-d) Conductance and force vs.
distance plotted for 1,8-octanedithiol (1 molecule in b and 2 molecules in c) and 4,4'-

bipyridine (d). (Figures obtained from [*®])
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2 THERMOELECTRIC EFFECT AND ITS DEPENDENCE ON MOLECULAR

LENGTH AND SEQUENCE IN SINGLE DNA MOLECULES

2.1 Introduction

The thermoelectric effect is a basic property of materials and has been employed
in energy conversion, temperature sensing and regulation. This important effect in single
molecules is expected to differ from that in bulk materials.'® In addition to potential
applications, investigating the thermoelectric effect in single molecules helps analysis the
molecular orbital level alignment, understand the energy conversion mechanism
associated with charge transport, and find out whether electrons or holes are responsible
for the charge transport. The work by Reddy et al.?® has stimulated many works focusing
on the thermoelectric effect in molecules.'®"'* However, to date, research has been
limited to the coherent tunneling regime, which is a quantum mechanical process with a

characteristic exponential dependence of the molecular resistance with length.

Here I demonstrate a study of the thermoelectric effect in double-stranded DNA
molecules. By selecting different DNA sequences, I study the thermoelectric effect not
only in the tunneling regime, but also in the hopping regime, which has a linear
dependence of the molecular resistance with length. The work shows that DNA
thermoelectricity can be tuned by its sequences and length, which provides new insights
into the thermoelectric effect in single molecules, and basic knowledge for potential

applications with programmable DNA nanostructures'®.
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2.2 Methods

2.2.1 Preparation of dsDNA SAM

All DNA molecules were purchased from Bio-Synthesis Inc. The T terminal of each
DNA molecule was modified with an amine group'%, allowing covalent binding to gold
electrodes for electrical measurement. The name and structure of all the sequences are
listed in Table 2.1. The DNA molecules were annealed by a thermal cycler (TC-050-18,
Labnet Inc) to form the B-form double helical structure in phosphate buffer. The B-form
structure was verified by gel electrophoresis, circular dichroism and melting curve (See
section 2.7.1~2.7.3). The phosphate buffer was prepared with Na,HPO42H>0 (for HPLC,
> 98.5%) and NaH2PO4 (for HPLC, > 99%) purchased from Fluka. The DNA molecules
were immobilized on a gold substrate (gold with thickness of ~160 nm on mica) prepared
in a vapor deposition system under ultra-high vacuum. Before each experiment, a new
gold substrate was annealed with hydrogen flame briefly, and immediately immersed into
phosphate buffer (5 mM, pH=7) containing 5 puM double helical DNA, incubated
overnight. The substrate electrode was then rinsed with phosphate buffer and dried by
nitrogen flow. The DNA-coated gold substrate was attached to the sample holder of the
STM, which was placed in a glove box under nitrogen atmosphere with relative humidity

of about 20%.
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2.2.2 STM setup

The charge transport and thermoelectric measurements were performed with the
STM consisting of a controller (Nanoscope IIIA, Digital Instruments Inc.) and a STM
scanner (Molecular Imaging). The STM tip was freshly cut from a gold wire (0.25 mm
diameter, 99.95%, Alfa Aesar). As a thermal reservoir, a piece of electrically shielded
copper strip (0.7 cmx0.4 cmx2 cm) was thermally connected to the STM tip holder. The
STM sample holder was attached with a semiconductor cooler with a thermistor to

measure the temperature (controlled by Lake Shore 331 temperature controller).

2.2.3 Measurement of thermoelectricity

The STM break junction technique was utilized to measure the conductance of DNA
with a procedure described in detail elsewhere !! (Fig. 2.1a). Briefly, the STM tip was
first brought into contact with the DNA molecules on the gold substrate, allowing the
amine-terminated DNA to bind with the gold electrodes. Then the tip was retracted at a
constant speed from the substrate, during which a conductance-distance trace was
recorded. The last plateau in the conductance trace corresponds to a single DNA
molecular junction. The process was repeated thousands of times. A conductance
histogram was constructed from the individual conductance traces, and the peak position

in the conductance histogram gave the average conductance of the DNA molecule.

34



To measure the thermoelectric effect of DNA molecules, I introduced a
temperature gradient across the molecule by cooling the sample holder while maintaining
the STM tip at the room temperature®®. During the experiment, the temperature of the
sample was monitored with thermistors. When a molecular junction was formed as
indicated by the formation of a plateau feature in the conductance-distance trace, the tip
was held in position and a I-V curve was recorded. Then the tip was retracted further
away from the substrate by an additional distance. If the current did not drop abruptly,
suggesting that the molecular junction was still intact, another I-V curve was recorded.

Otherwise, the measurement was started over again.

More than two thousands of I-V curves were recorded for each temperature
gradient. These I-V curves were normalized by conductance (G) and combined into a two
dimensional I/G vs. V histogram. The voltage offsets in the I/G vs. V histogram were
used to construct a histogram of thermoelectric voltage, and Gaussian fitting of the
thermoelectric voltage histogram at different temperatures provided the Seebeck
coefficient of DNA. Controlling the STM tip movement, recording and processing the
experimental data described above were achieved with Labview 8.5 and data acquisition

card.

2.3 Double Stranded DNA Sequences

To investigate the thermoelectric effect in the hopping regime, I chose DNA
molecules with sequences of 5’-A(CG),T-3’ (n=3, 4, 5, 6, and 7) (Fig. 2.1b), where A, C,

G and T denote the four DNA bases, adenine, cytosine, guanine and thymine,
35



respectively. Note that this sequence notation shows only one strand of the double
stranded DNA (dsDNA), and the second strand has the complementary sequence. The
complete sequences of all the dsSDNA measured in this work are listed in Table 2.1.
Previous studies have shown that charge transport in GC sequences is dominated by
hopping of holes along the molecule with each G base as hopping site’® 71!l To
investigate the thermoelectric effect in the tunneling regime, I looked into DNA
sequences, 5’-ACGC(AT)mGCGT-3’, where m=1, 2, 3 and 4, and 5’-ACGC(AT)mn-
1AGCGT-3’, where m=1, 2, and 3 (Fig. 2.1b and Table 2.1). The insertion of a block of
AT bases in the middle of the GC sequences introduces a tunneling barrier in between the

hopping bridges, as shown in literature,!!>!!7

allowing us to study the thermoelectric
effect in the tunneling regime. To measure the DNA with STM electrodes, we modified T
base at the 3’ end with an amino group, which binds to gold electrodes to establish

electrical contact between the electrodes and the molecule!.
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Table 2.1 Sequences of dsDNA Studied in This Work

Name Duplex Abbreviation
A(CG)sT 5’-ACGCGCGT-3’ A(CGIT
3’-TGCGCGCA-5’
A(CG)4T 5’-ACGCGCGCGT-3’ A(CO))WT
3’-TGCGCGCGCA-5’
A(CG)sT 5’-ACGCGCGCGCAGT-3° A(CGIT
3’-TGCGCGCGCGCA-5’
A(CG)6T 5’-ACGCGCGCGCGCGT-3’ A(CGIT
3’-TGCGCGCGCGCGCA-5’
A(CG);T 5’-ACGCGCGCGCGCGCGT- A(CG))WT
3 2
3’-TCGGCGCGCGCGCGCA-
5 b
ACGCAGCGT 5’-ACGCAGCGT-3’ ACGC(AT)m-1AGCGT
3’-TGCGTCGCA-5’
ACGCATGCGT 5’-ACGCATGCGT-3’ ACGC(AT)mGCGT
3’-TGCGTACGCA-5’
ACGCATAGCGT 5’-ACGCATAGCGT-3’ ACGC(AT)m-1AGCGT
3’-TGCGTATCGCA-5’
ACGC(AT)GCGT 5’-ACGCATATGCGT-3’ ACGC(AT)nGCGT
3’-TGCGTATACGCA-5’
ACGC(AT)AGCGT 5’-ACGCATATAGCGT-3’ ACGC(AT)m-1AGCGT
3’-TGCGTATATCGCA-5’
ACGC(AT);GCGT 5’-ACGCATATATGCGT-3’ ACGC(AT)nGCGT
3’-TGCGTATATACGCA-5’
ACGC(AT)4sGCGT 5’-ACGCATATATATGCGT- ACGC(AT)mGCGT
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2.4 Length Dependence of Conductance

I measured the DNA conductance and thermoelectric effect with a temperature
controlled Scanning Tunneling Microscopy (STM) setup shown in Fig. 2.1a, following a
procedure described in detail elsewhere!! (see also methods section). The conductance vs.
STM tip-substrate distance traces show plateaus associated with the formation and
breakdown of single molecule junctions (marked with arrows in the red traces in Fig.
2.1c). I also performed the experiment without DNA as a control, and observed no
characteristic plateaus in the conductance traces (black traces). By collecting thousands
of conductance traces, I constructed a conductance histogram (Fig. 2.1d), which shows a
broad peak, where the peak position measures the average conductance of a single
dsDNA molecule. The width of the histogram peak reflects the intrinsic variability and

8 To determine the

distribution in the molecule-electrode binding geometry.!!
experimental error, I repeated the above experiment more than three times, each of which

using a new sample to generate thousands of conductance traces, for every DNA

sequence, and used the standard deviation in the conductance values as the error bar.
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Figure 2.1 Thermoelectric and conductance measurements of DNA. (a) Conductance and

thermoelectric effect of a DNA molecule bridged between STM tip (kept at 295K) and

substrate (cold). (b) Two families of DNA sequences are studied in this work, denoted as

(1) A(CG)aT, (2) ACGC(AT)nGCGT and ACGC(AT)m1AGCGT (see Table 2.1 for a full

list). (¢) Conductance traces without (black) and with dsDNA A(CG);T (Red), where

plateaus are marked with red arrows. (d) Conductance histogram of A(CG);T, where the

solid red curve is Gaussian fit to the conductance peak. Note: Gy =2¢/h = 77.48 puS.
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I characterized the DNA samples by performing non-denaturing polyacrylamide
gel electrophoresis, circular dichroism spectroscopy and melting temperature experiments
in phosphate buffer (See section 2.7.1~2.7.3). These experiments demonstrated that each
DNA sequence studied here was in B-form double helical structure in phosphate buffer.
To ensure the DNA molecule still retained its double helical structure in the experiments
(~20% relative humidity), I compared the conductance of DNA measured in humidified
air with that measured in phosphate buffer, and found similar values within the
experimental uncertainty (Section 2.7.4 and 2.7.5). Another parameter that characterizes
molecular junction stability is the plateau length, which is the average distance that one
can stretch the junction before it breaks. The stretching length reflects the breakdown of
the hydrogen bonds at the very end of the dsDNA. Fig. 2.2 shows the stretching length
histograms of A(CG)3T in the air and in solution, and Gaussian fittings to the histograms.
From the fittings, the average stretching lengths were found to be 0.11 nm and 0.12 nm,
respectively. The similarity in the stretching length measured in air and in solution
confirms that the dsDNA retained its native structure in humidified air. These facts led
me to conclude that the DNA molecules in humidified air retained its double helical
structure, possibly due to a thin absorbed water layer on the substrate surface. This
conclusion is also supported by AFM!'?, STM'?°| mechanical break junction'?!, and

polarization modulation IR'?? measurements of dsSDNA on a surface in the air.
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Figure 2.2 Step-length histograms of A(CG);T measured (a) in the air and (b) in solution.

The red curves show Gaussian fittings of the histogram peaks.

The conductance (or resistance) of DNA is related with both the molecular length
and sequence. For A(CG).T (n=3~7), the resistance increases linearly with the molecular
length (Fig. 2.3a), which is expected for hopping transport.!%® 123124 According to the
thermally activated sequential hopping model'?* 26, holes hop along a DNA molecule
from one end to another, where the individual G bases act as hopping sites like stepping
stones. As a result, the total resistance is proportional to the number of hopping sites (G
bases), and thus the length of the molecule (see more discussions in section 2.7.6). When
DNA is connected to two electrodes (tip and substrate), an additional contribution to the

resistance arises from the two contacting part. The total resistance of the DNA is given

by125, 126

R=RARy=R+N-DRo.g, (2.1)
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where R. is contact resistance, R; is intrinsic DNA resistance, N is number of base pairs
and Rc.c is resistance of a hopping step (one GC base pair). Table 2.2 summarizes the R,
and Ry, of all the A(CG).T sequences. By fitting the experimental data with Eq. 2.1, we
resolved the contact resistance, Rc=0.48+0.16 M2, and the resistance of one step hopping,
R:6.6=0.28+0.02 MQ per GC base pair. Note that the contact resistance is small compared
to the total resistance for A(CG),T (See Table 2.2), suggesting efficient electronic
coupling between the electrodes and the molecule, and the DNA resistance is dominated

by the molecule itself, rather by the contact.

In contrast to the trend of A(CG),T resistance described above, the length-
dependence of ACGC(AT)mGCGT and ACGC(AT)m-1AGCGT resistance is significantly
different (Fig. 2.3b). For m=0, 1 and 2, the resistance increases more sharply with length
(L), and would be best fitted with an exponential function, rather than with a shallow
linear dependence found for A(CG),T. For m>2, however, the resistance shows weaker
length dependence, indicating a transition in the charge transport mechanism at m=2 (or 4
A-T base pairs). This observation agrees with previous photochemical and direct
conductance measurements of DNA, which have demonstrated that inserting a short AT
block in the middle of a GC sequence introduces a tunneling barrier, leading to an

exponential increase in the DNA resistance with the AT block length!!?-1!7

, and inserting
a longer AT block results in the transition in the charge transport mechanism from

tunneling to hopping!!'? %, The tunneling-hopping transition has also been predicted and

analyzed by theoretical calculations!'?!'7. See section 2.7.6 for further discussion.
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Based on the above results, I modeled the ACGC(AT)nGCGT and ACGC(AT)m.
1AGCGT resistance as a sum of three contribution parts, electrode-DNA contact, hopping
via GC sequences, and tunneling via the AT block, given by R=R+Rp+R;, where R¢ is
the contact resistance, Rn is the GC hopping resistance, and R¢ is the AT tunneling
resistance. Because both R and Ry are known from the A(CG),T measurement, I’m able
to determine the resistance of the inserted AT block, which is listed in Table 2.2. Semi-
logarithmic plot of the AT block resistance (R;) vs. the AT block length shows an
exponential dependence, following R~=Rpexp(fL), where Ry is the contact resistance
between the GC and AT block, and, f is decay constant and L is the AT block length (Fig.
2.3c). Fitting the experimental data with the above exponential relation leads to a f of
2.03+0.12 nm™! (Fig. 2.3c). This decay constant is smaller than ~4 nm™' reported by Xu et
al.!'"® for thiolated DNA molecules, but is within the range reported by various other

59,107-111

works and consistent with the calculations by Torisi et al.!'” and Voityuk et al.'?’

for dsDNA with alternating AT sequences.
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Figure 2.3 DNA Resistance vs. molecular length for (a) A(CGT (n=3~7) (b)

ACGC(AT)mGCGT (m=0~4) and ACGC(AT)m-1AGCGT (m=1~3) sequences, and (c) the

AT blocks (AT)m and (AT)m1A) in ACGC(AT)nGCGT and ACGC(AT)m1AGCGT

sequences. The solid lines in (a), (b) and (c) are linear fits to the data, and the dashed line

in (b) is a guide to eye. The transition from tunneling to hopping occurs the AT block is

longer than 4 base pairs, which is markers with a shaded orange region.
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Table 2.2 Conductance and Seebeck Coefficients of DNA With Different Sequences

<
8
A
Q
=
Q
&
Sequence Conductance (Conductance Resistance R. R, R, Seebeck 2
peak position  peak width MQ) OMQ)Y  (MQ)* (MQ)* coefficient nG(w
(log(G/Gy)) * (VKD m
2
]
A(CG);T -2.17+0.03 0.20 1.9+0.1 0.48 1.40 NA 1.4+£0.2 M
A(CG),T -2.27+0.02 0.18 2.4+0.1 048 1.96 NA 0.8+0.2 . m
en
A(CG)sT -2.37+0.01 0.17 3.0+0.1 048 2.52 NA 1.0+£0.2 m m
=
A(CG)T -2.42+0.01 0.18 3.4+0.1 0.48 3.08 NA 0.6+0.2 W .m
A(CG),T -2.510.03 0.20 42303 0.48 364 NA 08202 8§
5 g
ACGCAGCGT -2.31+0.02 0.25 2.6x0.1 048 1.12 1.0 5.0+£0.3 w m
= @
ACGCATGCGT -2.36+0.03 0.35 3.0+0.2 048 1.12 14 5.9+04 m e
Q ¥
ACGCATAGCGT -2.57+0.01 0.30 4.8+0.1 048 1.12 3.2 6.5£0.8 2 m
ACGC(AT),GCGT -2.76x0.08 0.30 7.4x14 048 1.12 5.8 7.9+0.5 2 3
n L
ACGC(AT),AGCGT -2.68+0.04 0.50 6.10.6 048 1.12 45 49+0.2 ER=
oo O
ACGC(AT);GCGT -2.65+0.07 0.52 5.8+09 048 1.12 42 2.0+£0.2 M Mm
=4
ACGC(AT).GCGT -2.77£0.05 0.40 7.6x0.9 048 1.12 6.0 2.0+£0.3 .F Anu
NI
)
T2
S
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2.5 Thermoelectric Effect in Single DNA Molecules

The thermoelectric effect of a single DNA-electrode junction can be described by

AU -N(1,, /G)
S- = S _ TE,m :S _ TE,m m , 22
Jjunction Au AT Au AT ( )

where Sy, is the Seebeck coefficient of gold (~2 pV K 2%) Urg, is the open circuit
voltage, I7e,m 1s the short circuit current, Gy, is the conductance of the molecular junction,
and AT is the temperature difference between the STM tip and substrate electrodes. I
measured the thermoelectric effect by keeping the tip at 295 K while cooling the substrate
from 295 to 275 K.** This temperature range is selected to ensure that all the dsDNA
sequences are structurally stable, and their resistance does not change significantly with

temperaturem.

I started the thermoelectric effect measurement by detecting plateaus in the
conductance traces during the retraction of the STM tip from the substrate (Fig. 2.4a).
Once a plateau was detected, I halted the tip retraction and swept the bias voltage
between the tip and substrate electrodes over £10 mV to obtain a current (I)-voltage (V)
characteristic curve. After recording an I-V curve, I further retracted the tip to a new
position, and repeated the I-V measurement until the molecular junction broke down. Fig.

2.4b shows several I-V curves for ACGC(AT).GCGT measured at different locations of a
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conductance plateau, where the colors of curves match the colors of the dots marked on
the conductance plateau shown in Fig. 2.4a. These I-V curves are linear within the bias

range.

From the I-V characteristics I obtained the average Seebeck coefficient of a DNA
molecule with the following procedure. First, I fitted each I-V curve with a linear
function to obtain G, and then obtained a corresponding I/G-V curve by dividing / by G.
From thousands of I/G-V curves, I constructed a 2-dimensional I/G-V histogram for each
temperature difference (Figs. 2.4c and 2.4d). When the substrate is held at the same
temperature as the tip (AT=0), the center of the histogram passes through the origin of
I/G-V plot (Fig. 2.4¢). In contrast, when the substrate is cooled below the tip temperature,
there is an offset in the histogram in the I/G-V plot, due to the thermoelectric effect (Fig.
2.4d). By extracting the voltage offsets (at zero current) from the I/G-V histograms, |
constructed the thermoelectric voltage histograms at different tip-substrate temperature
differences (Fig. 2.4e, Fig 2.5 and Fig 2.6). The peak in each thermoelectric voltage
histogram was fitted with a Gaussian distribution, from which Urg . was determined. Fig.
2.4f shows that Ure,m depends linearly on AT, and Sjurcion can be determined by the slope

according to Eq. 2.2.
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Figure 2.4 Thermoelectric measurement of DNA. (a) Semi-logarithmic plot of
conductance-distance trace (the colored dots mark where /-7 curves are measured). (b)
Individual /-V curves measured at the locations marked with corresponding color in a. (c)
1I/G-V histogram at A7=0 K. (d) I/G-V histogram at 47=19.5 K, showing an offset due to

the thermoelectric effect. (¢) Thermal voltage histogram, where the red curves show
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Gaussian fits. (f) Thermoelectric voltage vs. AT, where the straight line is linear fit to the

data, and error bars are fitting errors. DNA sequence: ACGC(AT)>GCGT.
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Fig. 2.7 summarizes the Seebeck coefficients of DNA with different lengths and
sequences, from which several important conclusions can be drawn. First, the Seebeck
coefficients are positive for all the DNA studied here. It has been explained in section 1.6
that a positive Seebeck coefficient corresponds to hole-dominated charge transport, and a
negative Seebeck coefficient signals electron-dominated charge transport?®. The
observation of positive Seebeck coefficients here shows that holes dominate charge
transport in DNA. This is as expected because DNA HOMO level is close to the
electrode Fermi level compared to its LUMO level, and is also consistent with previous
experiments!!% 114 116. 117. 130 "Nevertheless, the prediction of the Seebeck coefficient sign
is based on a coherent tunneling model, which is not necessarily applicable to hopping
transport. The data indicate that this prediction appears to be valid also in the hopping
regime. Second, the Seebeck coefficients of DNA in the hopping regime (in A(CG).T)
are small, and weakly depend on the molecular length compared to other organic
molecules!®"> 132, Last, inserting a short AT block (shorter than 5 AT base pairs) into the
middle of A(CG).T leads to a much greater Seebeck coefficient, and it increases with the
AT block length. However, when the AT block is longer than 5 AT base pairs, the
Seebeck coefficient drops to the level of A(CG).T, and become insensitive to the AT
length. This transition coincides with the tunneling-hopping transition near 4-5 AT base
pairs observed from the conductance measurement, which strongly suggests that the

thermoelectric effect is large in the tunneling regime and small in the hopping regime.
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Figure 2.7 Seebeck coefficients of DNA with different molecular lengths and sequences.
The black squares are the Seebeck coefficients of A(CG).T (n=1, 2, 3). The blue triangles
are the Seebeck coefficients of ACGC(AT)mGCGT (m=1~4) and ACGC(AT)m-1AGCGT
(m=1~3) sequences, showing a transition when the AT block length is longer than 4 base

pairs. The solid and dashed lines are guides to eye.

2.6 Theoretical Analysis

The Seebeck coefficient for bulk materials can be expressed by the Mott

formula'33,
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2
S:#@T%lﬁﬁj . (23)
3e R OE ).,

where R is the energy dependent resistance function, and E is the energy of the carriers.
kg 1s Boltzmann constant, 7 is temperature and e is elementary charge. The Mott formula
assumes incoherent transport, which is applicable to hopping transport in DNA. For
coherent tunneling transport, the Seebeck coefficient can be obtained with Landauer’s
formula, which leads to a similar expression as Eq. 2.3 except that R is replaced by the

energy dependent transmission probability function. 103 134

Assume that the resistance function, R(E), can be expressed as a sum of the
contact and hopping resistance functions (Eq. 2.1), which is modeled as Fig. 2.8a, the
experimental thermoelectric effect in the hopping regime can be analyzed with Eq. 2,3.
The resulting overall Seebeck coefficient (S) consists of contributions from the molecule-

electrode contact (S¢) and hopping along the dSDNA sequences (Sh), given by

R .. R
S[A(CG),T]===S, +-L58,, (24
[ACG),T]=— S 405, (24)

c

where R, R. and R, in Eq. 2.4 are the total resistance, contact resistance and DNA
resistance, respectively. We discuss the validity of the assumption, and derivation of Eq.
2.4 in section 2.7.7. Both R. and R; are known from the linear fitting to the experimental

data shown in Fig. 2.3a (See Table 2.2).

In the case of ACGC(AT)mGCGT and ACGC(AT)m-1AGCGT sequences, the total

resistance R[AT] includes another contribution, R;, arising from the inserted AT block in
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the middle of the GC sequence, as shown in Fig. 2.8b. The overall Seebeck coefficient of
the DNA junction should also include the contribution from the inserted AT block,

described by,

R . .R . R
S[AT]:ESC+?”S,1+ES“ (2.5)

where §; is Seebeck coefficient of the inserted AT part.

In Eq.2.4, although R; is proportional to the molecular length, S is independent of
the length in that it is proportional to the relative change in R (a normalized quantity). S¢
is independent of the molecular length, too. Therefore, we conclude that the molecular
length dependence of the overall Seebeck coefficient, S, arises from R in Eq. 2.4, which
as shown in Fig. 2.3a is weakly dependent on molecular length. By fitting the measured
Seebeck coefficients times R with Ry, at different lengths (Fig. 2.8c¢), I obtained the slope,
Sp=0.1£0.3 pV K'!, and from the intercept we found that S.=4.8+1.7 uV K!, showing that
the contact plays a dominant role in the thermoelectric effect of A(CG),T. The above
model explains the weak length dependence of the observed thermoelectric effect for

A(CG),T.

For Eq. 2.5, I plotted S*R vs. R, (Table 2.2) in Fig. 2.8d for short AT blocks (m=1-2),
which follows a linear function. According to Eq. 2.5, the slope of the linear relation is S;,

from which I found that S=8.9+ 1.4 pV K. For longer AT blocks (m>2), I determined S;
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from Eq.2.5 (Table 2.3). Compared to the short AT blocks, these longer sequences have

smaller Seebeck coefficients (~2 uV K™).

To further understand the tunneling Seebeck coefficient, S;, from the AT block, I

express the transmission function of the tunneling barrier with a Lorentzian distribution

131, 132, 135, 136
by,

4r?

T(E):m, (26)
H

where T' is the width of the HOMO level of the AT block and AEy is the energy
difference between the AT block and GC HOMO levels. Using the above transmission
function, the contributions of the AT block to the resistance and Seebeck coefficient are

described as

1 4r°
_:Goﬁa (27)
R 4T’ +AE,

t

S:ﬁﬁngN%
" 3e AMP+AE,]

. (2.8)

By fitting the experimental data with Egs. 2.7 and 2.8, I obtained I" and AEy (Table 2.3),
which shows that I' << AEy, indicating a weak coupling between the AT block and the
GC sequences and electrodes. In this weak coupling limit, S; is proportional to 1/AEx."!3>
137 Because the electronic coupling between alternating AT base pairs in the AT block is
weak,'?” and AEy is expected to be weakly dependent on the AT block length, which

explains the constant slope (S;) in Fig. 2.8d.
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The expression of Seebeck coefficient of molecular junction (Eq. 2.3) suggests that
Seebeck coefficient is correlated with the slope of transmission function at Fermi level of
electrodes, which is determined by the molecule’s HOMO and LUMO levels, the
coupling between the molecule and electrodes, and the Fermi level of electrodes.
Therefore, we should realize that the Seebeck coefficient of the molecular junction is
more than a quantify of the thermoelectric power of the molecule itself, but an overall
effect comes from the interplay between the molecule and electrodes. Each part can

potentially induce a substantial difference in the measured Seebeck coefficient.
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Figure 2.8 Thermoelectric effect in DNA in terms of tunneling and hopping models. (a)

Charge transport in A(CG).T, where a hole is injected from left electrode into the first G,
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then hops along the molecule with each G as a hopping site, and eventually reaches the
right electrode. The charge transfer rates at the contacts (red part) are energy-dependent,
which is a dominant contribution to the Seebeck coefficient. (b) Charge transport in
ACGC(AT)mGCGT and ACGC(AT)m-1AGCGT, where a tunneling barrier (marked blue)
arises from the AT block. (¢) R*S vs. R, for A(CG),T sequences. (d) R*S vs. R; for
ACGC(AT)mGCGT and ACGC(AT)m1AGCGT (m=1 and 2). Solid lines in (c) and (d)

are linear fits to the data.

Table 2.3 The Resistance (Ry) and the Seebeck Coefficients (S;) of the AT Blocks.

Sequences R/MQ SV K I'/eV AEn/eV
ACGCAGCGT 1.0+0.3 8.9+1.4 0.07+0.02 1.3£0.4
ACGCATGCGT 1.4+0.4 8.9+1.4 0.06 £0.02 1.3+0.4
ACGCATAGCGT 3.240.3 8.9+1.4 0.05+0.01 1.6+0.3
ACGC(AT),GCGT 5.8£1.6 8.9+1.4 0.03+0.01 1.4+0.5
ACGC(AT),AGCGT 4.5+0.8 6.1+1.3 NA NA
ACGC(AT);GCGT 4.2+1.1 2.24+0.8 NA NA
ACGC(AT);GCGT 6.0£1.1 2.1:0.7 NA NA

[/ is the broadening of the HOMO levels, and AEy is the energy difference between the
HOMO levels of AT and GC blocks.

Though the above hopping and tunneling models help understand the length
dependence of the Seebeck coefficients in DNA, a model including sufficient chemical

and structural details of dSDNA is needed to explain that the insertion of a short AT block
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increases the Seebeck coefficient. We used an extended Su-Schrieffer-Heeger model with

the Lennard-Jones potential to describe the dsSDNA.

A theory that treats electron-phonon coupling in the strong coupling regime has been
developed to calculate DNA conductance'*®. The theory has been recently extended to
determine the Seebeck coefficient in conducting polymers'*®. While the strong coupling
theory is wuseful in predicting qualitative trends of molecular conductance and
thermoelectric effect, it cannot include chemical details in the calculations easily. In this
respect, the weak coupling theory is more suitable. Previously, the weak coupling theory
has been used to explain the tunneling-hopping transition in single oligomers,'*’ and to
determine other charge transport properties, such as the electric current noise in
molecular junctions'*!. In this work, we applied the weak coupling theory to examine the
length and sequence dependence of the DNA Seebeck coefficient (See section 2.7.8 for
more details). The theory reproduces sequence dependence, and also the observed large
increase in the Seebeck coefficient associated with the insertion of an AT block in the
middle of CG sequences. The increase can be attributed to the difference in the site
energies between AT and GC base pairs. However, we emphasized that the calculation
was performed at 8 K, where the theory cannot provide quantitative agreement with the
experimental Seebeck coefficient, and nor it predicts the transition from tunneling to
hopping. Further investigation is still needed to quantitatively describe the measured

Seebeck coefficients, and the tunneling-hopping transition.
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2.7 Other Supporting Data and Discussions

2.7.1 Gel electrophoretic characterization of dsDNA

Nondenaturing polyacrylamide gel electrophoresis was performed to confirm the
formation of double helical DNA molecules. In the electrophoretic measurement, a
voltage of 200 V was applied to 50 pmol of each sample with 10% nondenaturing PAGE
gels in 1XTAE Mg?" buffer at 22 °C for 3 hrs. The resulting ethidium bromide (EB)
stained gels were scanned in a Biorad Gel Doc XR+ system for visualization. DNA
samples included 5’-A(CG),T-3" (n=3~7), 5’-ACGC(AT)nGCGT-3" (m=1~4), and 5°-
ACGC(AT)m1AGCGT-3’ (m=1~3) sequences. These DNA samples were dissolved in
phosphate buffer (5 mM, pH=7). The annealing program consisted of holding the
temperature at 95 °C for 5 mins, cooling from 95 °C to 90 °C at the rate of 4 °C per
second, cooling from 90 °C to 76 °C at a rate of 1 °C per 5 mins, further cooling from
76 °C to 26 °C at a rate of 1 °C per 15 mins, holding at 25 °C for 30 mins, then
maintained at 4 °C. This stepwise annealing process helped prevent the formation of
ssDNA hairpin structures. Section 2.7.1 summarizes the electrophoresis gel data for all
sequences, which shows one major band for each sequence. For longer sequences,
ACGC(AT);GCGT, ACGC(AT)AGCGT, and ACGC(AT)4GCGT, the electrophoresis
indicated a small amount of hairpin structures in the sample. These hairpin structures
were formed from single DNA strands, consisting of only one amine linker in each
structure, and could not form molecular junctions in the STM break junction experiments.

The electrophoresis also revealed a minor band close to the major band of
60



ACGC(AT)AGCGT (and ACGC(AT)4GCGT), which was due to the protected amine
group in some DNA molecules could not be deprotected (Glen Research

http://www.glenresearch.com/ProductFiles/Product.php?item=10-1037). Molecules with

protected amine linkers could not form molecular junctions in the STM break junction

experiments.

7 8 9 10 11 12

.

hai}fs_i;n

Figure 2.9 Gel electrophoresis of dsSDNA samples after a programed annealing process.

The samples from 1 to 12 are A(CG)T, A(CG)T, ACGCATGCGT, A(CG)sT,
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ACGC(AT):GCGT, ACGC(AT);GCGT, A(CG)T, A(CG);T, ACGCAGCGT,
ACGCATAGCGT, ACGC(AT)AGCGT, and ACGC(AT)sGCGT with their
complementary sequences, respectively. Weak bands due to hairpin formation and
protected amine linker appear in ACGC(AT);GCGT, ACGC(AT)AGCGT, and

ACGC(AT)4GCGT.

2.7.2 Circular dichroism (CD) measurements

CD measurements were carried out on Jasco (Easton, MD) J-1710 Spectropolarimeter for
10 uM dsDNA in phosphate buffer (5 mM phosphate buffer, pH=7). Data shown in Fig.
2.10 were average over five scans, collected from 320 nm to 200 nm or 220 nm with a
scanning rate of 100 nm min™'. The positive band at around 275 nm and negative band at

around 245 nm indicate a typical B-form structure for all the DNA sequences.
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Figure 2.10 Circular dichroism data of (a) A(CG),T (n=3~5), (b) ACGC(AT)nGCGT
(m=1~3), (¢) A(CG) T (0=6,7), (d) ACGC(AT)m-1AGCGT (m=1~3) and

ACGC(AT)nGCGT (m=4).

2.7.3 Melting temperature

Melting temperature experiment was carried out in a Varian Cary 300 Bio UV

spectrophotometer with a Peltier thermal controller to determine melting temperature. 5-
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uM dsDNA samples were prepared by annealing in 5 mM sodium phosphate buffer, and
then heated at a rate of 0.2 K min"! from 283 K (10 °C) to 353 K (80 °C) with the
absorbance at 260 nm recorded in 60 s intervals. A(CG);T (Fig. 2.11) is the shortest
sequence measured in this work, which has the lowest melting temperature. The melting
curve (black curve) was fitted to a two-state thermodynamic model (red curve), giving a
melting temperature of 3116 K (38 °C), well above the experimental temperature of 295

K (22 °C) for the shortest sequence.

1.24-
1.20-
0 1.16-
. 1.16

1.12-

1 .08 i ) ) ) ) 1
280 300 320 340 360
Temperature (K)

Figure 2.11 Melting temperature absorption curve for A(CG)sT (black curve), and two-

state thermodynamic model fitting (red curve).
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2.7.4 Conductance histograms of dsDNA measured in 20% humidified air
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Figure 2.12 Conductance histograms of dsDNA measured in humidified air. Red curves

are Gaussian fittings to the conductance peaks.

65

ACGC(AT),GCGT

-2.5

Counts

0
-3.56 -3.0

A(CG),T

2.5
Log, (G/G)

ACGCAGCGT

Counts

-3.5

-4

ACGC(AT)GCGT

25 20 15

Log, (G/G,)

-3.0 2.5
Log, (GIG )

-3
Log, (G/G,)



2.7.5 Conductance histograms of ds DNA in 5 mM phosphate buffer
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Figure 2.13 Conductance histograms of dsDNA measured in solution. Red curves are

Gaussian fittings of the conductance peaks.

2.7.6 Molecular length dependence of DNA resistance

The resistance of A(CG).T sequences is weakly length dependent, which can be fitted
with a linear relation (Fig. 2.14a). Plotting the same data in a logarithmic scale shows a
roughly linear behavior with the reception of the first data point (Fig. 2.14b). This is not
surprising because an exponential function, R=Roexp(-fL), can be expressed as linear as
R~RO(1- BL), for small SL. However, forcing the fit of data with the exponential function
leads to f=0.29+0.02 nm!, which is small. This result is consistent with the previously
107, 112

reported STM break-junction'® and photochemistry data
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Compared to A(CG).T, the resistance of ACGC(AT)nGCGT and ACGC(AT)m-
1AGCGT is more strongly length dependent (see Fig. 2.3b). The insertion of the AT
blocks in the middle of the GC sequences introduce a large change in the length
dependence of the DNA resistance. The resistance of the sequences in linear scale shows
large deviation from the simple linear length dependence (Fig. 2.14c). Note that only the
data for the AT blocks shorter than 4 base pairs are plotted here. If the resistance for the
sequences with longer AT blocks were included, the deviation from the linear
dependence is even larger. In contrast to the linear scale plot, the semi-logarithmic plot
shows a more linear behavior (Fig. 2.14d), indicating exponential length dependence of
the DNA resistance. From the slope of the semi-logarithmic plot, we determined that
[=1.20+0.12 nm!, far larger than that for A(CG),T. This observation supports that the
AT blocks act as tunneling barriers to give rise to exponential length dependence of the

resistance.

ACGC(AT)mGCGT and ACGC(AT)m-1AGCGT contains GC blocks, which are
expected to act as hopping sites. In other words, tunneling in these sequences arises only
from the AT blocks. We thus analyzed the data by excluding the resistance contribution
from the GC blocks. The linear scale plot shows large deviation from the simple linear
length dependence (Fig. 2.14e). In contrast, the semi-logarithmic plot (Fig. 2.14f) shows
good linear dependence, confirming the tunneling behavior, and the exponential decay

constant, 3, was found to be 2.03+0.12 nm!, which is similar to those in other molecular

114-116

wire system®. This observation also agrees with the theoretical predictions and

112,113

experimental results reported in literature.
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Figure 2.14 Linear and semi-logarithmic plots of resistance vs. length of different DNA

sequences. Linear (a) and semi-logarithmic (b) plots of resistance vs. length for A(CG),T
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(n=3~7). Linear (c¢) and semi-logarithmic (d) plots of resistance vs. length for
ACGC(AT)mGCGT (m=1~4) and ACGC(AT)m-1AGCGT (m=1~3). Linear (e) and semi-
logarithmic (f) plots of resistance vs. length for the inserted AT blocks in

ACGC(AT)mGCGT (m=1~4) and ACGC(AT)m-1AGCGT (m=1~3).
2.7.7 Derivations of Eq. 2.4 and discussion of validity of the assumption

If we assume that the energy dependent resistance function, R(E), of A(CG),T, is the sum
of contact (R.) and hopping (Rx) contributions, we can express the Seebeck coefficients

of A(CG).T sequences as

s[4(cG),T] = s ;‘:T [F& %LE +(% %LE } 2.9)

Eq.2.9 can be simplified as,

[ 46 7= ThT R L1 AR TR R 1 R,
n 3e R Rc OE . 3e R Rh O E=E (2.10)

, leading to Eq. 2.4. Eq. 2.6 can also be derived from this.

Alternatively, we may assume that the total thermal voltage as a sum of the contact

and hopping thermal voltages, given by '4?

AV=SATASAT,  (2.11)
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If we further assume that total temperature difference is a sum of the contact and hopping

temperature differences, or '4?

AT=ATAATy, (2.12).

Finally, we assume that heat transports along from left to right electrodes along the

molecule without loss sideway, or

ATh,c:(K /K h,c) AT (213)

, Where K, K¢ and Kp are the total, contact and hopping thermal conductance. Combing Egs.

2.11,2.12 and 2.13, we have

[1S=(K /K &)SeH(K /K 1)Sh (2.14)

Note that in addition to the above assumptions, Eq.2.14 consumes that we could
define site temperature along a molecule. The validity of the concept is discussed in

literature 43 144,

Eq. 2.4 and Eq. 14 express the total Seebeck coefficient as resistance and thermal
resistance (inverse of thermal conductance) weighted sum, respectively. According to the
Wiedeman-Franz law, the electrical conductivity is proportional to the thermal
conductivity, so Eq. 2.4 Eq. 2.14 are equivalent. The Wiedeman-Franz law is not yet well
established in molecular junctions, but one of us'*’ showed that the law holds when the
energy gap between the electrode Fermi energy and molecular site energy is sufficiently
large (compared to the transfer integral). This result was obtained in the tunneling regime.

In the hopping region, experimental and theoretical evidence showed that the hopping
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region is connected adiabatically to the tunneling region!#, indicating that the
Wiedeman-Franz law might be applicable also in the hopping regime, although a

complete theory is still lacking.

2.7.8 Tight binding theory of DNA thermoelectricity

A theory that treats electron-phonon coupling in the strong coupling regime has been
developed to calculate DNA conductance'*®. The theory has been recently extended to

determine the Seebeck coefficient in conducting polymers'’

. While the strong coupling
theory is wuseful in predicting qualitative trends of molecular conductance and
thermoelectric effect, it cannot include chemical details in the calculations easily. In this
respect, the weak coupling theory is more suitable. Previously, the weak coupling theory
has been used to explain the tunneling-hopping transition in single oligomers,'*’ and to
determine other charge transport properties, such as the electric current noise in

molecular junctions'*!. In this work, we applied the weak coupling theory to examine the

length and sequence dependence of the DNA Seebeck coefficient.

We adopted an extended Su-Schrieffer-Heeger model with the Lennard-Jones
potential to describe dsDNA. The model considers electrons, phonons and electron-
phonon coupling (See Fig. 2.15 for the Hamiltonian). To perform the calculation, we
assumed each DNA base as a site with key parameters depicted in Fig. 2.15. The
parameters that describe the electrons in DNA were determined from the DNA hole

transfer rates measured by transient absorption spectroscopy.!*’” The phonons in DNA
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were treated with the nearest-neighbor interaction approximation using the Lennard-
Jones potential. The force field between the nearest-neighbor bases was uniform with a
force field constant, k;; = 0.25 eV /AZ. The mass of each site was taken to be molecular
mass of the base. The electrodes were considered by assuming their Fermi energy to be

Ep = =7.75 eV. The electron-phonon coupling constant, A;; = —0.6 and temperature,

T= 8 K, were used to stabilize the self-consistent calculation. Because the inelastic
contribution to the electron-phonon coupling is expected to scale with A2, we do not
expect that the result change qualitatively for larger A. The calculated Seebeck coefficient
and its dependence on the DNA length and sequence are summarized in Fig. 2.16. The
calculation shows that the insertion of AT blocks in the middle of GC sequences lead to
larger Seebeck coefficients, in agreement with the experimental data. However, the
calculation was performed at 8 K, which could not predict the tunneling-hopping
transition observed at room temperature. Further work will be needed to fully describe

both the conductance and thermoelectricity in DNA.
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Figure 2.15 The Su-Schrieffer-Heeger model of dsDNA, where €& and M; are the site

energy and mass, respectively, t;; is the transfer integral, A;; is describes the electron-

phonon coupling, and k;; is force field constant.
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Figure 2.16 Seebeck coefficient and its dependence on DNA sequence and length. The
Seebeck coefficients are for the inserted part in the middle of sequence. AT, (AT)z, (AT)3,
CG and none means calculation for one, two, three alternating AT units, one CG

alternating unit, and no molecule.

2.8 Conclusions

In this paper I have studied the charge transport and thermoelectric effect in single
DNA molecules with different sequences and lengths. The transport mechanism in CG
sequences (5’-A(CG).T-3’, with n=3-7) is hole hopping, as indicated by linear
dependence of the resistance on the molecular length. The Seebeck coefficient is small

and weakly dependent on the molecular length. Inserting a block of AT base pairs in the
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middle of a CG sequence (ACGC(AT)mGCGT-3’, m=1-4; and 5’-ACGC(AT)mn-
1AGCGT-3’, m=1-3) changes both the charge transport and thermoelectric effect
significantly. When the inserted AT block is shorter than 4 base pairs, it acts as a
tunneling barrier with resistance increases exponentially with the block length, and its
Seebeck coefficient is large compared to the -A(CG),T sequences. However, when the
inserted AT block is longer than 4 base pairs, the charge transport mechanism undergoes
transition from tunneling to hopping, and the resistance becomes weakly length
dependent, and the Seebeck coefficient drops to smaller values. The experimental results
have been analyzed by tunneling and hopping models, and compared with an extended
Su-Schrieffer-Heeger model with the Lennard-Jones potential. The work demonstrates
that the DNA thermoelectricity can be tuned by its length and sequence, and investigating

the thermoelectric effect provides new insights into charge transport in DNA.
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3 FORCE-INDUCED ELECTRON TRANSFER REACTIONS AND

CONDUCTANCE SWITCHING IN SINGLE MOLECULES

3.1 Introduction

Electron transfer reactions play a key role in many basic chemical and biological
processes, including photosynthesis, electrochemical reactions, organic photovoltaic cells,
and metabolic processes in living systems.!*® It is assumed by modern electron transfer
reaction theory!** 15 that there is a coupling between the electronic and structural degrees
of freedom, and that thermal fluctuations create a structurally favorable situation to bring
the electronic energy of the reactant to the level of the product prior to electron transfer.
Here direct evidence is provided that a mechanical force can help create the structurally
favorable situation, and induce electron reactions with single molecule measurement. I
measure electron transfer in a single redox molecule covalently connected to two
electrodes while stretching the molecule with the electrodes, detect force-induced
switching of the molecule between reduced and oxidized states, and determine the redox
potential shift due to the force. My theoretical modeling reveals that the force-induced
distortion in the molecular structure changes the ionization potential, and thus the redox
potential. My work points to a way to examine the interplay between electronic and
structural properties of molecules in electron transfer reactions, and switch the
conductance of a single molecule via mechanically changing its redox state, which is

relevant to electromechanical functions of redox molecules.
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Controlling chemical reactions is of great importance to the creation of new
matter, and to the understanding of nature. In additional to temperature, pH,
concentrations, light and electrical field, mechanical forces can also induce chemical

152

reactions!>! Experimental studies of mechanochemistry include ball

82.83 and ultrasound bath!3* '3 techniques, but atomic force microscopy

milling/grinding
(AFM) allows the study of chemical bond rupture in single molecule (e.g., proteins and
DNA®*). An important study is about the force-induced rupture of the sulfur-sulfur bond

in biopolymers®-°,

Here 1 investigated the electron transfer reactions in a ferrocene compound
covalently connected between two gold electrodes by mechanically stretching the
molecule in an electrolyte under electrochemical control'>®. Ferrocene is one of the most
well studied redox molecules, and the moiety can reversibly accept an electron (become
reduced) from an electrode, and give away the electron (re-oxidized) to the electrode
without bond rupture”. The ferrocene compound (1,1°-Ferrocenyl diester) studied here
(Fig. 3.1a) consists of a ferrocene redox center and two linker groups that can covalently
bind to the gold electrodes. For simplicity, the ferrocene compound in this work is
referred as Fc-Lip. As a control experiment, I also studied 1,4-Phenylene bis(5-(1,2-
dithiolan-3-yl) pentanoate), which is similar to 1,1’-Ferrocenyl diester but lacks the
ferrocene redox center (referred to as Lip-ctr). I measure the redox states of single Fc-Lip
molecules from the characteristic single molecule conductance with the scanning
tunneling microscope (STM) break junction technique!' (described in methods section),

where the gold tip and gold substrate electrodes serve as the two electrodes to apply a
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stretching force to the molecule, and determine its conductance. During the measurement,

I control the potential of the molecules with respect to a reference electrode (in Fig. 3.1b).
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Figure 3.1 Structure and electrochemical study of 1,1’-Ferrocenyl diester.
(a) Chemical structure of 1,1’-Ferrocenyl diester (Fc-Lip) and 1,4-Phenylene bis(5-(1,2-
dithiolan-3-yl)pentanoate)  (Lip-ctr). (b) Illustration of the STM experiment. The the
STM substrate and tip are working electrode 1(WE1) and working electrode 2 (WE2), the

reference electrode is a silver wire, and the counter electrode is a platinium wire. The
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redox molecule is bridged between the tip and substrate via the double thiol linker
groups.A small bias (~30 mV) is applied between WEland WE2. (¢) Cyclic voltammetry
of the SAM on a gold surface in 0.1 M NaClO4 aqueous solution with Ag wire as quasi-
reference electrode and Pt wire as counter electrode(sweeping rate 100 mV/s). (d) Two
representative curves of the conductance two-state feature V.S. (E-Eox/red) in sweeps of
gate voltage. Different colors represent different sweeps. Black dashed lines are guide to

eyes emphasizing the reduced and oxidized conductance levels. (sweeping rate 1 V/s)

3.2 Methods

3.2.1 Preparation of Fc-Lip SAM, Lip-ctr SAM, and Ferrocene dicarboxylic acid SAM

The double sulfur groups on the ends of Fc-Lip molecule allows covalent binding to
gold electrodes for electrical measurements'>®'*°. Based on this binding behavior, I
immobilized a self-assembled monolayer of Fc-Lip or Lip-ctr on the gold surface (gold
thickness about 160nm), which was vapor deposited on mica under ultra-high vacuum.
Before each experiment, the gold surface was annealed with hydrogen flame briefly, then
immersed in chloroform containing 100 uM Fc-Lip or 100 uM Lip-ctr. After 2 hours’
incubation, the substrate was rinsed with chloroform and dried by nitrogen flow. Then I
attached the coated substrate to the sample holder of the STM, then covered by 0.2 mL of

100 mM NaClOg4 (=99%, Fluka Analytical) aqueous solution.
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The carboxylic groups on Ferrocene dicarboxylic acid is able to bind with gold
electrodes for electrical measurements'®, thus the SAM of Ferrocene dicarboxylic acid
can be formed on STM gold substrate. The only difference with the preparation of the
SAM of Ferrocene or Lip-ctr is that the gold surface was immersed in 100 pM Ferrocene
dicarboxylic acid ethanol solution and rinsed by ethanol after incubation, instead of

chloroform.

3.2.2 Cyclic voltammetry

To characterize the redox properties of Fc-Lip, I performed cyclic voltammetry on its
SAM on a gold surface with Ag/AgCl electrode (in 1M KCI solution) as reference
electrode and platinum coil as counter electrode, using an Autolab potentiostat. In
addition to characterizing the SAM of Fc-Lip, I also performed cyclic voltammetry
before and after each STM experiment to check the stability of Ag quasi-reference

electrode (Fig. 3.2).

In the gate controlled STM measurements, the use of silver quasi reference electrode
introduced variations in the actual applied gate voltages. To characterize the variations, I
performed cyclic voltammograms for 1,1°-Ferrocenyl diester every 20 minutes for 4
hours (all the gate controlled measurements were finished within 4 hours), and recorded
the redox potential. Fig. 3.2 shows that the redox potential of 1,1’-Ferrocenyl diester
shifted positively with time, which means that the reference potential shifted negatively.

The positive shift in redox potential (negative shift in reference potential) is robust in all
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the gate controlled STM measurements. I used the difference in redox potential before

and after each experiment as the errors in the gate voltages.
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Figure 3.2 Cyclic voltammetry study of 1,1°-Ferroceny diester SAM on Au substrate. (a)
the Cyclic voltammograms of the 1,1’-Ferrocenyl diester on an STM gold surface in 100
mM NaClOs aqueous solution with Ag quasi-reference electrode and Pt counter electrode
(sweeping rate 100mV/s). Red and black curves were recorded before and after the same
STM experiment, respectively. The same cyclic voltammetry was performed before and
after each STM experiment to determine the average redox potential of 1,1°-Ferrocenyl
diester and to evaluate the shift of reference potential. (b) Plot of redox potential changes

with time due to the shift of Ag quasi-reference electrode. Red dash line is a guide to eyes.
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3.2.3 STM setup

I carried out the measurement of force induced change in redox potential with the STM
consisting of a controller (Nanoscope IIIA, Digital Instruments Inc.) and a STM scanner
(Molecular Imaging). The STM tip was freshly cut from a gold wire (0.25 mm diameter,
99.95%, Alfa Aesar) and coated with Apiezon wax to reduce the leakage current directly
through the conducting aqueous solution. A bipotentiostat (Agilent) was used to control
gate voltage. I used a silver wire and a platinum coil as quasi-reference electrode and
counter electrode, respectively. Fig. 3.1b shows a scheme of the STM setup with gate

control. All measurements were carried out in 100 mM NaClO4 aqueous solution.

3.2.4 STM break junction measurement

In each set of experiment, I performed the STM break junction technique'! at a small
bias (~30 mV) and a specific fixed gate voltage (see Table 3.1 for the applied bias and
gate voltages). Briefly, the STM tip was first brought into contact with the Fc-Lip
molecules on the gold substrate, allowing the double sulfur bond to bind with the gold tip.
The tip was then retracted from the substrate, during which a conductance-distance trace
was recorded (Figs. 3.3b, e, and h). I repeated the process was repeated thousands of
times. A conductance histogram (Figs. 3.3c, 2f, and 2i) was constructed from thousands
of the individual conductance traces, and the peak position in the conductance histogram

gave the average conductance of the studied molecule.
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Table 3.1 Measured Redox Potential and Applied Overpotential for Each Experiment

Experiment Ei/; (mV) Bias (mV) Vg (mV) Overpotential
(mV)
1 13447 40 707 -64+7
2 11049 20 5049 -60+9
3 100+4 22 49+4 -51+4
4 9118 38 12148 -3018
5 10045 26 87+5 -1345
6 137110 36 122410 -15+10
7 16618 22 15948 -718
8 8316 24 98+6 15+6
9 104+11 32 134411 30+11
10 13145 28 18615 5545

3.2.5 Sweeps of STM gate voltage

I carried out the STM break junction technique at a small bias (10 mV) and a fixed gate
voltage (-0.1 V) on the SAM of studied molecule. Once a plateau was detected by the
program, the tip was halted and the gate voltage was swept from -0.1 V to 0.2 V, at a

speed of 1 V/s. The current V.S. gate voltage curves were recorded.

3.3 Electrochemical Potential Sweep on Single Molecular Junctions

As shown by cyclic voltammetry (Fig. 3.1c), the redox reaction of the Fc-Lip

attached to gold electrodes is reversible with redox potential at ~405 mV vs. Ag/AgCl
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reference electrode. This redox potential agrees with the previously reported redox
potential of 1,1’-methyl substituted ferrocene on gold electrodes'®® %!, From the areas of
the redox peaks in the cyclic voltammogram, the surface coverage is measured to be 187

+ 1.6 pmol cm™ which is within the reasonable range of thiolated molecule monolayer

modified on gold surface®’.

To study the redox reaction of single Fc-Lip molecules, I bridge a Fc-Lip
molecule between the tip and substrate electrodes, and then swept the electrochemical
potential while monitoring the conductance of the redox molecule (details described in
methods section). A typical record of the conductance of Fc-Lip vs. potential is shown in
Fig. 3.1d. At low potentials, the redox molecule is in the reduced state, showing a

relatively low conductance (~0.01 Go, where Go =7.748 X 107 S is the conductance

quantum). However, at high potentials, Fc-Lip becomes oxidized, which is observed as a
sudden jump of conductance to a higher level (~0.05 Go). The increase in conductance is
consistent with the previous reports’’, and further validated by performing a large number
of measurements and statistical analysis discussed below (Fig. 3.3). The discrete low and
high conductance levels of a single Fc-Lip molecule measured by the STM break
junction method enables us to determine if the molecule is in the reduced (low
conductance) or oxidized (high-conductance) states, and the switching between the low
and high conductance levels measures the redox reaction events. This discrete
conductance switching is different from the gradual conductance changing with potential

in other systems>’ 192163 (see further discussions in section 3.6.1).
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3.4 Mechanical Force-induced Redox Reactions

To examine mechanical force-induced redox reactions, I stretch the molecule by
separating the tip and substrate electrodes during STM break junction measurement, and
monitor the redox state of Fc-Lip from the conductance switching (See experimental
details in Methods section). The measurement was performed by holding the potential at
different values, below, at and above the redox potential of unstretched Fc-Lip (marked
on Fig. 3.3a). At potentials well below the redox potential (e.g., -88 mV), Fc-Lip is in the
reduced state with a probability of 97% according to the Nernst equation. The individual
conductance traces (Fig. 3.3b) reveal plateaus (marked by arrows) corresponding to the
formation of single Fc-Lip molecules bridged between the two electrodes, followed by
abrupt conductance drops as the bonds at the molecule-electrode contact break!'®*. The
conductance plateaus are located close to ~0.01 Go, at the low conductance level as the
molecule is in the reduced state. The lack of the large conductance switching in the
conductance traces as shown in Fig. 3.3d indicates no force-induced electron transfer
reaction takes place at the low potentials. The corresponding conductance histogram
constructed from about 1000 of the individual conductance traces displays a single
pronounced peak near 0.01 Go (Fig. 3.3¢), which further confirms that the molecules are
in the reduced low conductance state at -88 mV. These results show that at the low
potentials, the mechanical force is not sufficient to cause switching of the redox state of
Fc-Lip (Fig. 3.3d).
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At potentials well above the redox potential, Fc-Lip is expected to be in its
oxidized state. For instance, at +78 mV, the molecule has a probability of 95% in the
oxidized state according to the Nernst equation. The individual conductance traces of the
molecule at +78 mV display plateaus at the high conductance level (Fig. 3.3e),
confirming that the molecule is in the oxidized state. Conductance histogram determined
form the individual conductance traces shows a single well-defined peak at ~0.05 Go (Fig.
3.3f). Like the case of holding the potential well below the redox potential, I do not
observe large conductance switching during stretching of the molecule, suggesting no

detectable force-induced switching in the redox state at high potentials (Fig. 3.3g).

At ~ -7 mV, close to the redox potential, both reduced and oxidized states are
possible. This is reflected by the presence of plateaus at both the low and high
conductance levels, corresponding to the reduce and oxidized states of the molecule, in
the conductance traces (Fig. 3.3h). At this potential, I also noticed that the conductance
often switches abruptly from low to high conductance levels during stretching of the
molecule (curves 2 and 3), indicating the switching of the molecule from the reduced to
the oxidized states under the stretching force. The corresponding conductance histogram
reveals two peaks, at 0.01 Go and 0.05 Go, respectively, suggesting coexistence of both
the reduced and oxidized states of the redox molecule (Fig. 3.31). These observations
indicate that unlike the cases where the potential is held either well below (e.g., -88 mV,
Fig. 3.3b, and -121 mV, Fig. 3.11), or well above the redox potential (+78 mV, Fig. 3.3j),
when the electrodes are held near the redox potential, force induces significant switching

of the electron transfer reaction in Fc-Lip. As a characterization of the stability of the
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junction, the average plateau length in conductance decay curves before the broken of

molecular junctions was similar for measurements at -88 mV, -7 mV and +78 mV (Fig.

3.4).
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Figure 3.3 Stretching and measurement of 1,1’-Ferrocenyl diester under different gate
voltages. (a) Cyclic voltammetry of 1,1’-Ferrocenyl diester (Fc-Lip). The marked dots

shows (E-Eox/red) of STM measurements discussed in below.

Collected at -88 mV, (b) the conductance decay curves show plateaus at lower
conductance. (¢) The conductance histogram shows only one peak at lower conductance

range. (d) Stretching doesn’t result in oxidation of the Fc center.

Collected at +78 mV, (e) The conductance decay curves show plateaus at higher
conductance. (f) The conductance histogram shows only one peak at higher conductance

range. (g) Stretching doesn’t influence the redox state of the Fc+ center.

Collected at -7 mV, (h) the conductance decay curves show plateaus at both lower(curve
1) and higher conductance(curve 4), indicating both Fc and Fc+ appears in the
measurement. Especially some curves show switching from lower conductance to higher
conductance (curves 2 and 3), suggesting oxidation from Fc to Fc+ during the stretching
process. (i) The conductance histogram shows two peaks at both lower and higher

conductance range. (j) Stretching can result in oxidation from Fc to Fc+.
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Figure 3.4 Plateau length statistics of conductance decay curves of Fc-Lip at
overpotential of (a) -122mV, (b) -7 mV and (c¢) +78 mV. Each of the statistics show

plateau length of 0.23 nm.

Force dependence of conductance has been reported in other systems, but in those
works the dependence arises from the force-induced change in the molecule-electrode
coupling, and observed changes are continuous,*" 3> 1> which is contrast to the abrupt
and potential sensitive switching observed here. To further examine the roles electrode-
molecule contact and the side chain of Fc-Lip, I performed the same measurement on the
Lip-ctr. In this control molecule, a phenyl ring replaces the ferrocene redox center (See
chemical structure in Fig. 3.5a). Unlike the Fc-Lip, I do not observe force-induced
conductance swithcing at different potentials (Figs. 3.5b and ¢ ), and the conductance
histograms reveals only a single peak (Figs. 3.5d and e). This control experiment
demonstrates that the conductance change in Fc-Lip is origined from the ferrocene redox

center.
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Figure 3.5 Structure and electrochemical calibration of 1,4-Phenylene bis(5-(1,2-
dithiolan-3-yl)pentanoate) (Lip-ctr). (a) Chemical structure of Lip-ctr. (b) Individual
conductance decay curves recorded at Vg=0 mV. (¢) Individual conductance decay
curves recorded at Vg=200 mV. (d) Conductance histograms constructed from
conductance decay curves recorded at Vg=0 mV. (e) Conductance histograms

constructed from conductance decay curves recorded at Vg=200 mV.

To more clearly show the mechanical force-induced electron transfer, I construct
a 2D histogram of conductance vs. stretching distance by counting all the traces that
show conductane switching at E-Eox/rea = +30 mV (Fig. 3.6a). The 2D histogram revelas
two regions, corresponding to the low conductance reduced state, and high conductance

oxidized state, respectively. It also indicates that mechanically stretcing of the molecule
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can cause swithcing of the molecule from the reduced state to the oxidized state. To
examine the relative distributions of the reduced and oxidized states, I plot 1D
conductance histograms at difference strecthing distances (marked by red dash lines in
Fig. 3.6a). As shown in Figs. 3.6b-e, because of force-induced oxidation of the molecule,
the relative peak area of the higher conductance (oxidized) state increases with stretching
distance. I construct similar 2D conductance vs. distance histogram and 1D conductance
histograms of both stretched and unstretched Fc-Lip for all the conductance traces

collected at +30 mV (See section 3.6.3).

I determine the areas of the low and high conductance peaks in each 1D histogram
at differenet stretching distances. The peak areas should be proportional to the numbers
of Fc-Lip in the reduced and oxidized states, respectively’®’® (see more in section 3.6.4).
Then from the histogram peak areas, I determine the probabilities of the molecule in the
reduced and oxidized states, and also the change of the probability in each state with
stretching distance at a given potential. The logarithemic ratio of the high and low
conductance peak areas are plotted in Fig. 3.6f, indicating that the probability of the
molecule in the oxidized state increases with stretching distance. By analyzing data
collected at vairous potentials with the same procedure, the same conclusion were
reached that molecules under stretch have a greater probability to be in the oxidized state.

(Fig. 3.7)
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Figure 3.6 Conductance(plateau part) at different stretching distance for switched curves
at E-Eox/red = +30 mV. (a) The conductance V.S. stretching distance 2D histogram of
switched curves curves at +30 mV (236 curves, counts are normalized for each distance.
The part before the detection of the plateau and after the plateau breaks are removed from
each individual curve). In the 2D histogram, between red dashed lines are slices with a
width of 0.1 nm to build conductance histograms at (b) 0-0.1 nm, (c) 0.1-0.2 nm, (d) 0.2-
0.3 nm and (e) 0.3-0.4 nm. Red and blue curves show Gaussian fittings of the higher and

lower conductance peaks. (f) For all curves(switched and non-switched) at +30 mV, the

logarithm ratio of the peak area of oxidized and reduced conductance peaks at different

distance.
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By studying the probabilites of the molecule in the reduced and oxidized states at
different potentials and at different strechting distances, it becomes possible to determine
the relation between force and redox potential. Fig. 3.8 plots the logarithmic ratio of the
probability of the molecule in the oxidized state to that in the reduced state in the
beginning and end of stretching with respect to the applied electrochemical potentials.
The former refers to data collected during the initial stage of the stretching process with a
stretching distance between 0 and 0.1 nm. The latter corresponds the fully stretched
molecule (0.3-0.4 nm), beyond which the molecule bridged between the tip and subsrate
electrodes breaks down. The breakdown takes place at the Au-Au bond, which has an
average breakdown force of ~1.5 nN as shown previously”® 1+ 1% For unstretched redox
molecules, the relative probabilities in the oxidized and reduced states at thermal

equilibrium are expected to follow the Nernst equation,

E=F +2.303E10g o (3.1
nk I

ox/red
red

, where E is the potential, Eowred 1s the equilibrium redox potential, n is the number of
charges transferred per molecule (n=1 for Fc-Lip), R is the universal gas constant, 7 is
temperature and F is the Farady constant, [ox and 14 are the surface concentrations of
the redox molecule in its oxidized and reduced states, respectively, which are

proportional to the probabilities of the molecule in the oxidized and reduced states.
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From the probabilities determined from the areas of oxidation and reduction peaks
in the conductance histograms, I plotted log(l"ox/"red) vs. E for the unstretched (black
filled squares) and fully stretched (red filled circles) molecules in Fig. 3.8. The data for
the unstretched molecule can be fitted with the Nernst equation given by Eq. 3.1 (black
line) with n=1, which is expected for the redox reaction of the Fc-Lip. For comparison,
the Nernst equation (n=1) is plotted in Fig. 3.8 (black dashed line). The agreement
provides additional evidence that the unstretched Fc-Lip molecule follows the
equilibrium thermodynamics of redox reactions. The data for the stretched molecule also
follows the Nernst equation relation (red line, in Fig. 3.8) with a slope of 2.3nF/RT (n=1),
however, the redox potential is shifted negatively by ~34 mV. The negative shift in the
redox potential indicates that the reaction is driven towards oxidation under stretching,

which is consistent with the observations described in Figs. 3.3 and 3.6.
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Figure 3.8 Logarithm ratio of the peak area of oxidized and reduced conductance peaks at
different potential when the stretching distance is 0 to 0.1 nm(unstreched, black dots),
and 0.3 to 0.4 nm(stretched, red dots). x errors are shifts in gate voltage during
experiment, y errors are standard errors of the ratio. The black dash line is the
relationship obeying Nernst Eq. when n=1. The red and black solid lines are linear
fittings of data with a fixed slope of 2.303nF/RT (n=1). The blue arrow shows the shift in

redox potential caused by 0.3 nm stretching.
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3.5 Theoretical Analysis

According to X-ray crystallography!¢7 168

, upon oxidation of ferrocene the
distance of cyclopentadienyl (Cp)-Fe-Cp increases by 0.006 nm. One can therefore
expect that mechanically stretching of Fc-Lip drives the electron transfer reaction
towards oxidation, thus giving a more negative value of redox potential. The shift in the
redox potential can be understood with a single reaction coordinate model (Cp-Fe-Cp

149,150 which assumes

bond) in the spirit of the Marcus electron transfer reaction theory
parabolic energy profiles for the reduced and oxidized states (Fig. 3.9a). When there is no
external stretching force, electron transfer reaction occurs when thermal fluctuations
bring the molecule to the favorable geometry, corresponding to the interception of the
potential profiles of the reduced and oxidized states. When the molecule is stretched,
there is an additional term, -Fq, where F is the force and q is the reaction coordinate, in

the energy profiles, leading to the parabolic energies for the reduced and oxidized

described as Eq.3.2 and Eq.3.3, respectively.

1 1 F F?
U =—k q*-Fg=—k_(¢g——)" -
red (q) 2 red q q 2 red (q kred ) 2 kred

(3.2)

2

1 1 F F
U =—k (g—g.) -Fg+A=—k (g—q. ——)* —
ox (q) 2 ox (q QO) q 2 ox (q QO k ) 2k

[0):¢ ox

~Fq,+A  (3.3)

, where kred and kox are spring constant of Ferrocene and Ferrocenium moieties,
q is reaction coordinate, gy is approximately the difference in the Fe-Cp distance between

oxidized and reduced forms, F is the stretching force, and Ais the energy difference
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between the oxidized and reduced states. Assuming the force-induced changes in g, (at
which reaction takes place) and reorganization energy to be higher order corrections, the
difference of Eq.3.3 and Eq.3.2 leads to force induced shift in the redox potential given

by

AG():F;( 1 kL) -Fg, )

where F is the force, ks and k.. are the effective spring constants of Cp-Fe-Cp in the
reduced and oxidized states, respectively, and gy is the increase in the distance of Cp-Fe-
Cp associated with the oxidation of Fc-Lip. Using F=1.5 nN for the breakdown force of
the molecular junction’® '+ 166 4,=0.006 nm'®”- 168 and spring constants determined by
the vibrational frequencies from IR spectroscopy'® and DFT calculation (Table 3.2), the
simple model predicts about -51 mV shift in the redox potential, which is in reasonable

agreement with the observation.

Since the above model considers only one coordinate, a more precise model was
built to include other degrees of freedoms in the molecule that may change under
stretching. To consider all possible degrees of freedom, density functional theory (DFT)
calculations were performed on the force-induced redox reactions in Fc-Lip (Fig. 3.9b).
Under an increasing stretching force, the molecule undergoes various conformational
changes (Fig. 3.9¢). The associated energies in the reduced and oxidized states as
functions of the stretching distance between the two linker groups of the molecule can be

estimated as parabolic shape (Fig. 3.9d and Supplementary Fig. 6). Initially, the added

strain is easily accommodated by a slighter curvature of the side chains. As the stretching
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increases, the Cp rings begin to twist with respect to each other, until the dihedral angle
reaches 180°; beyond this point the strain can only be accommodated by changing bond
lengths and angles. The corresponding changes in the critical bond lengths, bond angles
and the dihedral angle for relative torsion of the rings and surface energy profiles are
presented in part 3.6.5 as supplementary information. The calculation reveals that
stretching take places at multiple bonds, but Fe-C1 (C9) bond is a predominant one,
which is stretched by 0.01 nm under a maximum stretching force of 1.5 nN. The
corresponding adiabatic ionization potential drops by ~65 mV compared with an un-
stretched molecule (Fig. 3.9¢, and part 3.6.5 for details). Based on the assumption that the
thermal and entropic contributions to the free energy of the system are not affected by the
stretching, this corresponds to a decrease in the redox potential by 65 mV, which is in

good agreement with both the analytical model calculation and experimental data.

The above study demonstrates that a mechanical force induces redox reactions in
single molecules as the force changes the bond length and drives the reaction towards the
final state that favors the bond length change. This observation supports the thesis that
electronic-nuclear coupling is responsible for redox reactions in electron transfer theories.
The phenomenon that a mechanical force can control redox states of a single molecule
also provides a way to mechanically switch the electronic properties of a single molecule,

which supports the vision of molecular machines with electromechanical functions'”.
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Figure 3.9 Theoretical model and computational results. (a) The theoretical model
showing an idealised depiction of the changes in (free) energy of the reduced (blue) and
oxidised (red) species as the molecule is stretched, and how this impacts the redox
potential. (b) The molecular system used for the computational studies, including atom
labels (¢) The structural distortion of reduced and oxidized Fc-Lip as the system is

stretched. Note, only the central portion of the system is shown for clarity. (d) Potential
100



energy surfaces showing the actual changes in energy of reduced (blue) and oxidised
(red) Fc-Lip for stretching between atoms S1 and S2. Energies are given relative to the
global minimum (ring substituents at ~72°) for each oxidation state. Equations for
quadratic fits to the data are shown. (e) Changes in the adiabatic ionization potential (alP)
of Fc-Lip as the S1-S2 distance is increased. Values are given relative to the alP for the
system when no structural constraints are applied. In (d) and (e), a stretching distance of
27.93 A corresponds to an applied force sufficient to cleave an Au-Au bond in the
reduced form (black dash line), and hence break the junction. Stretching distances beyond

this are shaded blue shaded to indicate that they are inaccessible.

Table 3.2 Spring Constants and Shifts in Gibbs Free Energy Calculated from the
Vibrational Frequencies of Dimethyl Ferrocene Obtained by IR Spectroscopy and DFT
Calculations, Using Reduced Mass Values Obtained from DFT Calculation. Both Cp-Fe-

Cp Symmetric Stretching Mode and Symmetric Tilting Mode are Discussed.

Vred Vo X (Cm_ ﬂred /10 X kred kox AGO

(ecm™®) D (amu) (amu) (N/m) (N/m) (mV)
Stretching(IR) 309 304 4.2 4.8 233 26.0 -25
Tilting(IR) 402 406 4.0 4.1 38.5 39.5 -51
Stretching(DFT) 325 296 4.2 4.8 25.8 24.7 -69
Tilting(DFT) 392 385 4.0 4.1 36.6 35.5 -62
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3.6 Other Supporting Data and Discussions

3.6.1 The discrete levels of conductance at different gate potential

It is noticeable that two discrete conductance levels were observed in the present
work, corresponding to the reduced and oxidized states, respectively. In some redox
molecules, there is a gradual change in the conductance as one sweeps the potential from
the reduced to the oxidized states®” 16> 13, We’ve also observed a gradual change in
Ferrocene dicarboxylic acid (Fig. 3.10). One possible explanation for the two-state
switching case in this paper is that it’s a fast redox reaction'¢! happening at a sterically
stable ferrocene center, which is fixed by its relatively long, rigid side chains. Therefore,
the abrupt change in redox center can be neatly captured by tunneling current as a two-

state process.
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Figure 3.10 Structure and electrochemical calibration of Ferrocene dicarboxylic acid. (a)
Chemical structure of Fc dicarboxylic acid. (b) Cyclic voltammetry of the SAM on a gold
surface in 100 mM NaClO4 aqueous solution with Ag quasi-reference electrode and Pt
counter electrode (sweeping rate 100mV/s). (c) Continuous feature of current V.S.
electrochemical over potential in sweeps of gate voltage. Different colors represent

different sweeps.

3.6.2 Conductance measurement of 1,1’-Ferrocenyl diester measured at -121 mV
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Figure 3.11 Conductance measurement of 1,1’-Ferrocenyl diester measured at
overpotential of -121 mV. (a) Individual decay curves. (b) Conductance histogram. Red

curve is Gaussian fitting of the conductance peak.
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3.6.3 Conductance at different stretching distance for all curves at overpotential of +30

mV
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Figure 3.12 Conductance at different stretching distance for all curves at overpotential of
+30 mV. (a) The conductance V.S. stretching distance 2D histograms of all curves
(normalized at each distance). Between red dashed lines are slices with a width of 0.1 nm
to build conductance histograms. (b) Logarithm ratio of the peak area of oxidized and
reduced conductance peaks at different distance (x errors represent the range of distance
included, y errors are from the error of peak area fitting), which comes from the
conductance histograms of slices in the 2D histogram at (c) 0-0.1 nm, (d) 0.1-0.2 nm, (e)
0.2-0.3 nm and (f) 0.3-0.4 nm. Red and blue curves show Gaussian fittings of the higher

and lower conductance peaks.
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3.6.4 Relationship between conductance peak area and surface coverage of redox species.

In a conductance histogram, S, the area of the conductance peak for single molecular

junction can be expressed by’®,
s=n & (3.5)
vU

where n; is the number of molecular junctions (traces with plateau), L is the plateau
length of the plateau, fis the sampling frequency, v is the pulling rate in nm/s and U is the
number of bins in the conductance histogram. For the non-switched curves, the plateau
length L for the two conductance states are the same (Fig. 3.4), and the f, v, and U are
kept the same for each experiment. Thus the peak area S is proportional to the number of
molecular junctions, n;. Because the oxidized state and reduced state of 1,1’-Ferrocenyl
diester are measured under exactly the same circumstances, and their structures are only
differed by the Ferrocene moiety, I believe that their yield of forming molecular junctions
are proportional to the surface coverage of the species. For the switched curves, the
average plateau length L at either redox state is assumed to be proportional to the
probability of that state. Therefore, ideally the peak area, S is proportional to the surface

coverage of species.
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3.6.5 Theoretical description of the stretching process

Fig. 3.13 shows the potential energy surface (PES) for both species from DFT
calculation. Fitting the curve with quadratic functions allows the force constant for the
reduced species to be estimated as 11.6 N/m. For the stretching process, the start point is
determined by the minimum in the fitted curve, which is 2.67 nm for reduced species.
Therefore, at the breakdown force of 1.5 nN, d(S1-S2) is stretched by 0.13 nm, and the
corresponding stretching distance of the Ferrocene moiety (C1-C9) is stretched by 0.019
nm according to the bond length profile in Fig. 3.14. At this critical point, the theory
predicts that the adiabatic ionisation potential of the reduced species drops by 0.06 eV

compared with an un-stretched molecule.

For the reduced species, the conformation with the two substituents at 64° was found to
be the most stable. We find another conformation with the two substituents at 138° being
a local minimum with only 1.4 kJ mol"' higher in energy. For oxidized species, the
conformations for the global minimum and local minimum are with the two substituents
at 66° and 141°, respectively, with 2.1 kJ mol! energy difference. The energies of the
most stable conformation for each species were used as the reference values for the
stretching potential energy surfaces (PESs) and their relative energy (the fully adiabatic
ionisation potential) as the reference value for Figure 3.9d.

The difference in alP between the conformations corresponding to the global minimum
and local minimum was only 0.007 eV. This indicates that relative twisting of Cp rings

between these two dihedral angle values is not contributing to the experimentally
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observed redox potential changes. Therefore, for simplicity, the scan of the alP changes

with stretching was started from the 138° local minimum structure.
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Figure 3.13 Potential energy surfaces for stretching between atoms S1 and S2 in the
reduced(blue) and oxidised(red) species. Energies are given relative to the global
minimum (ring substituents at ~72°) for each oxidation state. Equations for quadratic fits
to the data are shown. The blue shaded regions correspond to stretching distances where
the force applied would be sufficient to cleave an Au-Au bond and hence break the
junction. Light blue corresponds to the reduced species and darker blue to both oxidation

states.
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Figure 3.14 Changes in significant structural parameters of the reduced and oxidized
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regions corresponds to stretching distances where the force applied would be sufficient to

cleave an Au-Au bond and hence break the junction for the relevant species.

3.7 Conclusions

Our study demonstrates that a mechanical force can induce redox reactions in
single molecules. The force changes the bond length and drives the reaction towards the
final state that favors the bond length change. That observation supports that structural-
electronic coupling is responsible for redox reactions. The phenomenon that a mechanical
force can control redox states of a single molecule also provides a way to mechanically
switching the electronic properties of a single molecule, which supports the vision of

molecular machines with electromechanical functions!”?.
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4 CONCLUSIONS AND PERSPECTIVES

In the past two decades, single molecular devices have been built with various
methods and proved to have enourmous new and interesting functionalities. Although
there’s still a long way from application for real-world problems, molecular electronics
has already displayed its potential in understanding the charge transport mechanism in
basic chemical reactions and biological systems. This thesis has demonstrated two
examples of how the charge transport in single molecule can be tuned by temperature
gradient and mechanical force, for which the understanding and utilization of these uique

properties are equally important.

First, the thermoelectric effect in single DNA molecules was reported. From the
conductance measurements, it is determined that for DNA sequences with repeating CG
base pair units, represented by A(CG).T, the charge transport happens via thermally
activated sequential hopping, while for sequences with repeating AT base pair units, i.e.
ACGC(AT)mGCGT and ACGC(AT)m-1AGCGT, the charge transport is mediated by
tunneling for shorter AT blocks (m <2) and hopping for longer AT blocks (m>2). Then
the thermoelectric measurement carried out by rapid I-V method reveals that low
thermoelectric effect is displayed for all sequences with hopping charge transport
mechanism, and relatively high Seebeck coefficient is found for sequences with an AT
tunneling barrier in the middle. Further theoretical studies confirmed the conclusion that
different charge transport mechanism is the reason for the gap in thermoelectricity. This

phenomenon should potentially impact the basic understanding of the thermoelectric
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effect in mesoscopic scale, and also provide critical information for the future
programable DNA devices. However at the same time, I have to realize and admit that
the understanding of the energy interplay in this phenomenon is far from enough. It is
concluded that hopping shows much lower Seebeck coefficient than tunneling, but no
clear explanation is proposed. Actually it would be an interesting and important project to
find out in which process of the charge hopping that the thermoelectric effect vanishes. A
wider study of similar systems and deeper investigation into the decisive reason will

definitely enables the wide application of this unique property.

Then, the force induced electron transfer reaction featured with conductance
switching in redox molecules was demonstrated. In the gate sweeping and basic
conductance measurement at static gate potentials, two discrete conductance levels are
revealed for the two redox states, lower conductance for reduced states and higher
conductance for oxidiazed states. Particularlly, the conductance decay curves measured at
about redox potential frequently swithch up from lower to higher conductance level,
suggesting that the stretching force from the tip retraction causes oxidation of Fc-Lip.
The logarithm ratio of the reduced and oxidized conductance peak areas at different
distances confirms the assumption that mechanical force can change the redox potential,
thus oxidizing the Fc-Lip at a more negative potential. A negative shift by 34 mV of
redox potential is shown for 0.3 nm stretching of the molecular junction. The redox
potential shift was explained by the change in Gibb’s free energy for both redox states
resulting from the force tilted energy landscape. And the difference in the force induced

change in Gibb’s free energy for reduced and oxidized states comes from the difference
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0f 0.003 nm in the distance between Fe atom and the Cp ring of reduced and oxidized Fc-
Lip. In this way, the force induced change in redox potential is shown to be origined from
the inherent structural difference between the redox states of the bridged molecule. The
above phenomenon demonstrates a powerful way of doing single molecule
mechanochemistry, and provides insights into the interplay between mechanical force
and redox reaction. Inspired by this work, many different redox systems can be measured
to test for how the redox potential is changing in react with mechanical force, and how
the change is related with the structural difference between the redox states. Another
unique feature from the described experiment is the discrete levels of conductance for the
redox states, which is distinct from other systems with a gradual changing conductance
from one redox state to the other. This phenomenon, as well, can be further studied in
terms of length dependence, electrolyte dependence and temperature dependence, which

may unravel new, important charge transport properties in the future.
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