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This work describes additive transport in DNA molecules due to a self-assembly of complementary
single-stranded deoxyribonucleic acid chains, i.e. DNA hybridization. Charge transport properties in the
DNA junctions at the single molecule level were studied experimentally by the break junction technique
in an aqueous environment and theoretically including a non-equilibrium Green's function approach
within the density functional based tight-binding method and molecular orbital calculations using
density functional method and molecular dynamics simulations. Two types of anchoring groups, namely,
amino and thiolate moieties were used to connect the single-stranded DNA (anchor-linker-3’-
GGCACTCGG-5’-linker-anchor) to gold electrodes. Double-stranded DNA junctions were prepared by
hybridization of single-stranded DNA with a complementary oligonucleotide chain (5'-CCGTGAGCC-3')
not containing linkers and anchoring groups. Three stable junction configurations were observed for
both single-stranded and double-stranded DNA irrespective of the anchoring group, whereas junction
conductance almost doubled upon DNA hybridization. Thiolate anchoring led to more robust and
longer junction configurations compared to NH, groups. Reasons for the observed conductance
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Introduction

The deoxyribonucleic acid (DNA) was assumed to transport the
electric charge since the resolution of its chemical structure.
Early works using carefully dried double-stranded DNA
(dsDNA) samples claimed its semiconducting properties due
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enhancement and the anchoring group effect on the overall conductance are being discussed.

to the electronic orbital overlap of the bases along the DNA
helix and postulated that the presence of water would increase
its conducting properties.””” Later, an exponential increase of
the bulk DNA conductivity with increasing sample humidity
has been reported.?

Nowadays, dsDNA as a naturally occurring biomolecule is
regarded as a suitable platform for applications in single-
molecule electronics due to its easily tunable structural and
electronic properties.* The dsDNA can perform not only as a
molecular electronic element with insulating,” semiconducting,’
metal-like conducting®® and superconducting’ properties, but
also as a rectifier® or a molecular switch.” Recent discovery of a
metallo-DNA, ie. dsDNA involving site-specifically intercalated
metal atoms or ions, further expanded the usability of DNA
scaffolds for the construction of advanced molecular electronic
elements."’

Scanning tunneling microscopy break junction (STM-BJ)
technique has been a method of choice for determining single
molecule conductance values of dsDNA in different environ-
ments.*>'** A selection of proper experimental conditions
enabled STM-BJ studies of DNA duplexes in one of the three most
common dsDNA forms: A, B or Z.° The conductance was studied as
a function of the varied molecular length and composition
(ie. number of base pairs, their type and position as well as the
guanine content) or the presence of mismatches.

This journal is © The Royal Society of Chemistry 2022
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Single stranded oligonucleotides containing guanine bases
were found to have the highest single molecule conductance
compared to oligonucleotides consisting of equal number of
either cytosine, thymine or adenosine bases.*’ Double stranded
DNA containing guanine-cytosine base pairs displayed higher
single molecule conductance compared to that containing only
thymine-adenine base pairs. It was also shown that the base
pair mismatch lowers the dsDNA conductance due to a dis-
rupted base pair stacking.'”*?* Other indirect methods
employed the photochemical,”® biochemical® and electro-
chemical®® processes to study the charge transport (CT) in DNA.

Two principal CT mechanisms (tunnelling and hopping)
have been invoked for explanation of dsDNA conductance
properties.”***” Indeed, a multistep charge hopping over a long
DNA path plays an important role in biochemical processes.®**?°
The tunnelling, by contrast, dominates within much shorter
distances. Both CT mechanisms have been used to explain
theoretically the effect of DNA hybridization on its conductance
properties.' 3332 According to quantum chemical calculations,
CT in dsDNA employs the HOMO/LUMO involving the n-electro-
nic system of stacked base-pairs.”'*¢?'%*3 On the contrary, in
single-stranded DNA the conformational stability of the extended
n-system of stacked nucleobases is unlikely. Therefore, the effect
of stacking on CT upon DNA hybridization may be anticipated.
The experimental verification of this hypothesis is rather compel-
ling. The conductance of dsDNA increases as a result of more
tightly packed base pairs upon the transition of B-form to the A-
form DNA duplex.”***** To complete the story one also needs to
consider another hypothesis which assumes CT through the
outer-sphere of the sugar phosphodiester backbone of the DNA
including tightly bound water molecules.*”***>* In such a case
the increased DNA conductance upon hybridization may be
simply due to increased number of the conductance pathways.
Indeed, dsDNA molecular conductance was substantially sup-
pressed when a discontinuity (missing phosphate) was intro-
duced on each DNA strand.*’* One may then ask (i) which of
the two hypotheses is correct upon DNA hybridization or (ii) if the
base pair stacking as well as the backbone involvement are both
needed to correctly describe the CT process. If (ii) is correct then
one must consider the entire chemical structure of DNA molecule
for a proper design of the DNA-based systems with desired CT
properties. One indication that (ii) may be correct comes from a
theoretical interpretation of the conductance differences between
the A- and B-form of dsDNA.’ Indeed, it was necessary to include
the backbone in the electronic structure calculations to repro-
duce the experimental results.

In spite of the fact that CT processes in dsDNA molecules
have been studied by theoretical approaches quite extensively,
the effect of hybridization on the CT process through individual
DNA molecule remains still experimentally unconfirmed. This
is related to the fact that the conductance of one single-
stranded DNA molecule was too low to be measured by then
available experimental techniques.”® Thus, the influence of
individual bases on the CT upon hybridization has been
addressed only after further development of the STM-B]J tech-
nique. In 2006 van Zalinge et al.*® studied the conductance
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properties of a series of homopolymeric oligonucleotides of
different length and compared them to the results obtained for
corresponding dsDNA structures both in the air and in the
aqueous environment. Although the CT mechanism and the
effect of DNA hybridization was not elucidated in this work it
showed that single stranded DNA terminated at both ends by
thiolate anchoring groups can provide measurable single mole-
cule conductance values by the STM-BJ technique. This modifica-
tion of single stranded DNA by anchoring groups at both ends
inspired us and enabled us to investigate the effect of hybridiza-
tion on the DNA conductance at the single molecule level.

Hereby we report systematic STM-BJ single molecule charge
transport studies of single stranded and double stranded DNA
molecules in their fully hydrated state (aqueous environment)
with the goal of investigating the effect of DNA hybridization
(dsDNA formation from two complementary ssDNA strands).
Furthermore, our STM-B] methodology>® enabled the determi-
nation of two important experimental parameters, namely, the
single molecule conductance value and the most probable
molecular junction (M]) length. Presented statistical analysis of
obtained CT parameters allowed more detailed characterization
of the metal-DNA-metal MJs than previously reported.>'”*°?”
The non-equilibrium Green’s function approach within the den-
sity functional based tight-binding method (NEGF**/DFTB*) in
combination with molecular dynamics (MD)** simulation have
been used to illustrate the effects of the anchoring groups and
geometry fluctuations on CT for single stranded DNA. DFTB
method in connection with MD method was used for calculations
of interaction energies between DNA and surface of gold electro-
des. Furthermore, MD simulations were used to show possible
M] configurations of fully hydrated ssDNA and dsDNA molecule
between two gold electrodes. Finally, molecular orbital calcula-
tions using density functional theory (DFT) were used for expla-
nation of conductance difference between single stranded and
double stranded DNA. For this task, the fluctuation of structure
of single stranded and double stranded DNA in water environ-
ment was described by the MD simulation using DNA model
without explicit inclusion of gold electrodes.

Results and discussion

Two single-stranded and two double stranded DNA molecules
were used for STM-BJ single molecule conductance measure-
ments. Chemical structures of these systems are given in Fig. S1
and S2 in ESLY Single stranded DNA included 5-GGCTCACGG-3’
oligonucleotide with either 5’-(CH,)s-NH, and 3'-CH,CH(CH,OH)
(CH,),-NH, (sSDNA-NH,) or 5'{CH,)s-S- and 3'-(CH,)s-S- (sSDNA-S)
anchoring groups, where 5'- and 3'-refer to the substituent position
on deoxyribose. Molecule ssDNA-S was prepared in situ from a
precursor containing 5’-(CH,)s-S-S-(CH,)¢-OH and 3'-(CH,);-S-S-
(CH,);-OH substituents after dissociation of a disulphide bond
upon its contact with the gold surface.”*** The complementary 5'-
CCGTGAGCC-3' oligonucleotide (ssDNA) was used for preparation
of the double-stranded DNA molecules dsDNA-S and dsDNA-NH,.
The dsDNA-NH, duplex formation between ssDNA and ssDNA-NH,,
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and its stability at room temperature was confirmed by NMR and
CD spectroscopy measurements (see Fig. S3-S6 in ESIt). The duplex
formation between thiolate terminated single-stranded DNA and its
complementary chain has been reported previously.*> Most of the
previous experimental and theoretical works consider localization of
HOMO on the bases (namely on the guanine) and regard such
HOMO as the charge transporting pathway (hole transport) in DNA.
Therefore, we selected amino and thiolate as the anchoring groups
since it is well known that they also promote CT through HOMO of
the molecular wire.***

The STM-B] method was used to determine the most
probable single molecule conductance values of sSDNA-NH,,
ssDNA-S, dsDNA-NH, and dsDNA-S in the aqueous solution.
The STM-BJ] method is based on the repeated formation and
breaking of the nanojunction between the STM tip and gold
substrate in the absence and presence of studied molecules.
During this process the current is monitored at a constant bias
voltage applied between the tip and the substrate and the
conductance is obtained using Ohm’s law.*® The advantage of
this technique is that both the gold—-gold atomic contact con-
ductance, so-called conductance quantum G, = 77.5 puS, as well
as the conductance corresponding to a single molecule trapped
between the electrodes are being obtained in the same junction
breaking process (see Fig. S7 in ESIf). Such junctions were
formed and broken several hundreds of times. Recorded cur-
rent-time traces were collected and treated statistically.>*” Data
are cumulatively presented as 1D logarithmic conductance and
2D logarithmic conductance-distance histograms. The charac-
teristic conductance-distance behaviour can be obtained by
constructing the master curves.**

Further experimental details concerning chemicals and mate-
rials, sample preparation, NMR, CD spectroscopic and STM-BJ
measurements as well as detailed description of the methods
used for theoretical calculations are given in ESI,} Sections S1-S7.

Fig. 1 shows 1D logarithmic conductance and 2D logarithmic
conductance-distance histograms of sSDNA-NH, (a), dSDNA-NH,,
(b), ssDNA-S (c), and dsDNA-S (d), respectively. All molecules
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contain the same 5'-GGCTCACGG-3’ sequence wired to the gold
electrodes by aliphatic linkers terminated by either the amino
(ssDNA-NH,, and dsDNA-NH,) or thiolate (ssDNA-S and dsDNA-S)
anchoring groups. The complementary ssDNA chain was used
solely for the duplex formation (dsSDNA-NH, and dsDNA-S mole-
cules) and did not contain any anchoring group. For each
molecule, three peaks have been observed in 1D logarithmic
conductance histogram. They are labelled high (H), medium (M)
and low (L) based on the conductance values. The peak maxima
based on the best Gaussian fits are summarized in Table 1. 2D
logarithmic conductance-distance histograms in Fig. 1 represent
the probability distribution of experimental pairs of [log(G/G,);Az]
values in the ensemble of the retraction curves. A conductance
plateau (excluding the gold-gold atomic contacts appearing at
log(G/G,) = 0 as well as the noise level plateau at log(G/G,) ~ —8)
is observed only when the molecule bridges the electrodes. Up to
three conductance plateaus were observed in this work for each
studied molecule. For representative examples of individual
logarithmic conductance-distance retraction curves see Fig. S7
(ESIt). The plateau length in 2D logarithmic conductance-
distance histogram was determined statistically by the construc-
tion of the characteristic plateau length Az histograms.*” The
most probable characteristic plateau length Az* value was
obtained by the best Gaussian fit of the peak with the highest
Az value in the characteristic plateau length histogram (see
Fig. S8-S11 in ESIf). Finally, the experimental MJ length z®?
was obtained after the correction of Az* for a snap-back distance.
Further details on data analysis are provided in Section 5 of ESL¥
The experimental MJ lengths are listed in Table 1.

Multiple conductance values have been reported for DNA
molecular junction in the past.'>'*'”*! They represented inte-
ger multiples of a certain conductance value and were inter-
preted as conductances of junctions involving one, two or more
molecules. In contrast to these reports, our work gives con-
ductance values of distinct single molecule junction configura-
tions differing by order(s) of magnitude from each other as well
as in their length. A common feature for MJs involving a single
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Fig.1 Experimental 1D logarithmic conductance (counts—log(G/Gp)) and 2D logarithmic conductance-distance (log(G/Gg)—Az) histograms for
(a) ssDNA-NH, (b) dsDNA-NH, (c) ssDNA-S and (d) dsDNA-S molecules. The master curves are shown as black dashed lines.
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Tablel Experimental conductance log(G/Gp) and MJ length z®® values for three DNA junction states labelled high (H), medium (M) and low (L) based on

the conductance magnitude

DNA log(Gu/Go) a7 [nm] 1log(Gwm/Go) Zu’ ¢ [nm] log(G1/Gy) 20 P¢ [nm]
sSsDNA-NH,, —-3.7+£04 0.8 £0.2 —5.1£0.5 1.6 £ 0.2 —6.7 £0.3 2.0 £0.3
dsDNA-NH, —-3.5£04 0.8 £0.2 —4.8 £ 04 1.2 £ 0.2 —6.4+04 1.8 £ 0.3
SSDNA-S —4.2 £0.3 1.1 £ 0.2 —5.5£0.5 1.7 £ 0.4 —6.9 £0.5 2.7 £0.3
dsDNA-S —4.1+04 1.3+04 —5.3 £ 0.3 1.8+ 0.5 —6.7 £ 0.6 2.9 £ 0.6

¢ Experimental MJ length z*P = Az* + 0.4 nm was obtained after correction of the most probable plateau length Az* for a snap-back distance of
0.4 nm. The most probable plateau length Az* values were obtained from the characteristic plateau length histograms shown in Fig. S8-511 (ESI).

DNA molecule is that their conductance value (Gy, Gy and Gy)
decreases exponentially with increasing MJ length, see Table 1
and Fig. 2. This fact strongly suggests that tunnelling is the
dominant CT mechanism in reported systems containing either
nine bases or nine base-pairs. Indeed, this CT mechanism was
found to be operative within DNA molecules involving less than
ca. twelve base pairs.*® For example, Hihath et al.>** observed
tunnelling CT mechanism in a series of dsDNA molecules
having an increasing number of guanine-cytosine base pairs.
They obtained log(G/G,) value of —3.6 £ 0.2 for dsDNA contain-
ing nine base pairs comparable to CT characteristics of dsDNA
molecules used in this work, see Table 1. Their dsSDNA molecule
consisted of the NH,-(CH,);-3’-CCCGCGCCC-5'-(CH,);-NH,
strand and complementary strand without the linkers and
anchoring groups.

Fig. 2 further demonstrates the effect of anchoring groups
on log(G/G,) and z®P values. DNA molecules (both single
stranded as well as double stranded) form longer MJ config-
urations when thiolates are employed as anchoring groups,
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Fig. 2 Left: The correlation between log(G/Go) conductance and z®
junction length for (a) ssDNA-NH, (black @), dsDNA-NH, (red @);
(b) ssDNA-S (black @), dsDNA-S (blue @®). The error bars indicate the
standard deviations of log(G/Gop) and z®® values. Right: The conductance
G ratio of dsDNA and ssDNA for H, M and L junction state for molecules
terminated with (a) NH,— and (b) S— anchoring groups.

This journal is © The Royal Society of Chemistry 2022

which can be explained by higher mechanical stability of the
junction due to a strong covalent bonding between sulphur and
gold atoms.*® The NH, anchoring groups are more directional
but their interaction with gold is weaker.*** Thus, the M]Js
terminated by NH, anchoring groups break on average at much
shorter length than thiol-based molecules, compare Fig. 2(a)
and (b). The available experimental evidence confirms that
breaking of MJs based on thiolate-terminated molecules requires
three times higher force compared to amino-anchored ones.*’
Qualitatively different MJ evolution is seen also from the master
curve analysis (black lines) in Fig. 1. All three MJ configurations
(H, M, L) of ssDNA-NH, and dsDNA-NH, molecules display
master curves of slightly decreasing logarithmic conductance
with increasing junction length (black dashed lines in Fig. 1(a)
and (b)), whereas length independent trends are observed for
thiol-anchored DNA molecules (Fig. 1(c) and (d)). This observa-
tion is consistent with previously reported differences in the MJ
breaking process for organic molecular wires terminated by
these two types of anchoring groups.** It is generally accepted
that the anchoring groups can control not only the strength of
the electronic coupling between molecules and metallic leads,
but also the energetic alignment of molecular orbitals involved
in CT through the molecule and Fermi levels of surrounding
electrodes.

In order to get deeper insight into the M]J evolution and
breaking process we scrutinized and categorized individual
logarithmic conductance-distance retraction curves according
to the occurrence of molecular plateaus. Exemplary logarithmic
conductance-distance curves are shown in Fig. S7 (ESIf). All
possible combinations of plateau types in individual logarith-
mic conductance-distance retraction curves corresponding to
three M]J configurations (H, M and L) have been identified for
each studied molecule. Each ensemble contained retraction
curves with no plateau, with one plateau only (H, M, L), two
plateaus (H + M, H + L, M + L) and three plateaus (H + M + L),
respectively. A percentual distribution of curves belonging to
such defined categories is given for sSDNA-NH,, dsDNA-NH,,
ssDNA-S and dsDNA-S molecules in Fig. S12 of ESL.{ Taking
into consideration only junctions with plateaus (i.e. excluding
the category of curves showing no plateau) one arrives at the
conclusion that H, M and L states are almost equally probable
(see Table S1, ESI, T highlighted part in orange colour) inde-
pendent of DNA being single or double stranded or having
different type of anchoring groups. Retraction curves that
end up (M] finally breaks off) in the L state are observed with

J. Mater. Chem. C, 2022, 10, 12022-12031 | 12025
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the highest probability followed by curves that end up in the M
state and the smallest number represent curves showing only
the shortest H state of the junction (see Table S1 of ESIL¥
highlighted part in light blue colour). Similar trend was
observed for detection probability of curves showing one, two
and three plateaus (MJ configurations), see Table S1 (ESIY),
highlighted part in light green colour. The highest number of
retraction curves contains one plateau, followed by two and
three plateaus. Comparison between single and double
stranded DNA molecules indicates that after the DNA hybridi-
zation curves with only one plateau increase in number at the
expense of curves with three plateaus. This increase is more
pronounced for dsDNA-S compared to dsDNA-NH,. The num-
ber of curves where the last state before junction breaking is L
increases for dsDNA-NH, and decreases for dsDNA-S upon
hybridization, which may be a consequence of the decreased
flexibility of molecular structure upon hybridization as well as
different mechanical stability of the MJ. One may relate this
different stability to the anchoring groups. One should remind
the reader that sSDNA-S molecules form systematically shorter
H, M and L junction configurations than dsDNA-S molecules
(Fig. 2(b)). This is not the case for sSDNA-NH, and dsDNA-NH,,
where the trend is just opposite (Fig. 2(a)). Molecules dsDNA-
NH, form M]Js with shorter length than their single stranded
counterparts. Importantly, the conductance values increase
upon hybridization for DNA molecules terminated by both
types of the anchoring groups (Fig. 2(a) and (b), right panel).
A theoretical model of single stranded DNA containing two
guanine bases connected to the gold electrodes via linkers
terminated by thiolate (sSDNA(GG)-S) or amino (ssDNA(GG)-
NH,) anchoring groups identical to those used in STM-BJ
measurements performed in this work (Fig. S13 and S14, ESIt)
was developed to study the effect of anchoring groups on the
DNA conductance. Molecular conductance was calculated with
the DFTB**/NEGF®® approach. The effect of molecular dynamics
was included. For more computational details see Section 6 of
ESLT The average interaction energy E;, between ssDNA(GG)-S
and Auygg electrodes was by 44.9 kcal mol™' more negative
compared to Ej,, of NH,- anchored molecules (Fig. S15 of ESIf).
The junction length differences found experimentally during the
MJ evolution process are consistent with computed differences in
the interaction energies of these two anchoring groups with the
gold surface. This model served also as a benchmark for under-
standing of the effect of geometrical fluctuations within one MJ
configuration on the distribution of the conductance values. The
M] was studied by MD throughout 10 ns time period providing
eleven consecutive MJ configuration snapshots. Within this
time window the original stacking of 2 guanine bases was
partially disrupted (Fig. S16, ESI{), whereas NEGF-calculated
conductance values based on DFTB/MD snapshots varied sub-
stantially (almost two orders of magnitude) among individual
snapshots (see Fig. S17, ESIt). Results of DFTB/NEGF calcula-
tions clearly illustrate the essential contribution of geometric
fluctuations towards the experimentally-obtained conductance
peak widths (see Fig. S17, ESIt). Finally, DFTB/NEGF calcula-
tions support the notion that the difference in molecular
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conductance values between sSDNA-S and ssDNA-NH, mole-
cules is governed rather by the length (distance between two
gold electrodes) of individual experimentally observed MJs
(dependent on the type of the anchoring groups) than by the
electronic properties of the anchoring groups themselves.

The experimentally obtained single molecule conductance
was enhanced upon hybridization for DNA molecules termi-
nated by both types of anchoring groups, see Fig. 2. Higher
conductance increase observed for NH,- anchored DNA is only
apparent due to the systematically smaller MJ length values
compared to the S anchoring, compare data in Table 1 and
right graphs in Fig. 2. Indeed, dsDNA-NH,, forms shorter MJ
compared to sSDNA-NH, molecular junction, whereas the
opposite trend is observed for S anchored DNA molecules.
Based on purely geometrical considerations, the Gy, conduc-
tance of dsDNA-S represents most likely the M] configuration
with double-helix chain oriented perpendicularly to the surface
plane of the gold substrate. This statement is based on the fact
that the estimated length of the B-form of dsDNA®® amounts to
ca. 2.72 nm (eight steps multiplied by 0.34 nm), considering the
molecule without any linkers and anchoring groups. The length
of DNA molecules including linkers and thiolate anchors
roughly corresponds to zf® value of 2.9 + 0.6 nm obtained
for dsDNA-S and is also very close to z;P value observed for
ssDNA-S molecule (2.7 £ 0.3 nm). In analogy with the f
conductance decay parameter obtained from G ~ e depen-
dence (tunnelling CT mechanism) reported for dsDNA molecules
of different base-pair composition,"”?****® we have determined f§
values considering H, M and L states of sSDNA-S and dsDNA-S
junctions from the slopes in Fig. 2(b). An identical value f=3.7 +
0.2 nm ' was obtained for both thiol-based molecules. This
observation may serve as additional evidence that the oligo-
nucleotide chains in sSDNA-S and dsDNA-S M]Js share similar
spatial arrangement. This value compares well with f
parameters'***® obtained from the variation of single molecule
length by changing the number of nucleotides. As discussed
above, sSDNA-NH, and dsDNA-NH, molecules form much shorter
MJs compared to sSDNA-S and dsDNA-S molecules (related to
reduced bond strength between the anchor and gold). As a result,
we did not find meaningful to associate the slope in Fig. 2(a) for
MJs of NH,-terminated DNA molecules with f§ parameter. None-
theless, this experimental observation (shorter MJs) may also
indicate a qualitatively different characteristic configuration of
ssDNA-NH,, and dsDNA-NH, molecules in the junction. To explore
the effect of hybridization on the single molecule conductance and
MyJ evolution, we have further evaluated Gyspna/Gsspna ratios for all
three experimentally observed M]J states (H, M and L). Such ratios
determined for molecules terminated by both types of anchoring
groups are summarized in Fig. 2 right. For thiol-terminated
molecules this ratio is always lower than 2. However, for these
molecules one can further account for the effect of different 2
length on Gagpona/Gsspna Tatio by employing G ~ e P expression
and recalculating Ggspna/Gsspna Tatio for one zP = L since the
same f§ parameter was found experimentally for both ssDNA-S and
dsDNA-S MJs. Such corrected Ggspna/Gsspna Tatio amounts to
2.7 £ 0.5. In any case one can conclude that the conductance of

This journal is © The Royal Society of Chemistry 2022
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studied DNA molecules approximately doubles upon the DNA
hybridization in the CT tunnelling regime.

Three distinct conductance states indicate the existence of
different DNA configurations and possible transitions between
them during the M]J evolution. Thus, as a first step in our
theoretical characterization of these systems we have per-
formed MD simulations for ssDNA-NH, and dsDNA-NH, mole-
cules in the aqueous solution (see Section 6 of ESIT for details).
Fig. 3 shows the representative MD snapshots for these mole-
cules. For the sake of simplicity, water molecules are not
shown. The hypothetical CT pathway lengths indicated by
numbers in between two configuration types in Fig. 3 represent
the range of experimentally-observed MJ length values (z°*P)
given in Table 1. A blue sphere centred on one of the two NH,
anchoring groups (see top left snapshot in Fig. 3) relates to each
number through its radius. Blue-coloured parts of the DNA
molecule are those found within this sphere for each given
pathway length. For ssDNA-NH,, the starting configuration
derived from a B-form DNA duplex (Fig. 3(a) left) swiftly
transfers to a “cyclic” one (Fig. 3(a) right) that is sustained
during the rest of MD simulation and is therefore considered in
further discussion. The fluctuations within the anchoring
groups and those within terminal 3’ and 5’ phosphates follow
the same pattern (see Fig. S22, ESIt). A CT pathway for MJs with
2%%P larger than 1.1 nm (i.e. corresponding to experimentally
observed M and L states, see Table 1) involves almost the entire
sSDNA-NH,, (blue coloured part of the molecule). Nevertheless,
partially buried anchoring groups indicate that the MJ formation

0.8nm 0.8nm

1.1nm 1.2nm

1.7nm 1.3nm

2.0nm 1.8nm

2.7nm
2.9nm

ssDNA-NH, dsDNA-NH,

Fig. 3 Hypothetical CT pathway domains indicated by blue-colored
atoms for characteristic configurations of (a) ssDNA-NH, and (b) dsDNA-
NH; calculated with MD in the aqueous solution. The domains include all
atoms within a sphere of the radius corresponding to the experimental MJ
length values given by numbers. Sphere is centered on the nitrogen atom
of one of the NH, anchoring groups (magenta ball) as indicated in the
upper-left corner. (a) “Open” duplex-like (left) and “cyclic” (right) configu-
ration for ssDNA-NH,. (b) “Nucleobase-like” (left) and “backbone-like”
(right) orientation of linkers bearing NH, anchoring group for dsDNA-NH.
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through both NH, terminal groups may not be straightforward.
Fig. S23 (ESI}) clearly indicates the proximity of 5 and 3’
phosphates in such single-stranded DNA system(s). The exis-
tence of the “cyclic’ DNA in solution does not exclude the
possibility of molecular anchoring only to one electrode either.

The dsDNA-NH,, by contrast, behaves regularly like a cano-
nical duplex (see Fig. 3(b) and Fig. S22, ESIt{), where the
hypothetical CT pathway is affected largely by a specific orien-
tation of the linkers bearing anchoring groups (Fig. 3(b)). A
closer look on structurally dynamical behaviour of the linkers
and anchoring groups in dsDNA-NH,, unveiled two principal orien-
tations, where the predominant one labelled as “nucleobase-like”
refers to the parallel orientation of the linker-NH, group (see
Fig. 3(b) left and Fig. S24-S26, ESIt). The other orientation denoted
as “backbone-like” involves the linker and anchoring group bent
out of the duplex, see Fig. 3(b) right. Relatively free variation of the
linker orientation thus may be anticipated in the experiment owing
to its substantial flexibility. For dsDNA-NH, junctions z“ values
vary from 0.8 to 1.8 nm (H to L state, see Table 1). These numbers
are represented by four out of five configurations depicted in
Fig. 3(b). For the “backbone-like” configuration, the hypothetical
CT pathway involves only the NH,- anchoring group and the alkyl
linker, without the involvement of nucleotides. We consider such
M] configuration as highly unlikely. On the contrary, the
“nucleobase-like” configuration involves gradually increasing num-
ber of nucleotides in the hypothetical CT pathway. We find such MJ
configuration as much more realistic. We further presume that
for both ssSDNA-NH, and dsDNA-NH, molecules, the existence
of three distinct M]J states (H, M and L) and sharp transitions
among them (see Fig. S7, ESIY) reflect increasing number of
nucleotides involved in the CT pathway in the course of the M]
elongation. Furthermore, to obtain the ratio between conduc-
tance of double and single stranded DNA we calculated mole-
cular orbital energies using DFT method and geometries based
on MD snapshots taken from previously mentioned MD simula-
tions of ssDNA-NH, and dsDNA-NH, molecules in aqueous
solution (see Fig. S27 and S28, ESIt). Calculated transmission
functions are depicted in Fig. S29 (ESIt). These calculations
provided the ratio 2.7 between conductances of double and
single stranded DNA.

Further, MD simulations of MJ configurations of sSDNA-S
and dsDNA-S molecules were conducted in the aqueous
solution in the presence of the gold electrodes (see Section 6
of ESIt). The distance between the surface planes of gold
clusters representing electrodes was set to the respective experi-
mental M]J length values reported in Table 1 for H, M and L
configurations. The MD simulations were performed by step-
wise closing of the MJ to achieve the desired z® values. Fig. 4
(water molecules are not visualized) shows that simulated MJ
configuration corresponding to the experimental L state pre-
serves the original conformation of both sSDNA-S and dsDNA-S
systems. Only after a decrease of the z™P distance to that
corresponding to H state the tendency to squeeze out the
complementary chain in dsDNA-S is predicted. It cannot be
verified that squeezing of DNA strands indeed occurs in the H
state of experimentally formed MJs, but such configuration may

J. Mater. Chem. C, 2022, 10, 12022-12031 | 12027
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Fig. 4 Configurations of the ssDNA-S (upper part) and dsDNA-S (lower part) molecules within gold electrodes calculated with MD. The indicated
distances between electrodes in MD simulations corresponded to the experimentally obtained MJ length z°*® values for the H (left), M (middle) and L
(right) junction configuration. The S- anchoring groups are indicated as magenta balls.

partially explain the lower G4spna/Gsspna ratio observed for the
H state (see Fig. 2 right). Based on these computations one may
say that thus obtained predictions support the claim regarding
the importance of the base pairing interactions in the overall
CT process. This theoretical observation together with the fact
that the experimentally obtained single molecule conductance
approximately doubles upon hybridization (involving two back-
bone chains) could be in favour of the statement that both
base-pair formation as well as an increased number of identical
sugar phosphodiester backbone chains contribute to the
observed conductance changes. To further corroborate the
hypothesis that the sugar phosphodiester backbone plays an
important role in the CT through the DNA molecule, we have
performed control STM-B] experiments in which the single
stranded DNA of the same oligonucleotide sequence as used
in this work had only one anchor at 5’ position. In particular, we
studied CT properties of three molecules: single stranded H,N-
(CH,)6-5'-GGCTCACGG-3’ and H,N—(CH,)¢-5-CCGAGTGCC-3’
and the double stranded DNA formed by hybridization of these
two chains. Such prepared dsDNA contains one NH, anchoring
group on each of its complementary strands. The anchoring
groups are located on the opposite side of the duplex providing
spatially favorable arrangement for being contacted by the sub-
strate and by the tip. STM-BJ histograms obtained from these
measurements are summarized in Section 7 of ESL{ No single
molecule conductance features were observed for these three

12028 | J. Mater. Chem. C, 2022, 10, 12022-12031

additionally inspected systems indicating that the presence of the
anchoring group on each end of one DNA strand is critical for
obtaining functional MJs. The realization of MJs via hybridization
of two strands each bearing only one anchoring group failed too.
Such finding supports our hypothesis that the sugar phospho-
diester backbone must be involved in the CT through the DNA
molecule. To confirm this hypothesis, we calculated the differ-
ence in charge transport properties between sSDNA(GG)-S and
ssDNA(abasic)-S junction using DFTB/NEGF method. The results
show that ssDNA(GG)-S junction is indeed more effective in
charge transport than ssDNA(abasic)-S junction, however, calcu-
lated ssDNA(abasic)-S conductance value is relatively close to
that calculated for sSDNA(GG)-S junction. This result implies
that sugar phosphodiester backbone chain can contribute
to the charge transport pathway in DNA, for more details see
Section 6 of the ESL{

It is important to remind the reader that three distinct
conductance states with roughly similar occurrence probability
were observed during the M]J evolution irrespective of the
number of DNA chains (one versus two) and of the type of the
anchoring groups (S- versus NH,-). This observation suggests
that such states are related to the MJ configurations involving
the interactions between the electrodes and the sugar phos-
phodiester backbone (rather than directly bases or base-pairs).
Presumably, distinct states are due to geometrically and ener-
getically favourable MJ configurations that differ in the number

This journal is © The Royal Society of Chemistry 2022
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of “electrode free” nucleotides in their entirety (i.e. not having a
direct contact with the electrodes) involved in the CT pathway
of increasing length in the course of the MJ evolution.

Conclusions

The conductance properties of single stranded DNA molecules
containing at both backbone ends either thiolate sSDNA-S or
amino ssDNA-NH, anchoring groups have been obtained at the
single molecule level by STM-BJ measurements in the aqueous
environment. The evidence of the conductance enhancement
upon hybridization with its complementary oligonucleotide
chain ssDNA was clearly demonstrated. The conductance
almost doubled after the hybridization process reflecting
additive transport in DNA molecular circuits. These findings
compare well with recently observed current doubling in the
(gold)-semiconductor (DNA) Schottky junctions containing
0.5 mm thick layers of single stranded or double stranded
DNA.”" Three distinct MJ configurations (H, M, L) were observed
for both single stranded and double stranded DNA irrespective
of the anchoring group used. Thiolate anchoring led to longer
M]J configurations upon hybridization in all three states com-
pared to NH, groups, where the tendency was just the opposite.
Quantum mechanical calculations supported our findings
pointing to the differences in the interaction energies as well
as in the DNA configuration. The upmost double enhancement
of the DNA conductance due to hybridization is thus consistent
with doubled number of CT pathways through DNA molecules.
A control experiment with only one amino anchoring group on
each strand of dsDNA-NH, (opposite sides) failed to detect any
single molecule junction conductance within the available con-
ductance range of our STM-BJ setup. Based on the combined
experimental and theoretical evidence we are able to postulate
that sugar phosphodiester backbone chains can contribute to
the charge transport pathway and the m-system of stacked
nucleobases involving the base-pair formation is important
factor in the explanation of CT through double and single
stranded DNA molecules.
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