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Charge Transport through Oligoarylene Self-assembled Monolayers:
Interplay of Molecular Organization, Metal–Molecule Interactions,
and Electronic Structure**
By Christian Grave, Chad Risko, Andrey Shaporenko, Yiliang Wang, Colin Nuckolls, Mark A. Ratner,
Maria Anita Rampi,* and Michael Zharnikov*

The electrical properties of two molecular wires-a novel aryl moiety, 6-(5-pyridin-2-ylpyrazin-2-yl)pyridine-3-thiol (PPPT), and
the well studied 1,1’;4’,1’’-terphenyl-4-thiol (TPT)-organized in self-assembled monolayers (SAMs) are measured using metal–
molecule–metal (MMM) mercury-drop junctions. Current measured at the same bias voltage through PPPT is found to be more
than one order of magnitude lower than through TPT. To interpret and understand these results, characterization of the structure, organization of the SAMs, and theoretical analyses of the molecular systems are discussed. X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure spectroscopy (NEXAFS) indicate that although PPPT forms highquality SAMs on both Au and Ag substrates, it exhibits a lower packing density (by 20 %) and less orientational order than
TPT. In addition, electronic structure calculations with density functional theory (DFT) reveal that the electron-withdrawing
nitrogen atoms in the PPPT aryl backbone stabilize the valence molecular electronic structure and pull negative charge from
the thiol sulfur. This behavior can influence both charge-injection barriers and metal–molecule binding interactions in the
MMM junctions. The current–voltage data are interpreted on the basis of a hole-tunneling, through-bond mechanism. Conductance analysis through a model for off-resonant tunneling transport suggests that a comparatively small difference in the
charge-injection barrier can explain the factor of ten difference in observed conduction.

1. Introduction
Organic compounds–either as single molecules or organized
in self-assembled monolayers (SAMs)–can act as wires, recti-
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fiers, switches, or even transistors in the development of ultraminiaturized electronics.[1–2] The prospect of such molecular
electronics has led to a steadily growing interest in the characterization of both the electronic and structural features of relevant molecular species bound to metal substrates. Specifically,
measurements and theoretical simulations of current–voltage
(I–V) relationships aimed at describing how electronic and
structural properties correlate with conductance have increased dramatically over the past few years.[2–8]
A variety of metal–molecule–metal (MMM) junctions have
been developed to empirically probe these characteristics. In
addition to techniques that aim to measure electrical properties
of a single molecule (e.g., break junctions)[9–14] or a few molecules (e.g., STM-based methods),[15–18] large area MMM junctions involving an ordered assembly of molecules (i.e., SAMs)
on a conducting metal or semiconductor substrate have
become quite popular because of their generally simple design.[19–24] Even though the electrical properties of such junctions are mostly associated with the chemical structure of the
individual molecules, the impact of the organization[25] of the
molecules in SAMs sandwiched between two electrodes[26] is
an important parameter in understanding the charge transport
characteristics. Whereas electronic delocalization along the
molecular backbone is considered a fundamental characteristic
in obtaining high molecular conductance, effects related to the
molecular organization in monolayers are seldom discussed; of
particular importance are i) the binding of the molecular headgroup to the surface,[23] ii) the degree of order in the SAMs,
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Both XPS and NEXAFS data suggest that films prepared
from a 0.3 mM solution of the PPPT precursor have a superior
quality compared to SAMs fabricated from a 20 lM solution.
The latter films exhibited no orientational order and were
partly contaminated; in particular, a pronounced O 1s emission
was observed in the XPS spectra of these films, whereas the respective NEXAFS data showed a clear fingerprint of the C=O
moieties. Therefore, we solely present and discuss data for
SAMs prepared from the 0.3 mM solution of the target compounds. No pronounced differences between the spectra of
PPPT/Au and PPPT/Ag were observed; thus, only data for
PPPT/Au will be shown.
The S 2p, C 1s, and N 1s XPS spectra of PPPT/Au are shown
in Figure 2. The relatively poor signal-to-noise ratio of the S 2p
spectrum is explained by the attenuation of the corresponding
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Figure 2. S 2p, C 1s, and N 1s XPS spectra of PPPT/Au acquired at photon
energies of 440 eV (S 2p) and 660 eV (C 1s and N 1s).

Figure 1. The molecular structures of PPPT and TPT.

cally, we are interested in comparisons with the structurally
analogous 1,1’;4’,1’’-terphenyl-4-thiol (TPT). PPPT is also of
relevance in that it can undergo conformational rearrangement
of the pyridine and pyrazine units to form two 2,2’-bipyridyl
motifs that can act as ligands for the incorporation of different
metal complexes into the SAM; this aspect is particularly fascinating as incorporating metal-centered redox sites into the molecular wire can have an intriguing role in mediating electron
transfer processes, an issue we will address in future work. The
structural and electronic properties of PPPT SAMs were studied by X-ray photoelectron spectroscopy (XPS) and near edge
X-ray absorption fine structure (NEXAFS) spectroscopy; a detailed analysis of the structure and properties of TPT SAMs
can be found elsewhere.[28-30] The I–V characteristics of PPPT
SAMs were measured with a mercury-based MMM junction
and compared with previously published results for TPT
films.[31] In addition, I–V measurements through dodecanethiolate (DDT) SAMs were also reported as a reference for current
flowing through molecules of similar length and substantially
different electronic structure. The experimental data are analyzed on the basis of theoretical calculations performed within
the density functional theory (DFT) framework and modeled
with a conduction model for off-resonant tunneling transport.
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and iii) the orientation and conformation of the molecular
backbone(s).[17,18,25,27] The latter parameters are especially critical for complex molecules that may adopt a number of very
different orientations and conformations on the surface.
Whereas an increasing number of studies deal with electrical
measurements of different molecules and their respective
SAMs, systematic investigations to deduce the influence of
molecular environment on the electrical properties of such systems are scarce (see, e.g., ref. 25).
Here we present structural and transport characteristics of
SAMs formed from a novel molecular wire, 6-(5-pyridin-2-ylpyrazin-2-yl)pyridine-3-thiol (PPPT, Fig. 1), on Au and Ag substrates to probe the effects of heteroatom substitution in the
aryl backbone of oligophenylene-based molecules on their
relatively high electrical conductance properties;[8,17,18] specifi-

signal by the SAM overlayer and the relatively short acquisition time chosen to reduce possible X-ray-induced damage
during the measurements.[32–35] The comparatively poor signalto-noise ratio of the N 1s spectrum stems from the large inelastic background in this binding energy (BE) range and the low
photoionization cross section of the N 1s core level at the given
photon energy.[36–38]
In the S 2p spectrum, a single S 2p3/2/2p1/2 doublet was
observed at a BE of 162.2 eV for both PPPT/Au and PPPT/Ag.
This doublet, typical for intact thiol-derived SAMs, is usually
associated with a thiolate species bound to the metal surface.[39-41] With the exception of the doublet, no further features, including emissions related to atomic sulfur, disulfides,
alkylsulfides, or oxidative products of sulfur, were observed.
The BE of the S 2p doublet in the PPPT films was somewhat
larger than the analogous values for biphenyl- and terphenylthiolate SAMs (162.0–162.1 eV),[28,30,40] which indicate a
partial withdrawal of negative charge from the metal–thiolate
bond to the pyridine and pyrazine rings because of the
higher electronegativity of nitrogen compared to carbon (see
below).
In the C 1s spectrum, a single C 1s emission was observed at
a BE of 285.1 for both PPPT/Au and PPPT/Ag; no “fine structure” could be resolved, and emissions related to carbon mon-
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oxide or dioxide were not exhibited. This band is attributed to
carbon in the pyridine/pyrazine backbone. The BE of the major
C 1s emission in the PPPT films was noticeably higher than the
analogous value for biphenyl- and terphenylthiolate SAMs
(ca. 284.1 eV).[28,30,40] These results point to the aryl carbon
atoms being more positively charged upon substitution of the
nitrogen atoms into the backbone (see below). Such a shift has
been observed in pyridine-terminated SAMs on Au substrates,
in which the C 1s emissions related to the carbon atoms in the
ortho and para positions of the pyridine were observed at
285.3–286.6 eV.[42]
A single emission in the N 1s spectrum related to nitrogen
atom incorporation into the aromatic rings is observed at a BE
of 399.0 eV for both PPPT/Au and PPPT/Ag. This BE is very
close to the value expected for an unmodified pyridine moiety
(ca. 399.0 eV)[42] and is slightly smaller than the value for socalled “weakly” H-bonded pyridine (399.1–399.5 eV).[42] At
the same time, it is noticeably smaller than the value for
“strongly” H-bonded pyridine (400.4–400.9 eV)[42] and protonated pyridine (401.4–402.4 eV).[42,43] Thus, the PPPT molecules
in the respective SAMs contain mostly unmodified pyridine
moieties, and there is, at most, “weak” H-bonding between the
neighboring molecules in the SAM.
The O 1s spectrum (not shown) indicates that there was a
small amount of oxygen contamination for both PPPT/Au and
PPPT/Ag. Emission in the spectrum was assigned to residual
C=O species, which were not removed from the substrate surface during SAM formation. The “self-cleaning” of C=O
worked quite well in the case of alkanethiolate or biphenylthiolate SAMs but was not complete in the present case. This effect
could be related to a weakening of the thiolate–substrate bond
because of a partial withdrawal of negative charge by the molecular backbone; specifically, it was assumed that the identity
of the 4’-substituent in SAMs of 4-mercaptobiphenyls could affect the adsorption kinetics as well as the equilibrium structure
of these bound structures.[44,45]
On the basis of the XPS data, the effective thickness of the
PPPT films could be estimated using a standard expression for
an exponential attenuation of the photoemission signal and attenuation lengths for densely packed hydrocarbons.[46] For the
evaluation, we used the ratios of the C1s/Au4f and C1s/Ag3d
emissions[47] and performed, as an additional check, similar calculations for n-alkanethiolate SAMs on Au and Ag, which were
in good agreement with literature values.[48] The thickness of
the PPPT film was estimated to be 13.9 and 13.5 Å on Au and
Ag, respectively. These values are fairly close to the sum of the
molecular lengths of PPPT (14.2 Å) and substrate–S distances
(2.4 Å),[49] which suggest an upright orientation and a dense
packing of these molecules in the respective SAMs. Considering
that the estimated thicknesses were somewhat smaller than the
above sum, a slight molecular inclination can be assumed. Taking into account the similar molecular lengths of the PPPT and
TPT molecules, comparison of the derived effective thicknesses
of the PPPT films with the analogous values for the TPT SAMs
(15.3 and 16.5 Å for Au and Ag, respectively)[28,30] suggests that
the packing density of the PPPT films was approximately
80–85 % of the packing density found for TPT SAMs.
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Information from NEXAFS spectra complemented the XPS
data. In the NEXAFS experiment, core level electrons (e.g., C
1s for a C K-edge spectrum) were excited into the unoccupied
molecular orbitals characteristic for a specific bond, functional
group, or molecule; the photon energy positions of the respective absorption resonances provided a clear signature of these
entities. In addition, information on molecular orientation
could be derived, as the cross section of the resonant photoexcitation process depends on the orientation of the electric field
vector of the linearly polarized synchrotron light with respect
to the molecular orbital of interest (so-called linear dichroism
in X-ray absorption) and is a maximum if the direction of the
E-vector and the transition dipole moment (TDM) of the orbital are collinear.[50] For analysis of the spectral features, however, it is useful to exclude effects of molecular orientation.
For this purpose, a spectrum acquired at the so called magic
angle of light incidence (ca. 55°) is most suitable, as it is independent of the molecular orientation.[50]
The C K-edge NEXAFS spectra of PPPT/Au acquired at
X-ray incidence angles of 20°, 55°, and 90°, as well as the
respective difference spectrum (i.e., the difference between the
spectra acquired at 90° and 20°), are presented in Figure 3.
Assignments and energy positions of the absorption
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Figure 3. Normalized carbon K-edge NEXAFS spectra of PPPT/Au acquired at X-ray incidence angles of 90°, 55°, and 20°, along with the respective 20°–90° difference spectrum. The characteristic absorption resonances are marked (see text and Table 1).

resonances are given in Table 1, along with analogous data for
benzene,[50–53] pyridine,[53,54] pyrazine,[54,55] and TPT/Au;[30] benzene is considered as a general reference for aromatic compounds, whereas the pyridine and pyrazine data serve as references for the structural components of PPPT. Note that the
shape of the C K-edge NEXAFS spectrum for both pyridine
and pyrazine is very similar to benzene.
We find that the general shape of the C K-edge NEXAFS
spectrum for PPPT/Au is also similar to the spectrum for benzene.[50,53] The spectrum exhibits a C 1s absorption edge related
to C 1s → continuum excitations located at ca. 287 eV[56] and
several p* and r* resonances. The spectra are dominated by a
strong, slightly asymmetric p1* resonance at 285.35 eV, which
is accompanied by a weaker p2* resonance at ca. 289.7 eV. The
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Table 1. Photon energy positions (eV) and assignments (only the final orbital) of the C K-edge NEXAFS resonances for PPPT
SAMs on Au and Ag along with reference data for benzene,[50–53] pyridine,[53,54[ pyrazine,[54,55] and TPT/Au.[30]
R*/C-S*

p2*

r1*

r2*

p*(e2u)

p*(b2g)

r*(e1u)

r*(e2g+a2g)

285.0

288.9

293.3

300.1

284.9

285.0 (b1) + 285.6 (a2)

289.1

294.1

301

284.4

285.3 (b3u) + 286.1 (au)

291.2

297.4

306.0

288.9
288.45 + 289.8

293.0
293.8

300.0
302.0

p1a*
Assignment for
benzene [a]
Benzene
(solid phase)
Pyridine [a]
(solid phase)
Pyrazine [a]
(solid phase)
TPT/Au
PPPT

285.0
285.35

287.4
287.3

Step

[a] The p*(e2u) resonance is split into two peaks in pyridine and pyrazine.

Intensity (arb. units)

broad resonances at ca. 293.9 and ca. 300 eV are related to
transitions into r* orbitals.[50,51,53] The value of 285.35 eV lies
exactly between the positions of the p1*(b1) and p1*(a2) resonances in pyridine (which are merged at the given energy resolution) and is very close to the position of the p1*(b3u) resonance in pyrazine. The p1*(au) resonance of pyrazine is not
distinguishable. Compared to the p1* resonance position in
benzene (285.0 eV),[53] the observed shift of 0.35 eV is predominately the result of a shift in the C 1s core level between
benzene and pyridine/pyrazine. The asymmetry of the p1* resonance in the PPPT films is presumably related to the multicomponent character of this resonance, which is a superposition of
at least three components [(p1*(b1), p1*(a2), and p1*(b3u)] with
different spectral weights.
The N K-edge NEXAFS spectra of the PPPT films are quite
similar to those of pyridine[53,54,57,58] and pyrazine.[54,55] One
such spectrum (55°) for PPPT/Au is presented in Figure 4. The
assignments and energy positions of the absorption resonances
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Figure 4. Normalized nitrogen K-edge NEXAFS spectrum of PPPT/Au acquired at an X-ray incidence angle of 55°. The characteristic absorption
resonances are marked (see text and Table 2).

are given in Table 2, along with the analogous data for pyridine
and pyrazine presented for comparison. The spectra are dominated by a pronounced p* resonance at 398.1 eV, which is
accompanied by weak p*-like features at 402.3 and 403.8 eV
and broad r* resonances at 407.1 and 415.6 eV.
In addition to sampling unoccupied molecular orbitals,
NEXAFS data provided information on both orientation and
orientational order of the PPPT films. The C K-edge spectrum
Adv. Funct. Mater. 2007, 17, 3816–3828

Table 2. Photon energy positions (eV) and assignments (only the final orbital) of the N K-edge NEXAFS resonances for the PPPT SAMs on Au and
Ag along with the reference data for pyridine[53,54] and pyrazine.[54,55]

Pyridine (solid phase)
Pyrazine (solid phase)
PPPT

p1*

p2*

r1*

r2*

399.0 (b1)
399.3 (b3u)
398.1

403.3
406
402.3 + 403.8

408
411.1
407.1

414.3
417.6
415.6

in Figure 3 exhibits a pronounced linear dichroism; that is, the
intensities of the absorption resonances changes significantly
when the angle of X-ray incidence is varied. This result implies
a relatively high orientational order in the PPPT films. As mentioned above, the intensity of a NEXAFS resonance depends
on the orientation of the electric field vector with respect to
the TDM of the probed molecular orbital and is maximal if the
direction of the E-vector and the TDM are collinear. The spectra in Figure 3 exhibit an increase in the p* resonance intensity
and a decrease in the r* intensity with increasing angle of light
incidence, which implies an upright orientation of the PPPT
molecules in the respective SAMs and is a result in full agreement with the XPS data. The inverse behavior of the p* and r*
resonance intensities can be explained by the orthogonal orientation of the p* and r* orbitals: whereas the latter orbitals are
oriented within the ring plane, the vector-type p* orbitals are
perpendicular to this plane.[50]
In addition to these qualitative considerations, an average tilt
angle of the molecules can be estimated by quantitative analysis of the angular dependence of the NEXAFS resonance intensities. For this analysis, the p1* resonance was selected, as it
is the most intense and distinct feature in the absorption spectra of the films. The numerical evaluation of the derived intensity dependence was performed on the basis of a standard
expression for a vector-type orbital[50]
I(a) ∝ 1 + (3 cos2 h – 1)(3 cos2 a – 1)

(1)

where a is the average tilt angle of the p1* orbitals with respect
to the surface normal and h is the X-ray incidence angle. Equation 1 was slightly modified for the case of the aromatic molecules.[59,60] A herringbone packing of the PPPT backbones with
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a twist angle of 32° typical for bulk aromatic compounds was
assumed.[56,61,62] As a result, we obtain an average tilt angle of
the PPPT aromatic backbone of 32° for PPPT/Au and 35° for
PPPT/Ag. The estimated accuracy of these values is about ± 5°
(mostly related to an uncertainty in the values of the twist angles). Note that compared to the oligophenylene–thiolate
SAMs of the same chain length, that is, TPT SAMs (20° for
TPT/Au and 16° for TPT/Ag),[30,39] PPPT exhibited a significantly higher molecular tilt. Note also that the higher value for
the average tilt angle of the aromatic backbone in the PPPT
film does not definitively suggest that all PPPT molecules are
respectively inclined but simply that there is a lower orientational order in this film versus TPT.

relatively large errors (error bars in Fig. 5) are typical for this
type of junction and are generally related to a combination of
statistical error and the error in estimating the area of the junction or the contact area between the solid gold electrode and
the Hg-drop electrode.[31] Presumably, there were also some
additional disturbance factors in the case of the Au–PPPT//
DDT–Hg junction, as the statistical deviation for this junction
was larger than for the Au–TPT//DDT–Hg and Au–DDT//
DDT–Hg assemblies. However, even accounting for the large
experimental error, the higher conductivity of the TPT SAM
compared to the PPPT film is unambiguous.

2.3. Computational Results
2.3.1. Geometry

Taking into consideration the results of the spectroscopic
characterization, only films prepared from a 0.3 mM solution of
the respective oligoarylenes were used for the I–V experiments.
Under these conditions, all Au–X//DDT–Hg (X = PPPT, TPT,
DDT) junctions were mechanically stable, thus allowing several consecutive and reproducible measurements to be made for
each sample. Only a small percentage (5 %) of the assembled
junctions showed short circuits, mainly from defects in the
SAMs. The I–V curves for the Au–X//DDT–Hg (X = PPPT,
TPT, DDT) junctions were measured on a statistically significant number of junctions (more than 20 of each type). The
average values of I at a given DV are reported in Figure 5; the
error bars represent a standard deviation from these values.
The I–V curves in Figure 5 show symmetric behavior for
both a positive and a negative applied bias. Over the entire DV
range, i) the current measured for TPT was the highest, ii) the
current for PPPT was more than one order of magnitude lower
that for TPT, and iii) the current for DDT SAM was two orders
of magnitude lower than the current measured for TPT.[31] The

With reference to the atom numbering scheme shown in Figure 6, Table 3 provides selected bond lengths and torsion angles for TPT and PPPT at the B3LYP/6-31G** level of theory.
For the gas-phase neutral ground state of TPT, the alternating
torsion angle conformer is the most energetically stable,
although the energy difference (0.36 kcal mol-1) was not significant. As the bond lengths of the two conformations are virtually the same, the primary difference is in the torsion angles
between the phenyl rings: 33.8° and –38.4° for the alternating
conformation and 38.2° and 39.3° for the helical conformation.
In the case of PPPT, starting the geometric analyses in either
the alternating or helical conformation led to the same equilibrium geometry-a virtually planar aryl system. We therefore
found that the lowest energy gas-phase conformations of TPT
and PPPT were dramatically different, with TPT favoring a
twisted conformation and PPPT being planar.
With the distinctions displayed in the preferred equilibrium
geometries already apparent, it was of interest to understand if
other geometric conformations were realistic, especially for ex-
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Figure 5. I–V curves measured across the Au–DDT//DDT–Hg, Au–PPPT//DDT–Hg and Au–TPT//DDT–Hg junctions. The error bars are shown for one
voltage step only. They represent the standard deviation from the average values obtained from about 20 measurements for each type of junction.
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Figure 6. Chemical structures of TPT and PPPT. Atom numbering schemes for geometric analyses are also provided.

Table 3. Selected bond lengths (Å) and angles (°) for the neutral states of
TPT and PPPT at the B3LYP/6-31G** level of theory.
TPT

S1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C/N7
C/N7-C8
C8-C9
C9-C10
C10-C/N11
C/N11-C12
C12-C13
j1
j2
DE (kcal mol–1)

PPPT

alternating

helical

planar

1.787
1.401
1.391
1.405
1.483
1.405
1.391
1.405
1.484
1.405
1.394
1.396
33.8
–38.4
0.00

1.787
1.401
1.391
1.405
1.483
1.405
1.391
1.405
1.484
1.405
1.394
1.396
38.2
39.3
0.36

1.786
1.400
1.390
1.408
1.487
1.407
1.389
1.407
1.490
1.408
1.393
1.395
0.0
0.0
3.35

1.779
1.401
1.388
1.403
1.480
1.345
1.331
1.406
1.484
1.346
1.335
1.396
0.1
0.1
–

periments performed at room temperature (RT, approximately
0.6 kcal mol-1). Specifically, it is known that oligophenylene–
thiolates adopt, on average, a (near) planar conformation and
pack in herringbone structures when self-assembled on Au.[63]
Therefore, we scanned the potential energy surface for the
rotation angle of the central phenyl ring, in both the alternating
and helical conformations, as seen in Figure 7. Within the confines of RT, TPT in either the alternating or helical conformations could freely rotate between roughly 25–45°; because of
the symmetry of the aryl segment of TPT, there was a corresponding rotation around 135–155°. It is worth noting that the
most energetically destabilized conformation of TPT was at 90°
where p-interaction stabilization was lost.
PPPT, in contrast, was severely limited in rotation about the
central phenyl ring. At 180° (defined by the dihedral angle
between the single nitrogen of the pyridine ring and the nearest-neighbor nitrogen on the pyrazine ring), hydrogen bonding
interactions between the pyridine/pyrazine nitrogen atoms and
hydrogen atoms on the neighboring aryl rings significantly stabilized the conformation; this stabilization was maintained for
twists of approximately 10°. Beyond a torsion of 10°, there was
a strong energetic destabilization of the molecule, as both the
hydrogen-bonding and p-interaction stabilizations were lost.
Furthermore, induced steric interactions (i.e., CH-HC) added
to the energy destabilization as the twist approached 0°. As
with TPT, the most energetically destabilized conformation
was at 90°. HF/6-31G** simulations of these torsion potentials
provided similar energy surfaces for both TPT and PPPT. We

Adv. Funct. Mater. 2007, 17, 3816–3828

Figure 7. Potential energy surface for rotation about the central phenyl
ring of TPT (top) and PPPT (bottom) at both the B3LYP/6-31G** and
HF/6-31G** levels. The dashed bottom line represents energy at RT
(0.6 kcal mol–1).

also note that at a 0° conformation for PPPT, the nitrogen
atoms of the pyridine-pyrazine pairs resided on the same side
of the molecular structure. Such a structure provided the 2,2’bipyridyl motif that could be utilized to incorporate metal ions
into the molecular structure.
2.3.2. Electronic Structure
Energy eigenvalues for selected valence molecular orbitals
of TPT and PPPT for various molecular conformations are
listed in Table 4, whereas the respective pictorial representations of the surface densities are shown in Figures 8 and 9. For
the optimized molecular conformation, the highest occupied
molecular orbital (HOMO) for TPT (-5.61 eV) is located predominantly on the sulfur atom and the two adjacent phenyl
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Table 4. Energy eigenvalues (eV) for selected valence molecular orbitals
for various conformations of TPT and PPPT at the B3LYP/6-31G** level of
theory.
TPT

LUMO+1
LUMO
HOMO
HOMO-1

PPPT

opt.

0

90

opt.

0

90

–0.30
–1.12
–5.61
–6.37

–0.44
–1.39
–5.44
–6.39

–0.16
–0.44
–5.93
–6.64

–1.20
–2.04
–6.01
–6.53

–1.14
–2.04
–6.04
–6.50

–0.93
–1.42
–6.34
–6.64

The HOMO (-6.01 eV) and LUMO (-2.04 eV) of PPPT were
energetically stabilized with respect to TPT. The optimized
conformation for PPPT shares a similar wavefunction distribution for the HOMO (predominately on the sulfur atom and the
two adjacent phenyl rings with little density on the furthest
phenyl ring) and LUMO (delocalized over the phenyl rings
with little-to-no density on the sulfur) with TPT. Similarly, the
HOMO and LUMO wavefunction distribution for the 90° conformation was also similar to TPT.
2.3.3. Charge Distributions
Mulliken charge distributions at the B3LYP/6-31G** level of
theory for TPT and PPPT are presented in Table 5. The charge
distributions among the various TPT conformations did not
change dramatically. The sulfur atom in PPPT was more elecTable 5. Mulliken charge distributions (arbitrary units) for TPT and PPPT at
the B3LYP/6-31G** level of theory.
TPT

Figure 8.Pictorial representation of selected valence molecular orbitals of
TPT at the B3LYP/6-31G** level of theory.

Figure 9. Pictorial representation of selected valence molecular orbitals of
PPPT at the B3LYP/6-31G** level of theory.

rings, with little density on the outermost phenyl ring. In contrast, the lowest unoccupied molecular orbital (LUMO,
–1.12 eV) is fully delocalized over the phenyl rings with a
smaller density on the sulfur. Twisting the central phenyl ring
to 90° fully localized the HOMO (–5.93 eV) on the sulfur and
nearest-neighbor phenyl ring. Interestingly, the HOMO was
energetically stabilized upon twisting the molecular structure;
although the p-delocalization energy was lost, this gain in energy stabilization appeared to result from the lack of anti-bonding interaction between the phenyl rings. The LUMO was energetically destabilized (–0.44 eV) as it became localized on the
two phenyl rings nearest the sulfur. Forcing TPT to be fully
planar energetically destabilized the HOMO (–5.44 eV) while
stabilizing the LUMO (–1.39 eV). The (de)stabilization effects
were due to increased bonding and anti-bonding interactions in
the HOMO and LUMO, respectively, between the phenyl
rings.
3822 www.afm-journal.de

PPPT

alternating

helical

planar

0.076
–0.087
–0.007
–0.013
0.060
0.075
–0.037
–0.034
0.067
0.063
–0.027
–0.004
0.003

0.077
–0.087
–0.007
–0.011
0.055
0.067
–0.034
–0.032
0.064
0.062
–0.027
–0.004
0.003

0.079
–0.084
–0.012
–0.017
0.074
0.097
–0.050
–0.047
0.093
0.083
–0.034
–0.008
0.006

S1
C2
C3
C4
C5
C6
C/N7
C8
C9
C10
C/N11
C12
C13

0.101
–0.105
0.041
0.053
0.236
0.247
–0.496
0.235
0.243
0.245
–0.505
0.200
–0.003

tropositive that in TPT, a result that is in line with the XPS
findings (see Section 2.1). The nitrogen atoms, as indicated by
their highly negative Mulliken charges, act as strong electronwithdrawing agents in the aromatic backbone; this highly negative character of the nitrogen atoms helped to produce the
stronger-than-expected hydrogen-bonding stabilization energy
for this system. We also note that there was a significant redistribution of the charge character on the carbon atoms in PPPT
versus TPT; the sum of the charges on the carbon atoms were
more positive in PPPT than in TPT, in agreement with the XPS
results.

3. Discussion
The XPS and NEXAFS data agreed remarkably well. SAMs
of PPPT on both Au and Ag were well-ordered and densely
packed, and the packing densities of the aromatic moieties in
PPPT/Au and PPPT/Ag were found to be quite similar. Attachment to the substrate occurred via a thiolate linkage, whereas
the pyridine-pyrazine backbone has an upward orientation.
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where N is the number of tunneling sites, t is the electronic coupling (transfer integral) between adjacent sites; C1,2 are the
coupling strengths between the molecule termini and metal
electrodes; and UB is the charge injection barrier from the elecAdv. Funct. Mater. 2007, 17, 3816–3828

trode to the molecule.[66] The experimental XPS data and the
calculated charge distributions indicate that the Au-S bond in
PPPT was weakened versus TPT via a redistribution of molecular charge (i.e., withdrawal of negative charge by the incorporated nitrogen atoms)-a condition that also led to the observation of limited “self-cleaning” of the metal surface by PPPT
versus oligophenylene–thiolate structures. Because of the
weaker Au-S bond, we could expect C1,2 to be smaller in PPPT
versus TPT, an important factor in determining the conductance of a molecular junction.[5,18,65] However, we are not certain whether the observed small change in molecular electron
density outweighs the effective tunneling barriers of the molecular spacers themselves.
According to the transport model, a second factor that can
play a significant role is the injection barrier, UB, which is the
energetic difference between the metal work function UAu and
the ionization energy of the molecule (often roughly approximated as the HOMO (hole transport) or LUMO (electron
transport) energy via Koopmans’ theorem[67]). Figure 10 presents a pictorial representation of the energy level alignment of
the HOMO and LUMO levels for PPPT and TPT as a function
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Accordingly, the average tilt angles of the aromatic backbones
in the PPPT/Au and PPPT/Ag structures were very close to
each other, with a slightly smaller molecular inclination in
PPPT/Au. This behavior is unusual because thiol-derived
SAMs generally exhibit a larger molecular inclination on Au
compared to Ag.[30,39,64] The average tilt angles of the aromatic
backbones in PPPT/Au and PPPT/Ag were noticeably larger
than the analogous values for the oligophenylene–thiolate
SAMs of the same chain length on the same substrates.
Whereas we found tilt angles of 32° and 35° for PPPT/Au and
PPPT/Ag, values of 20° and 16° were obtained for TPT/Au and
TPT/Ag, respectively.[30] Along with the smaller tilt in PPPT/
Au compared to PPPT/Ag, this finding suggests that the incorporation of the nitrogen atoms into the phenyl rings distorted,
to some extent, the molecular arrangement of the SAM constituents, which, in the case of aromatic SAMs, was mostly governed by the p–r interaction between the adjacent molecular
backbones.[44,56,63] For TPT SAMs, the p–r interaction resulted
in dense molecular packing with a herringbone arrangement of
the SAM constituents[56] that was accompanied by a decrease
in the molecular twist and subsequently resulted in an average
planar conformation of the individual molecules.[63] Further,
our XPS data indicate that an additional interaction related to
the formation of hydrogen bonds between adjacent PPPT molecules occurred at most to a very limited extent. These differing intermolecular interactions in PPPT SAMs led to a lower
packing density-approximately 80–85 % of that found for TPT
SAMs.
With a thorough understanding of the properties of the
PPPT SAMs, we can now explicitly focus on the issue of the
dramatic reduction in conductance versus TPT. Considering
the observed difference in the packing density of the PPPT and
TPT SAMs, the fact that we obtained lower current densities-approximately one order of magnitude lower-for the thinner
PPPT film suggests that the current flows through the individual molecules and not perpendicular across the SAM as a whole;
for a “through-film” mechanism to be applicable, a higher current flow would be expected for the thinner film, which is an
effect opposite to our observations for the PPPT and TPT films.
This result is in accordance with a through-bond mechanism
proposed for similar junctions.[5,8,25,65] Therefore, the lower
packing density was not sufficient to explain the observed differences in current density. Within the Landauer limit for large
gaps and constant self energies, current flow through organic
films or tunneling junctions could be approximately written as

Figure 10. Energy level alignment for the HOMO and LUMO levels of
PPPT and TPT as a function of geometric conformation with respect to
UAu. The molecular orbital energies were determined at the B3LYP/631G** level.

of geometric conformation with respect to UAu. Computationally, we found that the HOMO and LUMO of PPPT are energetically stabilized versus TPT by approximately 0.6 eV for the
planar geometry conformations. Assuming hole-type transport
through the molecular conduction channels for these oligoarylene systems,[68–71] such energetic stabilization can hinder the
hole injection process by making UB larger for PPPT-the energy stabilization of the HOMO in PPPT increases the barrier
for injection by moving the molecular level further away from
the Au work function (with respect to TPT). As a check for the
Koopmans’ estimate, direct evaluation of the adiabatic [vertical] ionization potentials (6.83 eV [6.72 eV] for planar TPT
and 7.43 eV [7.32 eV] for PPPT) also suggests an increased
barrier for PPPT.
To determine how even modest differences in UB can affect
I–V characteristics, we utilized Equation 2 to evaluate current
ratios of the two species, as seen in Figure 11. Assuming similar
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work function of 5.1 eV and using the HOMO energy for the
planar TPT structure (-5.44 eV), UBTPT is roughly on the order
of 0.3–0.4 eV; noting that the HOMO energy difference (DHOMO) between the planar TPT structure and PPPT was approximately 0.5–0.6 eV, the current ratio in this range was on the order of two orders of magnitude. Allowing for some geometric
freedom in the twisting of the TPT structure, UBTPT increased
and DHOMO decreased, as seen in Figure 10. If the increase in
UBTPT was approximately 0.2 eV and the decrease in DHOMO
was ca. 0.1 eV, the current ratio difference dropped to approximately one order of magnitude, a result well in line with the
empirically derived I–V differences of TPT and PPPT. Note
that as UB of the reference molecular system increased, the
current ratios were not so dramatically different as the injection barrier of the second molecule increased, indicating that
there is some UB above which a further increase did not significantly affect the current.
Apart from the parameters of the individual molecules,
effects of the molecular environment can also be important.[25]
As mentioned above, the local environment could affect the
molecular conformation. In addition, it could influence such
parameters as the electrostatic potential distribution across the
molecule,[25,72,73] which may be of importance for molecular
conductance in the tunneling regime. In general, such effects of
the environment on the electrical properties of molecules have
not been systematically studied and further work must be
done.
Figure 11. Ratio of the currents for TPT and PPPT as a function of UB(TPT)
for eV = 0.1 eV. N = 3 to account for the three rings in each molecular system.

electrode–molecule and electronic intersite couplings, setting
N = 3 (to account for the three aryl rings in both PPPT and
TPT) and collecting the constant terms, Equation 2 can be
rewritten as
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Thus, the ratio of currents for the two molecular systems with
respect to their injection barriers is
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In the low-voltage limit, I(UB) ∝ eV·UB–6, thus the ratio can
be further simplified to
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Fixing UBTPT, the current ratio increased dramatically at even
‘small’ differences in UB (ca. 0.3–0.5 eV). Assuming a gold
3824 www.afm-journal.de

4. Conclusion
We have analyzed the effects induced by the incorporation
of nitrogen atoms into the backbone of aryl-based molecular
wires by comparing the geometrical/organizational parameters,
electronic structure, and electrical properties of a new heteroaromatic molecule, PPPT, and the structurally analogous TPT
system. Both experimental data and theoretical calculations
were used to interpret the different electrical properties of the
two compounds.
The organizational parameters of PPPT and TPT SAMs on
Au and Ag substrates, crucial for the interpretation of the electrical measurements, were obtained by XPS and NEXAFS
spectroscopy. PPPT forms high-quality SAMs on both substrates but exhibits lower packing densities (by 15–20 %) and
poorer orientational order than TPT films. Some of these differences can be attributed to the electronic effect of the nitrogen atoms, which results in a distortion of intermolecular
interactions within the film and a weakening of the thiolate
bond to the metal surface.
The conductance of PPPT is inferior to the value for a TPT
SAM: at the same bias voltage, the current density across the
PPPT films was an order of magnitude lower. The lower packing density and conductance in PPPT point to the assignment
of a through-bond mechanism for charge transport in these
molecular films.
Theoretical calculations with DFT were used to probe the
geometric structure, valence molecular orbitals, and charge dis-
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5. Experimental
5.1. Synthesis of PPPT
The synthesis of PPPT is illustrated in Scheme 1.
2-Bromo-5-(methylsulfanyl)pyridine (1): To a solution of 2,5-dibromopyridine (21.72 g, 91.7 mmol) in 330 mL anhydrous diethyl ether under argon at –78 °C was added 44 mL n-butyl lithium (2.5 M in hexane,
110 mmol) [74]. The solution was stirred at –78 °C for 40 min, at which
time 16.5 mL methyl disulfide (17.28 g, 183.4 mmol) was added. The
solution was warmed to room temperature, and 300 mL H2O was
added. The two layers were separated, and the aqueous layer was
washed with 300 mL ether. The combined organic layers were dried
over Na2SO4. After removal of the solvent, the crude product was
chromatographed on silica gel using 30 % CH2Cl2 in hexanes as the
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eluant. Recrystallization from hexanes gave 1 as white needles
(13.08 g, 69 %). 1H NMR (300 MHz, CDCl3, d): 8.26 (dd, J = 2.42 Hz,
0.67 Hz, 1H), 7.45 (dd, J = 8.34 Hz, 2.52 Hz, 1H), 7.40 (dd,
J = 8.33 Hz. 0.71 Hz, 1H), 2.53 ppm (s, 3H).
5-[5-(Methylsulfanyl)pyridin-2-yl]pyrazin-2-amine (2): 1 (6.67 g, 32.0
mmol), 5-(trimethylstannyl)aminopyrazine [75] (7.00 g, 27.1 mmol),
and tetrakis(triphenylphosphine) palladium(0) (1.57 g, 1.36 mmol)
were dissolved in 270 mL toluene, and the mixture was heated under
argon at 110 °C. The mixture was stirred for 24 h, and the toluene was
evaporated. The residue was chromatographed on silica gel using a 50–
100 % gradient elution (ethyl acetate in hexanes). 2 was isolated as a
yellow powder (4.45 g, 75 %). 1H NMR (300MHz, CDCl3, d): 9.10 (d,
J = 1.35 Hz, 1H), 8.60 (d, J = 2.26 Hz, 1H), 8.16 (d, J = 8.43 Hz, 1H),
8.12 (d, J = 1.40 Hz, 1H), 7.75 (dd, J = 8.43 Hz, 2.44 Hz, 1H), 4.91 (s,
broad, 2H), 2.65 ppm (s, 3H).
2-Iodo-5-[5-(methylsulfanyl)pyridin-2-yl]pyrazine (3): 2 (1.99 g,
9.13 mmol), iodine chips (4.63 g, 18.26 mmol), and NaI (5.47 g, 36.5
mmol) were dissolved in 100 mL anhydrous benzene. The mixture was
cooled to 0 °C, and isoamyl nitrite (2.14 g, 18.3 mmol) was added dropwise. The mixture was heated in a sealed thick-wall tube at 80 °C. After
24 h, the mixture was cooled to room temperature, and the tube was
opened carefully to release the pressure inside. The mixture was
poured into 50 mL H2O. Under vigorous stirring, solid Na2S2O3·5H2O
was added until the color turned from dark purple to yellow. The two
layers were separated, and the aqueous layer was extracted with
CH2Cl2 repeatedly. The combined organic layers were washed with
brine and H2O and then dried over Na2SO4. After removal of the solvent, the crude product was chromatographed on silica gel using
CH2Cl2 as the eluant. 3 was isolated as a yellow powder (1.77 g, 59 %).
1
H NMR (300MHz, CDCl3, d): 9.37 (d, J = 1.43 Hz, 1H), 8.84 (d,
J = 1.41 Hz, 1H), 8.56 (d, J = 2.11 Hz, 1H), 8.25 (d, J = 8.29 Hz, 1H),
7.68 (dd, J = 8.36 Hz, 2.41 Hz, 1H), 2.60 ppm (s, 3H).
2-Iodo-5-[5-(methylsulfinyl)pyridin-2-yl]pyrazine (4): 3 (1.74 g, 5.30
mmol) was dissolved in 200 ml CH2Cl2, and the solution was cooled to
-20 °C. Under vigorous stirring, a solution of m-chloroperbenzoic acid
(mCPBA) (1.31 g of a 70–75 % water suspension) in 50ml CH2Cl2 was
added dropwise over 1 h. The solution was stirred at 0 °C for an additional hour. To this mixture Ca(OH)2 (0.80 g) and Na2SO4 were added,
and stirring was continued at room temperature for another hour.
After filtering, the solution was concentrated. 4 was obtained as a yellow powder (1.69 g, 92 %). It was ready for the next reaction step without further purification. 1H NMR (300MHz, CDCl3, d): 9.46 (d,
J = 1.50 Hz, 1H), 8.91 (d, J = 1.50 Hz, 1H), 8.8 (dd, J = 2.13 Hz,
0.06 Hz, 1H), 8.56 (d, J = 8.40 Hz, 0.06 Hz, 1H), 8.22 (dd, J = 8.17 Hz,
2.20 Hz, 1H), 2.89 ppm (s, 3H).
2-[5-(Methylsulfinyl)pyridin-2-yl]-5-pyridin-2-ylpyrazine (5): 4 (1.252
g, 3.63 mmol), 2-(trimethylstannyl)pyridine (1.316 g, 3.19 mmol), and

tributions for the PPPT and TPT molecules. The relative positions of the calculated molecular orbital energies (ionization
energies) suggest a larger energy barrier for a hole transfer tunneling mechanism for PPPT with respect to TPT; indeed, it was
shown that small differences in injection barriers can have dramatic consequences for comparative currents. Using simple
models for the tunneling conductance, we calculated a conduction ratio very close to one order of magnitude, in agreement
with experiment. It is, however, important to stress that not
only the difference in the injection barrier but also the different geometrical parameters of the PPPT film (as compared to
TPT) and a weakening of the thiolate bond to the metal surface contributes to the observed lower conductance of the
PPPT SAM as well.
The results presented here underline the possible mechanistic complications for molecular conductance in densely packed
monomolecular films. The experimental data and theoretical
calculations reveals how electrical properties can be discussed
in terms of precise molecular orientation and density, conformation, bonding, and local environment in the films, in addition to molecular electronic structure. We believe that the field
of molecular electronics could benefit from taking into account
all of these parameters and their relative contributions.

5
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Scheme 1. Synthesis of the PPPT precursor (7, acetyl-protected PPPT). a) 1. nBuLi, -78 °C, Et2O; 2. MeSSMe; b) 5-(Trimethylstannyl)aminopyrazine,
Pd(PPh3)4, toluene; c) Isoamyl nitrite, I2, NaI, benzene: d) mCPBA, CH2Cl2; e) 2-(Trimethylstannyl)pyridine, Pd(PPh3)4, dioxane; f) 1. Ac2O; 2. NaHCO3;
g) 1. HCl/MeOH; 2. CH3COCl, pyridine.
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tetrakis(triphenylphosphine)palladium(0) (0.210 g, 0.18 mmol) were
dissolved in 80 mL anhydrous dioxane. The mixture was heated at 100
°C under argon for 24 h, and then the dioxane was evaporated. The residue was chromatographed on silica gel using a 0–10 % gradient elution
(methanol in CH2Cl2). 5 was isolated as a yellow powder (0.667 g, 63
%). 1H NMR (300 MHz, CDCl3, d): 9.72 (s, 2H), 8.92 (dd, J = 2.19 Hz,
0.45 Hz, 1H), 8.78 (ddd, J = 4.96 Hz 1.48 Hz, 0.74 Hz, 1H), 8.67 (dd,
J = 8.28 Hz, 0.47 Hz, 1H), 8.48 (dd, J = 7.94 Hz, 0.84 Hz, 1H),
8.24 (dd, J = 8.30 Hz, 2.27 Hz, 1H), 7.91 (dt, J = 1.78 Hz, 7.70 Hz,
1H), 7.42 (ddd, J = 7.54 Hz, 4.80 Hz, 1.12 Hz, 1H), 2.90 ppm (s, 3H).
1-([6-(5-Pyridin-2-ylpyrazin-2-yl)pyridin-3-yl]sulfanyl)acetone (6): 5
(0.3411 g, 1.15 mmol) and p-toluenesulfonic acid (0.140 g) were dissolved in acetic anhydride (27 mL). The solution was heated under argon at 140 °C for 1 h and then cooled to room temperature and poured
into a 100 mL saturated NaHCO3 solution. Under vigorously stirring,
solid NaHCO3 was added slowly until the solution was slightly basic.
The solution was stirred for an additional hour and then extracted with
CH2Cl2 repeatedly. The combined organic layers were washed with saturated NaHCO3 solution and then dried over Na2SO4. After removal
of the solvent, the residue was chromatographed on silica gel using 3 %
methanol in CH2Cl2 as the eluant. 6 was isolated as a light yellow powder (0.310 g, 89 %). 1H NMR (300 MHz, CDCl3, d): 9.68 (d,
J = 1.30 Hz, 1H), 9.66 (d, J = 1.16 Hz, 1H), 8.81 (d, J = 2.17 Hz, 1H),
8.77 (d, J = 4.16 Hz, 1H), 8.48-8.43 (m, 2H), 87.96 (dd, J = 8.29 Hz,
2.33 Hz, 1H), 7.90 (dt, J = 1.79 Hz, 7.74 Hz, 1H), 7.42 (ddd,
J = 7.53 Hz, 4.73 Hz, 1.04 Hz, 1H), 5.49 (s, 2H), 2.18 ppm (s, 3H).
S-[6-(5-Pyridin-2-ylpyrazin-2-yl)pyridin-3-yl] ethanethioate (7): 6
(0.290 g, 0.86 mmol) was dissolved in 118 mL MeOH. To this solution
was added 11.8 mL concentrated HCl dropwise under argon. The solution was heated at 75 °C for 3 h. The solvent was removed, and the residue was dissolved in 50 mL CH2Cl2. The solution was washed with a
saturated NaHCO3 solution repeatedly until the aqueous layer was
basic. The organic layer was dried over Na2SO4, and 4.4 mL pyridine
(4.30 g, 54 mmol) was added. This mixture was cooled to 0 °C, and 3.9
mL acetic chloride (4.30 g, 54 mmol) was added dropwise under argon.
The mixture was stirred at 0 °C for 10 min and then warmed to room
temperature. After 2 h, 50 mL H2O was added. The two layers were
separated, and the aqueous layer was washed with CH2Cl2 repeatedly.
Combined organic layers were washed with brine and water and then
dried over Na2SO4. After solvent removal, the crude product was recrystallized from ethyl acetate to give pure 7 as a yellow powder
(0.117 mg, 44 %). 1H NMR (300 MHz, CDCl3, d): 9.71 (s, 2H), 8.78 (d,
J = 4.37 Hz, 1H), 8.70 (d, J = 1.78 Hz, 21H), 8.53 (d, J = 8.22 Hz, 1H),
8.48 (d, J = 7.97 Hz, 1H), 7.94–7.89 (m, 2H), 7.41 (ddd, J = 7.5 Hz,
4.8 Hz, 0.9 Hz, 1H), 2.55 ppm (s, 3H); 13C NMR (300MHz, CDCl3, d):
192.71, 154.99, 154.42, 153.97, 151.02, 150.15, 149.75, 143.20, 142.58,
142.50, 137.67, 126.64, 124.88, 122.23 (likely more than one carbon
atom because of its intensity), 30.854 ppm; HRMS (FAB, m/z): [M +
H]+ calcd for C16H12N4OS, 308.07; found, 309.08.

5.2. Monolayer Preparation
Gold and silver substrates were prepared by thermal evaporation of
200 nm of gold (30 nm of gold for I–V measurements) or 100 nm of silver, 99.99 % purity, onto mica sheets or polished 3 inch single-crystal
silicon (100) wafers (Silicon Sense) precoated with a 5 nm titanium
adhesion layer. Such evaporated films are standard substrates for thiolderivatized SAMs: they are polycrystalline with terrace sizes of several
hundreds of nanometers (mica) or grain sizes of 20–50 nm (Si) and a
predominant (111) orientation [76]. The PPPT SAMs were formed by
immersion of freshly prepared substrates into a 0.02 or 0.3 mM solution of the PPPT precursor (7, acetyl-protected PPPT) in absolute ethanol at room temperature for 24 h. A drop of NH4OH was added to the
solution for deprotection. The TPT SAMs were formed by immersion
of freshly prepared substrates into a 0.3 mM solution of TPT in absolute ethanol at room temperature for 24 h. The DDT SAMs were prepared according to the same protocol. After immersion, the samples
were carefully rinsed with pure ethanol, blown dry with argon, and
used immediately for I–V characterization. Samples to be analyzed at

3826 www.afm-journal.de

the synchrotron facility were stored for several days in argon-filled
glass containers until characterization.

5.3. XPS and NEXAFS Spectroscopy
The SAMs were characterized by XPS and NEXAFS spectroscopy
using a multitechnique ultrahigh vacuum (UHV) experimental station
attached to the HE-SGM beamline at the German synchrotron radiation facility BESSY II in Berlin. The measurements were performed at
room temperature under UHV conditions (base pressure better than
1.5 × 10-9 Torr, 1 Torr = 133.32 Pa). The spectra acquisition time was
selected such that no noticeable damage by the primary X-rays
occurred during the measurements [32-35].
XPS measurements were performed with a VG CLAM 2 spectrometer in normal emission geometry. The photon energy was varied from
400 to 660 eV, with an energy resolution of approximately 0.40 eV. The
BE scale was referenced to the Au 4f7/2 peak at 84.0 eV [77]. For each
sample, a survey scan and C 1s, N 1s, S 2p, O 1s, and Au 4f or Ag 3d
multiplex scans were collected. The spectra were normalized to the
photon flux and fitted by using a Shirley-type background [78] and
symmetric Voigt functions [79] with a Gauss/Lorenz ratio of 4:1. To fit
the S 2p3/2,1/2 doublet, we used a pair of such peaks with the same fullwidth at half maximum (FWHM), a standard [77] spin-orbit splitting of
ca. 1.2 eV (verified by fit), and a branching ratio of 2 (2p3/2/2p1/2).
NEXAFS measurements were carried out at the C and N K-edges in
the partial electron yield acquisition mode with retarding voltages of
–150 and –300 V, respectively. Linear polarized synchrotron light with
a polarization factor of ca. 82 % was used. The energy resolution was
approximately 0.40 eV. The incidence angle of the synchrotron light
was varied from 90° (E-vector in surface plane) to 20° (E-vector near
the surface normal) in steps of 10°–20° to monitor the orientational order within the films. The raw NEXAFS spectra were normalized to the
incident photon flux through division by a spectrum from a clean,
freshly sputtered gold sample; in the case of the SAM/Ag, a spectrum
of clean silver was subtracted from the raw spectrum of a SAM sample
before the normalization [30,48]. Note that this procedure did not affect the resonance structure of the spectra but just corrected for the difference in the electron yield between gold and silver in the given
photon energy range, which made comparison of the spectra for samples on Au and Ag more straightforward. The photon energy scale was
referenced to the pronounced p1* resonance of highly oriented pyrolitic graphite at 285.35 eV [80].

5.4. I–V Measurements
I–V measurements were performed on junctions incorporating
PPPT, TPT, or DDT SAMs in a Au–X//DDT–Hg arrangement
(X = PPPT, TPT, DDT). Junction assembly began by covering the gold
electrodes with the respective target SAM. The mercury electrodes
were prepared in situ by extruding a drop of liquid mercury from a
glass capillary and exposing it to an aerated solution of 10 mM dodecanethiol in ethanol for 1 min. The mercury drop was removed from the
thiol solution and rinsed with ethanol and hexadecane. The SAM-coated gold electrode immersed in hexadecane and the SAM-coated mercury drop were brought into contact by using a micromanipulator. The
contact area was monitored by a camera through the transparent gold
film and evaluated under 50-fold magnification to about 0.1 mm2. The
applied voltage was varied between –0.5 V and +0.5 V in steps of
0.05 V, and the current was measured with a 6430 Keithley Sub-Femtoamp Sourcemeter. Electrical measurements for each sample were
performed two times at ten different locations; for each location, a new
Hg drop was extruded from the capillary and coated with the dodecanethiol SAM before the next measurements. A detailed description of
the experimental setup can be found elsewhere [81].

5.5. Computational Methodology
Geometry optimizations for the gas-phase neutral, radical-anion,
and radical-cation states of TPT and PPPT were carried out at the DFT
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Figure 12. Representation of the alternating and helical molecular structures for TPT and PPPT.
All calculations utilized a 6-31G** split valence plus a double polarization basis set and were carried out with QChem (version 2.1) [85].
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