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ABSTRACT The conductance of a family of biphenyl-dithiol derivatives with conformationally fixed torsion angle was measured
using the scanning tunneling microscopy (STM)-break-junction method. We found that it depends on the torsion angle ¢ between
two phenyl rings; twisting the biphenyl system from flat (¢ = 0°) to perpendicular (¢ = 90°) decreased the conductance by a factor
of 30. Detailed calculations of transport based on density functional theory and a two level model (TLM) support the experimentally
obtained cos? ¢ correlation between the junction conductance G and the torsion angle ¢. The TLM describes the pair of hybridizing
highest occupied molecular orbital (HOMO) states on the phenyl rings and illustrates that the w—s coupling dominates the transport
under “off-resonance” conditions where the HOMO levels are well separated from the Femi energy.

nderstanding of the charge transport characteristics

of molecules in nanoscale metal—molecule—metal
junctions is of fundamental interest and represents
akeystep toward the realization of molecule-based electronics. '
Several experimental approaches have been employed to
measure transport through single and small groups of
molecules. Examples are mechanical®® or electromigration”®
break junctions, nanopores,” crossed-wire junctions,'® mer-
cury drop electrodes,'' and a variety of scanning probe
methods based on either scanning tunneling spectroscopy
(STS)'*7'® or conducting probe atomic force microscopy
(CP-AFM)."??° These measurements differ in the following
criteria: (i) formation of reproducible contacts between
molecules and two probing electrodes, (ii) access of “signa-
tures” of single molecules, and (iii) algorithm of data analysis.
These experimental results and numerous contributions
on theoretical aspects of charge transport through molecular
junctions'*' suggest that the transport characteristics are
controlled by the intrinsic properties of the molecules, the
contacts (“alligator clips”), and the metal leads. These include
the molecular length, conformation, the gap between HOMO
and LUMO, the alignment of this gap to the metal Fermi
level, and the metal—molecule coordination geometry. Other
factors of influence comprise temperature, mechanical stress,
environment (UHV, gas, or solution phase), and the applied
potential. Understanding of relationships between molecular
structure and electronic transport characteristics of single-
molecule junctions is a major challenge. Progress may lead

* Towhom correspondence should be addressed. E-mail: (F.P.) fabian.pauly @kit.edu;
(F.E.) ferdinand.evers@int.fzk.de; (M.M.) marcel.mayor@unibas.ch; (T.W.)
thomas.wandlowski@dcb.unibe.ch.

Received for review: 09/17/2009

Published on Web: 12/21/2009

v © 2010 American Chemical Society

156

to the rational design of functional molecules as active
components in future electronic circuits. To date, the prop-
erties of a specific molecular configuration and binding
geometry with respect to stability and transmitivity have not
been observed directly. Most experimental strategies are
instead based on statistical ensemble measurements of
individual junctions.>®"'*"'7"'% An important step to bridge
our understanding between ensemble and single-junction
characteristics represents the concept of “molecular fami-
lies”.?* The ideal strategy is based on the systematic varia-
tion of one structure element of the junction, such as
length,'*!719232% anchoring group,*” electronic structure,***”
or molecular conformation.'®'7**?8 [n combination with
carefully designed transport experiments on the single-
molecule level corresponding changes in physical observ-
ables are analyzed.

The present study aims at exploring experimentally and
theoretically the correlation between torsion angle ¢ and
conductance in a series of single-molecule BPDT junctions
as formed between two gold electrodes. Chemical tuning by
incorporation of an alky!l chain of variable length in 2,2’
position (“molecular strap”) controls the torsion angle be-
tween the two interconnected aromatic rings, guaranteeing
minimum motion and conformational freedom of the bridge
without changing the electronic character of the substituents
and the length of the bridging molecule. For instance, the
distance between the two —SH anchoring groups remains
rather constant and amounts to ~1.06 nm. The choice of
the thiol anchoring groups ensures a strong chemical bond-
ing to the leads with the current flow mainly modulated by
the molecular HOMO level.*° a—x coupling dominates
electron transport in aromatic bridges and transport can be
manipulated and tailored by controlling the degree of elec-
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TABLE 1. Experimental (Columns 3,4) and Theoretical (Columns 3,5,6) Results for the Torsion Angle and the Conductance®
Torsi 1
orsion angle ¢ G/Go G/G,
x-ray G/Gy (9 (9
molecule structure experiment DFT DFT
(DFT SH- atop-atop bridge-bridge
terminated)
36.4°% 1.7-10* 5.0-107 1.3-10
ML Hs . . *H (44.99 +2.10° (34.2°) (12.99)
1.1° 1.4-10* 9.9-10° 1.4-10"
HS SH
Mz Q.O 2.4% +8.10° ) 0.1°)
M3 . 16.8° 2.2-10" 8.9-107 1.2.10"
HS O Q SH (20.3% +£2.10° (18.9°) (19.3°)
M4 . 44.7° 1.3-10" 4.6-107 7.4-10°
0 -5 o o
e Q O o (46.7°) +2.10 (46.4%) (42.1%)
o -2
M5 . (Z'go) 7.10° 1.8-107 %583 102)
. -5 o R
" O Q » +2.10 (61.1°)
; 71.5° 5 3 1.6-10?
M6 . . 1.7-10 8.2-10 b
O O (705 ) + 3_10—6 (7200) (625 )
HS SH
79.7° 1.3-10° 8.4-10* 4.1-102
M7 HSSH (89.7) £210% | (869°) (50.0°)
89.0° 9.0-10° 4.7-10" 5.0-10"
M8 HSSH (89.6°) +2.10° (88.6%) (96.0°)

“The mean value of the conductances and the corresponding standard deviations (error bars in Figure 3A) were obtained from averaging the
peak positions of the conductance histograms as recorded for different bias voltages as well as from additional experiments at the same bias
voltage. The deviations between atop—atop and bridge—bridge geometry occur because the molecular conformation for the bridge—bridge
geometry (column 6) has been optimized subject to a geometrical constraint set by the gold electrodes (see Figure 4 and Supporting Information,

section D).

tron delocalization. Examples are the triplet energy transfer
in a series of mixed Ru-Os-bis(2,2:6",2") terpyridine com-
plexes attached to biphenyl spacer groups,’® the electron
transfer characteristics of ferrocene covalently bound to OPE
rods,”" the conductance of 4,4"-bipyridine,”*>> or oligoa-
niline®* junctions. The effect of rotating the middle ring of
1,4-bis-phenylethynyl-benzene on the conductance was
estimated by Sankey et al. using the Landauer formalism in
combination with a complex band structure analysis.’”
Venkataraman et al. showed in a series of terminally amine-
functionalized biphenyls comprising electron-donating and
withdrawing substituents that the conduction scales ap-
proximately linearly with cos? ¢.'® However, the role of
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geometric and electronic effects of the substituents is still
being actively discussed.'®??2%2829:3% The present paper
aims at addressing this issue experimentally and theoretically.

Experiment. To show that the cos? ¢ law is universal, we
measured the conductance G of thiol-terminated biphenyl
derivatives with systematically varied torsion angle between
the two phenyl rings, using a STM-break-junction tech-
nique.'” The molecules studied (Table 1) were synthesized
as acetyl-protected derivatives (for details of the synthesis
and characterization we refer to refs 37 and 38) and were
deprotected in situ during the transport experiments. We
emphasize that we avoided using strongly electron-donating
or electron-withdrawing side groups to control the molecular
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FIGURE 1. Examples of the three types of conductance—distance
(retraction) traces for M1 at Vs = 0.1 V: type I (black), smooth
exponentially decaying or sharp abrupt curves; type II (red), non-
monotonous, noisy curves; and type III (blue), curves with pro-
nounced steps. The inset shows a typical trace for the breaking of
gold nanocontacts in the presence of M1 in a larger conductance
range.

conformation. The introduced alkyl bridges are known to act
as band insulators.'” Therefore, no parasitic additional
transport channels are created.

Conductances of molecular junctions Au—BPDT—Au were
measured by the repeated formation and breaking of atomic
contacts between a gold STM tip and a Au(111) sample in
0.25 mM solutions of the respective biphenyl derivatives in
a mixture of THF and mesitylene (1:4, v/v). For details on
the experimental setup and measuring procedures we refer
to our previous publications 17 and 39 as well as to the
Supporting Information, section A.

Figure 1 illustrates selected conductance-distance traces
(increasing tip—sample distance) in the presence of 0.25 mM
biphenyl-4,4’-dithiol (M1). As visible from the inset, charac-
teristic quantized conductance steps occur at integer mul-
tiples of Gy = 2€?/h, which we attribute to the breaking of
previously formed gold—gold atomic contacts. Additional
features develop at G < 107°G,. We observe three types of
curves, (i) type I curves (60 %) are exponential and represent
direct electron tunneling between gold tip and substrate
without molecular junctions being formed, (ii) type II curves
(10—20%) are nonmonotonous with large fluctuations,
which we attribute to mechanical instabilities' ” or switching
between single and multimolecular junctions,*® (iii) type III
curves (20—30%) are nonexponential, and exhibit well-
defined steps separated by characteristic plateaus of 0.05—
0.30 nm length. These plateaus occur within a narrow dis-
tribution of conductance values and are not observed in
control experiments in the absence of molecules in solution.
They are assigned to the breaking of individual molecular
junctions bridging the gap between the two gold leads. The
plateaus are somewhat noisy, which is related to changes
in molecular geometry and molecule-electrode bonding,
mechanical stress, or electronic noise upon pulling the
junction.'” Repeated measurements lead to the statistical
determination of the junction properties. The peaks in the
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FIGURE 2. Plateau-point histograms for M1: (black) Vs = 0.065 V,
(red) Vpias = 0.1V, and (blue) Vy,;,s = 0.18 V. The inset shows a typical
plateau length histogram constructed based on traces with Vs =
0.1V.

low-bias conductance histograms correspond to the most
probable conductance of a specific molecular junction, and
the width of the peaks reflects the microscopic variations
from junction to junction. We notice that the algorithm of
data analysis was designed such that traces of types I and Il
did not contribute to the construction of the conductance
histogram. For details we refer to the Supporting Informa-
tion, sections B and C.

Figure 2 shows, as an example, the plateau data-point
histogram of 0.25 mM biphenyl-4,4’-dithiol (M1) at three bias
voltages in a linear representation. Each histogram, con-
structed of about 1000 individual (type III) traces out of 3000
totally recorded, reveals a distinct maximum. Additional
well-separated conductance peaks were not observed. Con-
trol experiments with bare THF/mesitylene, e.g. in the
absence of M1, did not show this feature, indicating clearly
a M1-related junction response in Figure 2. The position of
the peak, which is taken as the most probable single junction
conductance G = (1.7 £ 0.2) x 107G, (Table 1), was
estimated by fitting a log-normal distribution to the experi-
mental data. The peak position from individual experiments
within the low bias regime (|Vyias| < 0.30 V) is well reproduc-
ible. The broad asymmetric tail region toward higher con-
ductance values could be related to junctions with multiple
molecules, modifications in substrate—adsorbate coordina-
tion or atomic rearrangements upon stretching,'”*'** local
surface roughness,”® or changes of the torsion angle of M1
due to the low energy barrier of about 0.1 eV for ring rotation
of the unsubstituted biphenyl unit.*> We emphasize that the
measurement time of a single conductance-distance trace
(ca. 50 ms) is long compared to the time scale for molecular
rotations in solution (ps),44 so that the conductance level of
each step in a single trace is the thermal average over many
dynamic fluctuations. We also notice that the analysis of the
stretching distance for M1 leads to the most probable value
of 0.13 £ 0.05 nm (inset to Figure 2). A small number of
junctions can even be stretched up to 0.40 nm. No obvious
correlation is found between stretching distance and junc-
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FIGURE 3. (A) Experimentally determined conductance of thiol-terminated biphenyl molecules vs cos® ¢, where ¢ is the torsion angle of the
molecules as given by the X-ray data in Table 1. The solid line is the linear fit to all molecules studied, M2 excluded. (B) Conductance obtained
from DFT-based transport calculations as a function of cos? ¢: (squares) atop—atop and (circles) bridge—bridge bonding. Dotted and dashed
lines represent linear fits G = apgr - cos? ¢ with slopes aper = 0.094G, (atop—atop) and aper = 0.130G, (bridge—bridge). Variations of ¢ for the
molecules (e.g., M1, M7) arise from different geometric constraints imposed when constructing the contacts. Inset upper left: Dominant
transport channel for M3, demonstrating the importance of the z-states for conduction.*®

tion conductance. This observation together with the narrow
distribution of the step-average conductance leads to the
conclusion that the spread in the conductance originates
primarily from variations in the conductance across different
junctions rather than variations in conductance during junc-
tion elongation before breaking.*'

Introducing a bridging alkyl chain (=CH,),—, n = 1—5,
in the 2,2’-position (M2 to M6) or —CH3 substitution in 2,2’
(M7) and 6,6”- position (M8) hinders the free rotation and
enables tuning the torsion angle between the two phenyl
rings from ¢ = 0 to 90°. The values of ¢ were estimated
experimentally by an X-ray structure analysis of acetyl-
protected derivatives®® and theoretically via density func-
tional theory (DFT) calculations (Table 1, column 3). As the
angle between the two phenyl rings increases, the conduc-
tance drops from 2.2 x 107Gy (M2) to 9.0 x 107°G, (M8),
i.e. by a factor of about 25. The lowest conductance was
found for 2,2’,6,6’-tetramethyl-biphenyl-4,4’-dithiol (M8)
with ¢ = 89°.

Figure 3A displays a linear correlation between the
experimentally obtained conductance of the BPDT deriva-
tives and cos? @. The fluorene derivative M2 appears to be
an exception. Using G = b + a cos? ¢ and excluding M2 from
the data fit, we estimate the slope and the intersection as
Gex = (2.44 £ 0.097) x 107%Gy and bey = (3.4 + 4.7) X
107Gy, respectively. The residual conductance bey at ¢ =
90° stems mostly from o—a couplings.>**® The much higher
value of the slope aey suggests that the 7— overlap between
the phenylrings dominates the junction conductance. ' 27347

Theory. The experimental observations are fully consis-
tent with expectations based on DFT calculations for the
biphenyl derivatives M1—MS8 coupled to gold electrodes and
estimates based on a simple two-level model (TLM) of
molecular transport. For the former we have used the
quantum chemistry package TURBOMOLE*®**? with the
BP86 functional®®®' and basis sets of double-{ quality
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(triple-C for geometry relaxations), including polarization
functions.?*> Transport calculations are based on the Lan-
dauer formalism as implemented in homemade simulation
packages.”*>> For further technical details we refer to the
Supporting Information, sections D and E.

Junction Structure. Our electronic structure calculations
reveal that the torsion angle ¢ of the isolated biphenyl
derivatives in the ground state depends only slightly on
terminations, such as —H, —SH or —S—Au, (i.e., attached
to a single gold atom). The agreement of the angles with
those of the experimentally determined solid-state structure
at room temperature is encouraging (Table 1 and Supporting
Information, Table S1). In the next step, we represent the
molecular junction as an “extended molecule” composed of
the various BPDT derivatives M1 to M8 bridging two pyra-
mids of 14 to 120 gold atoms (Figure 4 and Figure S9,
Supporting Information). The experimental lattice constant
of 0.408 nm was fixed for the bulk part of the gold fcc
pyramids, while relaxed configurations were found for the
BPDT molecules coupled to few gold atoms assuming dif-
ferent gold—sulfur coordination geometries. Specifically, we
treated the atop—atop and the bridge—bridge configurations,
where the sulfur is bonded to one or two atoms of the gold
pyramids. Hollow sites and sulfur coordinated to gold ada-
toms were not considered systematically, because according
to recent experimental' ”*® and theoretical reports®>° they
are probably not representative of the sulfur—gold surface
coordination geometry.

The torsion angle ¢ for the —S-Au, terminated isolated
molecules is close to the crystallographic measurements and
by construction identical to those of the “extended mol-
ecules” in the atop—atop coordination (Table 1). However,
the corresponding results for ¢ for the bridge—bridge con-
formations show some deviations (Table 1). They result from
the geometric constraint imposed during the geometry
optimization of the extended cluster that primitive vectors
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FIGURE 4. Examples of junction geometries: (A) M7 attached to gold pyramids in atop-bonded and (B) M4 attached in bridge-bonded position.
Relaxation of the molecule in the latter case has been subject to the constraint that the primitive vectors of the Bravais lattice of the two

pyramids are the same.

of the two gold electrodes are identical. The results indicate
that the alkyl chains stabilize the torsion angle most ef-
fectively for short chains (see ¢ for M5 and M6). Moreover,
particularly pronounced variations for M1 and M7 reflect the
small steric repulsion of the hydrogens in ortho positions and
the resulting low energy barrier for phenyl-ring rotation.>**>
Further aspects regarding geometric structure optimization
are detailed in the Supporting Information, section D.

Transport. The conductances of M1—MS8 obtained from
the combination of DFT and Landauer theory for the two
different bonding geometries are compiled in Table 1,
columns 5 and 6, and are displayed in Figure 3B. The fits of
G = apgr- cos? @ to both series of data reveal a nearly linear
behavior, in agreement with the measurements (Figure 3A).
On the other hand, we notice that the slopes appr = 0.094G,
(atop) and aper = 0.13G, (bridge) are approximately 3 orders
of magnitude higher as compared to the experimental value
dex = 2.44 x 107%G, (see discussion below for further
details). We have neglected in our fits the residual conduc-
tance bper at @ = 90°. It is given approximately by the
conductance of M8 and is, similar to the experiments, 2
orders of magnitude smaller than apgr.

The main result of the transport measurements and
theory is easily understood in terms of a two-level model
(TLM). The electron path through the “extended molecule”
(Figure 4) can be described by three barriers. Two of them
represent the coupling to the leads and the third one is
defined by the torsion angle ¢ between the phenyl rings.
These barriers are quite high, as is already suggested from
the fact that the experimental conductance is much smaller
than Go, From previous investigations**#->? of the transport
through benzene—dithiol (BDT), it is clear that one deals with
hole transport; only the HOMO states of each benzene ring
can be involved, since the LUMOs are further away in energy
by several eV.

Therefore, the transmission can be described with the
TLM using three parameters only, namely &, V(¢), and T".
Here, &, describes two energy levels, which are doubly
degenerate for ¢ = 90°, and correspond to wave functions
localized on the left and right phenyl ring [e,5(p) = &, £
V(g)]. The hopping amplitude V(g) to transfer electrons from
one phenyl ring to another is essentially an overlap matrix
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element of the two 7 systems of the adjacent phenyl rings.
V() is controlled by the torsion angle ¢ and will be repre-
sented by V; cos ¢ where we ignore residual o—a couplings.
I" quantifies the lifetime broadening, that is, the coupling of
the molecular HOMO levels to the leads, which considers the
contact configuration. The transmission function T(E) is then
given by

V() 2
(E — e,(¢) — iL12)(E — e(@) — iT/2)

T(E) =
(M

The conductance in units of Gy is given by the transmission
G = T(Ep) evaluated at the Fermi level Eg.

The model predicts in the off-resonant situation, for
example, for |Er — go| > TV, that the conductance is linear
in cos? ¢: G ~ apyy - cos® @ with arpy = [TV (Ex — &) +
I?/4]2. The slope anm = Tr- Ty, is the product of two factors
with Tr = T?/[(Er — &0)? + I'?/4] representing the transmis-
sion through a single ring and Ty, = V,*/[(Er — &)* + I'*/4]
the biphenyl-internal transmission from ring to ring. Because
of the off-resonant condition, one expects that Tr should be
quantitatively close to the conductance of BDT, Ggpr. A
second important insight concerns the prefactor ¢, of the
leading corrections cos* ¢. The TLM predicts that ¢; = 2aru
Tyi (1 = 9)I(1 +v?), where y = T'/2(Er — €o). The interesting
information comes with the factor (1 — 9?), which indicates
that due to cancellations ¢, may remain quite small if y & 1
even though Ty, is already of order unity.

To obtain the model parameters &, V, and I for each
molecular junction, we fitted T(E) (eq 1) to the transmission
functions calculated with the DFT-based Landauer formalism.>*°
Figure 5A shows the splitting between the symmetric and
the antisymmetric orbitals & and &, with respect to Er as a
function of ¢. Only a slight curvature is seen with a trend to
lower energies, which indicates a weak dependence &y(¢).
For the degenerate case ¢ = 90°, we obtain &g — Er ~ —0.9
eV (atop—atop) and &, — Er ~ —1.3 eV (bridge—bridge). The
data plotted in Figure 5B also confirms that the level splitting,
2V(@), is indeed almost linear with V(¢) = V, cos ¢ and V;
= 0.55 + 0.05 eV for atop—atop and a considerably higher
value, V, =0.81 £ 0.07 eV, for bridge—bridge coordination.
We also find that the third model parameter, I', has a
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FIGURE 5. (A) The HOMO doublet with its symmetric (left) and
antisymmetric (right) orbitals, and the energies &, as a function of
the torsion angle between the two phenyl rings. Results are for the
atop—atop geometry (black, squares) and the bridge—bridge geom-
etry (blue, circles). (B) Growth of the effective inter-ring coupling
V(@) = |ea — &|/2. Solid lines are linear fits V(¢) = V; cos ¢ with V,
= 0.55 eV (atop—atop) and V; = 0.81 eV (bridge—bridge). The linear
behavior is characteristic of the 7—x coupling.

negligible variation with ¢, which could be expected follow-
ing the logic of the TLM. Specifically, I' = 0.37 £ 0.02 eV
(atop—atop) and I' = 0.6 £ 0.04 eV (bridge—bridge) were
estimated for the two coordination geometries. See also
Supporting Information, section E for further details.

Discussion. Our theoretical analysis clearly confirms the
naive expectation that the angular dependence of the over-
lap of the m-orbitals plays the dominant role for electronic
transport in the range of torsion angles 0 < ¢ =< 80°.
Moreover, theory also suggests that the dependence of the
conductance on cos? ¢ is linear for all ¢. A linear dependence
is also seen in experiments, when assuming that the torsion
angle in the junctions is close to its crystalline equilibrium
value. Thus, it is suggested that the statistical fluctuations
about the (relaxed) equilibrium value of the torsion angle of
the molecule may be relatively small even inside the mo-
lecular junction.

We notice that the absolute values of the theoretically
(DFT) determined conductances are 3 orders of magnitude
higher than in the experiments. This may be attributed to
an insufficient accuracy in the level alignments®® and level
broadenings.®' Moreover, as already suggested from the
broad distributions in the experimental conductance histo-
grams (Figure 2 and Supporting Information, section C),
many experimental factors, which are not understood in full
detail and therefore cannot be accounted for in the theoreti-
cal modeling, may further diminish the precise values of
“typical and average” conductances. Examples are the exact
coordination geometry upon stretching, the molecular tilt
and/or the atomic structure of the electrode at the moment
of bond breaking (cf. discussion in refs 28 and 62). More-
over, if docking to hollow sites of electrodes should be
realized in our experiments after all, then our preliminary
calculations suggest that these bonding geometries would
contribute to the statistical average with conductances an
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order of magnitude below those of bridge—bridge and
atop—atop configurations.

In addition, it is conceivable that transport under experi-
mental conditions is not fully coherent, opposite to what was
the basic assumption underlying our transport calculations.
We emphasize that our essential statements remain valid,
however, even in the strongly incoherent limit, where the
molecular resistance, R = G, is the sum of the two
independent contributions, R = Rr + R,. Again, the first term
roughly relates to the resistance of BDT, Rr & Rppr, while
the second one describes inter-ring transport, R, = 1/T,n<n
cos? ¢.

So far we discussed the origin of the general trends
exhibited in the conductance traces. Molecule-specific devia-
tions, such as binding geometry, or changes in the torsion
angle upon surface coordination, which are accessible in our
calculations, are not resolved within the experiment mainly
because the binding geometry are not sufficiently well
controlled. We also mention that a particular experimental
feature, namely the surprisingly low conductance of the
fluorene derivative M2, is not reproduced in our calculations.

Finally, we compare our results with those found in the
literature. The TLM leads to a conservative estimation of Ty,
~ 0.25 £ 0.10, which represents the internal transmission
across the biphenyl unit. With the experimental slope dex =
2.44 x 107*Gy we estimate Tr ~ 107>. The value of Tt should
be close to Gppr. Unfortunately, the experimental data for
Gppr varies over more than 2 orders of magnitude and thus
the comparison is difficult. Examples are 0.011G,% 5.8 x
107%Go,”> 1.1 x 107%Go,*® or 5 x 107°G.%*

A comparison of our work with the study of Venkatara-
man etal.'®?*°° on a related family of molecules with amino
linker groups is more encouraging. These authors estimated
the experimental slope de(NHp) ~ 1.5 x 107°Gy. With Ty,
~ 0.25 we obtain for the junction conductance of biphenyl-
diamine (BDA) Ggpa &~ 6 x 107°Gp. This value is in good
agreement with data reported in ref 16 but deviates consid-
erably from measurements published by Haiss et al. em-
ploying the so-called i(f) method (Ggpa ~ 1.1 x 107%Gy).”®
The variations in conductance of the diamines might be
related to an uncontrolled but different substrate surface
morphology®® and adsorbate coordination'” and/or other
technical details of the chosen experimental protocols. The
distinctly larger variation of conductance data for aromatic
dithiols as compared to the family of diamines might reflect
the less uniform or less well-defined adsorption geometry
of the former' %557 as compared to the latter.'®22-2%60
Investigations along these lines are in progress in our groups.

Conclusions. We have studied a family of BPDT mol-
ecules with gradually varied torsion angles between the two
phenyl units, tuned chemically by introducing —CHj; sub-
stituents or a —(CH,),— bridge with n ranging between 1 and
5. The junction conductance increases linearly with cos? ¢,
as reported previously with amino-linkers, and covers almost
the full angular range. Our study provides a clear example
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of the reproducible measurement of a molecule-specific
property, the pronounced cos® ¢ variation. A two level model
motivated and parametrized by extensive DFT-based trans-
port calculations corroborates this further. We demonstrated
that the transmission factorizes in an “off-resonance” junc-
tion, such that “ring-to-ring” and “electrode-ring” transmis-
sion components could be separated.
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