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ABSTRACT: Charge transport characteristics of asymmetric molecules containing a 9,9’—spirobifluorene platform
coupled covalently to a phenylene ethynylene linker capped with either a thiol or a nitrile end group are investigated by
break junction techniques. It is shown that the platform provides very good electronic coupling with metallic leads and
the differences in the charge transport depend solely on the type of the anchoring group at the opposite end of the mole-
cule. The SH—terminated molecule has one order of magnitude higher conductance compared to CN—terminated one
and the charge transport path depends on the end group utilized. By a combined experimental break junction tech-
niques and theoretical DFT calculations, it was demonstrated that in molecules containing SH—terminated phenylene
ethynylene wire attached to the 9,9’—spirobifluorene platform the charge is transported through fluorene unit and cova-
lently coupled phenylene ethynylene linker. For CN—terminated molecules the charge is transported through the thio-
late termini of the 9,9’—spirobifluorene tripod. These studies demonstrate the potential of spirobifluorene platform for
the bottom-up approach to molecular architectures by its immobilization with all three thiol groups to one of the elec-

trodes without compromising charge transport via the conjugated backbone.

INTRODUCTION

Single molecule junction formed by trapping an individ-
ual molecule between two electrodes represents a unique
experimental platform for studies of the relationship
between the molecular conductance and molecular
structure. Several properties of molecules like their
length,*4 conformation,59 conjugation® or charge locali-
zation'>2 and the type of the anchoring groups4 have
been explored. Recently, the conductance properties of
the intermolecular junctions including two molecules
interacting non-covalently through =n-n coupling,'s®
hydrogen bonding, host-guest” and coordination com-
plex8 formation have been addressed.

Several multipodal platforms have been scrutinized for
their possible use in molecular electronics.927 Flat
triazatriangulene ring system (TATA) was used as an-
choring platform for (oligo)phenylene wires of different
length. Electrical conductance of the self-assembled
monolayers (SAMs) of these molecules was compared to
conductance of SAMs composed of thiol-terminated
(oligo)phenylene wires. Authors showed that contact
resistance of TATA platform is only slightly bigger com-
pared to thiol anchoring group demonstrating its suita-
bility for development of molecular electronic devices.®
Hammerich et al.2° showed that SAMs composed of the
imine-functionalized TATA platform were able to under-

go trans-cis isomerization upon irradiation with fast
thermal switching back to trans isomer.

Ie et al. presented new tripodal anchor composed of a
tetraphenylmethane core with three selenol arms as an
alternative to thiol terminated molecules and demon-
strated the formation of compact monolayers on the gold
surface.2t Charge transport was studied recently in pyri-
dine and thiophene terminated tetraphenylmethane
tripods. Tested molecules were symmetric and contained
two tetraphenylmethane tripods sharing a common phe-
nylene. Thermopower measurements confirmed that the
hole transport is operative in the molecules with thio-
phene anchoring groups, whereas electron transport
prevails in the case of pyridine anchors. The conductance
of bis-tripodal molecule with thiophene termini was
reported to be 2 x 105 Go. The versatility of n-channel
anchors for the control of the charge carrier type has
been demonstrated.22 Molecular junction (MJ) contain-
ing symmetric molecule made from two tris-pyridine
terminated tetraphenylmethane tripods connected
through an ethynylene spacer gave conductance value
(5 £ 1) x 104 Go, which represents two orders of magni-
tude higher single molecule conductance compared to
the symmetric pyridine terminated phenylene
ethynylene reference molecule.23 Lindner et al. studied
the effect of the position of thiol anchoring groups (para
versus meta) attached to the tetraphenylmethane plat-
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form on the SAM formation.2s Authors concluded that
meta substitution yields well-ordered monolayers with
all three legs anchored to the gold substrate, whereas a
multilayer formation was obtained for para derivative.
The position of anchoring groups did not affect signifi-
cantly the single molecule conductance values of these
molecules and in both cases it was around 9 x 105 Go. It
should be stressed that platforms based on the tetra-
phenylmethane core contain an sp3 carbon, which should
impact their charge transport properties. This is indeed
reflected in the experimentally obtained single molecule
conductance values.

In the present work we explore the conductance proper-
ties of a new type of 9,9’-spirobifluorene tripodal plat-
form which allows for the conjugated charge transport
path along one of the fluorene units.26-27 Such tripod was
introduced recently to provide efficient charge transport
to the metal surface and to control spatial arrangement
of molecular wires with respect to the surface.2¢ The
platform showed promising charge transport properties
at 4K giving a relatively high conductance of the order of
1073 Go. Based on the combined experimental and theo-
retical investigation of elastic and inelastic charge
transport the conductance along the conjugated part of
the molecule was confirmed.2”

In this paper we address the possibility to manipulate
the charge transport path in the highly asymmetric mol-
ecules containing this tripodal platform. By making mul-
tiple contacts to the electrode the anchor can also pro-
mote a decrease in the number of possible configurations
of the molecule within the junction at room temperature,
which is important parameter in view of the practical use
of the molecular electronic devices.

EXPERIMENTAL SECTION

Material. Argon gas (Messer, 99.998 % purity), sodium
hydroxide (99.99%, Alfa Aesar), 1,3,5-trimethylbenzene
(mesitylene, 98% Sigma Aldrich), triethylamine (99.5%
Bioultra, Sigma Aldrich), decane (>99.9%, anhydrous,
Sigma Aldrich), nitric acid (65% p.a. Lach-Ner, Czech
Republic), sulfuric acid (96 %, p.a. Lach-Ner, Czech Re-
public and Suprapur, Merck), hydrogen peroxide (30 %,
p.a. Lach-Ner, Czech Republic) and absolute ethanol
(99.8%, molecular biology grade, AppliChem GmbH,
Darmstadt, Germany and p.a. Penta, Czech Republic)
were used as received. Ultrapure deionized water with a
minimum resistivity of 18.2 MQ-cm and TOC of 3 ppb
was obtained by means of a Milli-Q Integral 5 water
purification system (Merck Millipore, France). All glass-
ware, Kalrez O-rings, PTFE and Kel-F liquid cell parts
were cleaned in boiling 30% nitric acid, which was fol-
lowed by repeated boiling in ultrapure water and drying
at 105°C. Molecules 1 to 5 (Chart 1) were prepared as
thioacetates and their deprotection to corresponding
thiols was achieved in-situ by triethylamine solution
(10%) in the mesitylene solvent. Synthesis of molecule 5
is given in Section 1 of the Supporting Information (SI).
Synthesis of compounds 1 to 4 is described in detail
elsewhere.26:27

Scanning Tunneling Microscopy Break Junction
(STMBJ) Measurements. Detailed description of an

in-house implemented STMBJ setup is given in the Sec-
tion 2 of the SI. Measurements were done at suspended
z—piezo drive voltage feedback control and at the bias
voltage set to 130 mV between the gold tip and the gold
substrate. Setup enables continuous collection of the
approach and retraction curves with z—piezo drive volt-
age and junction current being monitored as a function
of time. Typically 4000 junction cycles were collected to
obtain statistically significant amount of data. Only the
retraction curves were extracted from collected data sets
for further analysis. Dependence of the tip current on the
z-axis piezo drive voltage was converted into the con-
ductance—distance curves using the actual calibration
constants for piezo and electronic elements used. Extrac-
tion of the retraction curves, their conversion to con-
ductance—distance curves and construction of the corre-
sponding histograms was done using a combination of
the in—-house developed software (Delphi programming
environment, RAD Studio, Embarcadero, USA) and
OriginPro 9.1 (OriginLab Corporation, USA). Bin size of
0.005 was used for the construction of 1D histograms of
log(G/Go) values, where G is the conductance presented
in the units of the quantum conductance Go = 77.5 uS.
For the construction of 2D histograms the bin size values
of 0.05 for log(G/Go) and 0.02 nm for Az distance values
were used. The gold tip electrodes were prepared from
0.25 mm electrochemically etched gold wire.28

Mechanically Controllable Break Junction
(MCBJ) measurements. The MCBJ technique may be
viewed as complementary to the STMBJ approach. Its
chief advantage over the latter is a wider dynamic range
of the electric current, which allows investigation of the
molecular junctions in later stages of their evolution. A
drawback of the MCBJ technique is related to the uncer-
tainty of the distance estimation between two electrodes.
Detailed description of an in—house implemented MCBJ
setup is given in the Section 2 of the SI. The junction
opening/closing cycle was typically repeated 3000 times
to obtain statistically significant amount of data. Bin size
of 0.01 was used for the construction of 1D histograms of
log(G/Go) values from all conductance—distance curves
without data selection. The bias voltage between the gold
electrodes was set to 130 mV.

Electrochemical measurements. Cyclic voltamme-
try was used to investigate the self-assembled monolay-
ers of the model 9,9’-spirobifluorene molecules on the
gold bead electrodes in aqueous NaOH solutions (0.5 M).
The self-assembly and the electrode preparation proce-
dure are described in the Section 7 of the SI. Voltammet-
ric experiments employed a true linear potential scan
provided by the PGSTAT12 potentiostat (Metrohm, Swit-
zerland). The electrode area was determined from the
surface gold oxide reduction response in the aqueous
sulfuric acid (0.1 M).

Computational Details. Density functional theory
(DFT) and non-equilibrium Green’s function formalism
(NEGF) were used to obtain the transmission function
T(E) and single molecule conductance values.29:30 All
calculations of transmission function curves were carried
out using the Amsterdam Density Functional (ADF)
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quantum chemistry package with PBEo hybrid ex-
change—correlation functional.3r35 A double—¢ (DZ)
basis set was used for the electrodes and a double—§
polarized (DZP) basis set was used for the molecule.
Theoretical calculations in ADF were done with the in-
corporation of relativistic effects at the level of zero—
order regular approximation (ZORA) in a scalar relativ-
istic form.36:37 Details concerning the model development
and two computational methods used for the calculation
of the transmission function T(E) are specified in the
Section 9 of the SI.

Theoretical conductance G was calculated using Landau-
er formula G = Go x T(EFr) in the zero—bias approxima-
tion, where Go is the conductance quantum and T(Er) the
transmission function at the Fermi level Er of the gold
electrodes.3839 The Fermi level Er = — 5.1 + 0.1 eV against
vacuum was taken from the experimentally obtained
work function @ for polycrystalline gold and within the
experimental error matched that reported for the gold—
gold contacts.4041

RESULTS AND DISCUSSION

Molecules 1 to 5 (see Chart 1) were synthesized for char-
acterization of the charge transport pathways in the mo-
lecular wires containing a rigid 9,9’-spirobifluorene trip-
odal platform, capable of connecting to one of the elec-
trodes by three thiol anchoring groups. Such platform
possesses increased rigidity and stability compared to
single anchors. It enables control over the spatial ar-
rangement of the covalently attached arm with respect to
the electrodes and decreases the number of relevant
geometries in the single molecule junction for molecular
electronics. In contrast to the platform structures report-
ed so far, a superior electronic coupling of the rigid-rod
subunit to the electrode is maintained due to the absence
of sp3 carbon center in the conduction path. In particu-
lar, the covalent attachment of the arm in 7-position and
the thiol anchor group in 2-position of the fluorene sub-
unit guarantees a fully conjugated para-connection be-
tween the rigid rod and the gold substrate.2627 Further-
more, the modular synthesis allows varying the func-
tionalities embedded in the covalently attached arm.2242

Chart 1 Chemical Structure of Molecules 1to 5

Molecules 1 and 3 contain 9,9’-spirobifluorene tripod
with covalently attached phenylene ethynylene subunit
representing the shortest oligophenylene ethynylene
molecular wire. Molecule 1 is terminated with SH an-
choring group and molecule 3 with CN anchor. Molecule
4 is a shorter derivative of 3 and consists of the
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9,9’—spirobifluorene platform directly terminated by the
nitrile group. Molecule 5 represents the reference system
containing only the 9,9’—spirobifluorene tripod. Com-
pound 2 has the same phenylene ethynylene subunit as
1, but instead of the rigid tripodal platform it contains
the 9,9’-dimethylfluorene subunit, which preserves the
conjugated backbone of molecule 1. Comparison of the
conductance properties of molecules 1 and 2 aims at the
experimental confirmation of the charge transport path-
way along the phenylene ethynylene wire, whereas com-
parison of the single molecule conductance of molecules
1 and 3 aims at the evaluation of the role of the anchor-
ing groups in tuning of the charge transport properties
of the asymmetric molecules with the spirobifluorene
platform.
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Figure 1 1D logarithmic conductance histograms (left pan-
el) and 2D logarithmic conductance-distance histograms
(right panel) of molecules 1 to 5 obtained by STMBJ tech-
nique at 25°C in mesitylene solvent containing 0.2 mM of
respective molecule. Probe retraction rate was 36 nm/s.
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Figure 1 shows the 1D logarithmic conductance histo-
gram (left panel) and 2D logarithmic conduct-
ance—distance histogram (right panel) obtained by the
STMBJ technique for molecules 1 to 5 in the mesitylene
solvent at room temperature without any data selection.
Corresponding 1D and 2D histograms constructed from
the data obtained by the MCBJ technique are summa-
rized in Section 6 of the SI. In all 1D histograms a peak at
log(G/Go) = 0 corresponds to the gold atomic contact
formation,s3 whereas a small peak centered at
log(G/Go) = —0.6 can be assigned to the charge transport
through the solvent molecule since it was not observed in
STMBJ and MCBJ experiments performed in the air
(Figure S5 in the SI). Both peaks were observed in the 1D
conductance histogram of the mesitylene solvent in the
absence of molecules 1 to 5 (Figure S6 in the SI). No
other features were found in these conductance histo-
grams serving as the evidence of a high level of cleanli-
ness of the studied systems. Peaks observed at lower
conductance values than log(G/Go) = —0.6 in Figure 1
were therefore unambiguously assigned to true molecu-
lar conductance features of the model molecules. Repre-
sentative examples of the individual conductance-
distance curves for molecules 1 to 4 are shown in Figure
S7 of the SI.

2D logarithmic conductance-distance histograms in
Figure 1 (right panel) can be viewed as an overlapping
image of all experimentally obtained conductance-
distance traces acquired during the elongation of MJs.
Individual traces are horizontally aligned on a relative
distance scale Az. The existence of the snapback region,
in which the junction conductance drops steeply due to a
sudden relaxation of gold atoms upon breaking of the
last atomic contact, allows this kind of data representa-
tion to be constructed meaningfully. In this work, the
value log(G/Go) = —1.0 was chosen to define the common
point [log(G/Go) = —1.0, Az=0nm] for all individual
traces. Darker pixels indicate more frequently observed
junction configurations. Regions with increased data
density around log(G/Go) = 0 and —0.6 represent charge
transport through gold atomic contacts and through
solvent molecule in the junction. Junctions containing
investigated molecules give rise to plateaus at lower
log(G/Go) values that correspond to peaks observed in
1D histograms. Upon breaking of the molecular junction,
the conductance value drops down to the noise level,
leading to increased data density below log(G/Go) = —6.

2D histograms reveal further details related to the MJ
formation, evolution and breaking process. Red curves in
Figure 1 represent the weighted average of the log(G/Go)
values obtained during the MJ elongation. Two different
slopes are discernible in the molecular plateau region for
all molecules studied, but they are different for mole-
cules terminated by SH groups and CN groups. In the
first case (molecules 1 and 2) a short initial segment
(overlapping with the junction conductance measured in
the absence of molecules) is followed by a long and less
steep segment of decaying conductance. For CN termi-
nated molecules (3 and 4) the first segment is signifi-
cantly more pronounced followed by a rather short plat-
eau of decaying conductance. Such a difference in the

junction evolution for SH and CN terminated molecules
has been observed for symmetric junctions possessing
the same anchoring groups at both ends of the molecule.
It was attributed to the lower binding energy of the
CN-Au bond as compared to the S—Au bond.3 Since
molecules 3 and 4 contain both SH and CN anchoring
groups one can ask whether the molecular junction is
formed by the attachment of thiolate terminated tripod
and CN anchor. To answer this question molecule 5 that
lacks the CN moiety was synthesized and its charge
transport properties are also shown in Figure 1. It was
found that 1D and 2D logarithmic conductance histo-
grams are practically identical to those of molecules 3
and 4, i.e. the first segment is significantly more pro-
nounced followed by a short plateau of decaying con-
ductance. This result suggests that CN group does not
play a role in the molecular junction evolution of mole-
cules 3 to 4.

Similar single molecule conductance results were ob-
tained from MCBJ measurements (Figure S9 of the SI),
which allow noise level suppression by one to two orders
of magnitude compared to STMBJ. This technique ena-
bles studies of the later stages of the MJ evolution. Fig-
ure S9 shows additional maxima in the low conductance
region for all studied molecules in 1D histograms, but no
clear molecular plateaus could be resolved in the corre-
sponding region of the 2D histograms. This indicates
that no distinctly stable MJ configurations are connected
with these low conductance states, which are most likely
created by the pairs of molecules bridging the junction.
The charge transport being secured by the intermolecu-
lar interactions between the phenylene rings of two mol-
ecules within the junction has been previously report-
ed.’s

Table 1 summarizes the single molecule conductance
values (peak maxima and errors representing half of the
FWHM values) in the high conductance region obtained
by both STMBJ and MCBJ methods. Molecular conduct-
ance features in 1D histograms were fitted by one Gauss-
ian for molecules 1 and 2 and by two Gaussians for mol-
ecules 3 and 5. The molecular conductance values ob-
tained by both methods are in very good mutual agree-
ment considering the differences in the experimental
methodology. More importantly, the use of both meth-
ods ascertains the reliability of log(G/Go) values reported
in this paper. As the STMBJ approach (unlike MCBJ)
offers a precise MJ length calibration, further discussion
will be based on the STMBJ data.

Molecules 1 and 2 were designed to preserve the part of
the molecule important for the charge transport along
the molecular wire. Both molecules show the same single
molecule conductance value log (G/Go)=-3.2+0.5
indicating that the charge transport in molecule 1 favors
the path along one fluorene unit of the spirobifluorene
platform with covalently bound phenylene ethynylene
molecular wire. The contribution of two thiolates con-
nected to the main conductance path via the sp3 spiro
carbon, i.e. placed on the second twisted fluorene unit of
molecule 1, appears to be negligible even though the
experimental evidence from the reductive desorption
studies (Section 7 of the SI) indicates that the spirobi-

ACS Paragon Plus Environment

Page 4 of 16



Page 5 of 16

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Table 1. Theoretical and Experimental Parameters for Single Molecule Junctions and Selected MJ Con-

figurations

MJ Lms/nm@a Zexp /NM ® 1log(G/Go)orr¢ | 1og(G/Go)prr? 1log(G/Go)ST™BJ log(G/Go)MCBI
1a 1.4 —3.0 —2.6+04
1b 2.0 -3.7 -3.2+0.8

1.5+ 0.4 -3.2+0.5 -3.0 £ 0.5
1c 1.5 —5.4 -5.6 £ 0.3
id 1.1 —4.2 —4.0 £ 0.4
2a 2.0 1.7+0.5 -3.2 —2.9+0.7 -3.2+0.5 -3.1+ 0.5
3a 1.3 13103 -3.4 -3.4+ 0.1 41i04

. . —4. . -3.9+0.

3b 1.1 -4.3 —4.1+ 0.4 39 >
4a 0.9 —2.7 —2.7 £ 0.1

1.3+ 0.2 —4.1+0.4 —-4.1+ 0.8
4b 1.1 —4.3 —4.1+ 0.4
5a 1.1 1.3+ 0.3 —4.2 —4.0 £ 0.4 —4.0 £ 0.4 -

a Theoretical MJ length LMy = Ztheor — 0.25 N, where ztheor is DFT calculated MJ length taken as a vertical distance between
surface planes of two gold electrodes in the geometry optimized configurations shown in Chart 2, Chart 3 and in Figure S15 of

SI.

b Experimental MJ length zex; is the sum of the characteristic length (relative displacement) Az (Figure 2) and the snap-back
distance zZcorr = 0.4 NI, i.€. Zexp = AZ + Zcorr. Characteristic length calculations were done at log (G*/Go) = —5.5.

¢ DFT calculated log (G/Go) obtained from transmission functions shown in Figure S17 of SI at E-Er = 0 eV
4 DFT calculated log (G/Go) obtained from transmission functions in the interval E-Er = +0.1 €V.

fluorene tripod is attached to the gold substrate by all
three thiol groups.

Let us compare now the single molecule conductance of
molecules 1 and 3. They both contain the 9,9-
spirobifluorene tripod but they differ in the type of the
anchoring group located on the opposite side of the mol-
ecule. Such a small structural difference has an im-
portant impact on their conductance properties. Thi-
ol-terminated molecule 1 shows a clear narrow molecu-
lar conductance peak at log(G/Go) = —3.2 £ 0.5, whereas
nitrile-terminated molecule 3 exhibits a relatively broad
conductance feature that was fitted by two Gaussians
centered at log(G/Go) =-3.2+0.6 and log(G/Go) =
—4.1 £ 0.4 (see Figure 1). Identical log(G/Go) character-
istics were observed for SAMs of molecule 3 (see Figure
S11 of the SI). The former maximum is associated with
the inclined segment of the molecular plateau pertaining
to the early stages of the MJ evolution and represents the
contribution from the through solvent tunneling. The
maximum at log(G/Go) = -4.1+ 0.4 is related to the
short plateau observed at the later stage of the MJ evolu-
tion and represents true single molecule conductance of
molecule 3 (see Table 1). This value is almost one order
of magnitude lower than the conductance of molecule 1.
Even though the molecules 4 and 5 are much shorter
than molecule 3, they show the same conductance dis-
tribution profiles. The true molecular conductance value
gave maximum at log(G/Go) = -4.1+ 0.4 for 4 and
log(G/Go) = —4.0 £ 0.4 for 5. This indicates that the
charge transport is length independent for molecules 3
to 5 and does not involve the CN moiety.

2D histograms from the STMBJ measurements were
further subjected to the characteristic length analysis
aimed at determining the average distance Az, to which
the MJ can be elongated before the breaking event. Fig-
ure 2 shows histograms of the most probable Az values
representing the MJ characteristic length for molecules 1
to 5. It was constructed from 2D logarithmic conduct-
ance—distance histograms in Figure 1. At first a certain
log(G#/Go) value below the molecular conductance fea-
ture was selected and the horizontal cross—section of the
2D histogram at this value was plotted in the form of the
number of counts as a function of the distance Az. By this
procedure the histograms in Figure 2 were constructed
at 1og(G*/Go) = —5.5. All five distributions were fitted by
a pair of Gaussian peaks, reflecting the existence of true
molecular junctions Az (higher values) and junctions in
which no molecules were trapped Azo (lower values). No
significant variation of the values for Az, was observed
(see also Table S1, SI), whereas the values of Az were
found to depend on the chemical structure of the mole-
cule. The aim of this analysis is to determine the experi-
mental molecular junction length Zep, which could be
directly compared with theoretical predictions.

The experimental MJ length is given by Zex = Az + Zcorr,
where zcrr is the snapback distance, which was deter-
mined to be 0.4 nm in our experiments and is in excel-
lent agreement with zcor values obtained previous-
ly.101344 Details on the experimental determination of
Zeorr are given in Figure S8 of the SI. Experimental MJ
length zex, values are given in Table 1. More detailed
analysis of the molecular junction formation, evolution
and breaking requires comparison of the experimental

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Zexp values with the calculated molecular junction length
Ztheor Obtained by the quantum chemical modeling. Direct
comparison between experiment and theory requires
further correction of Zwmeor for the minimum electrode
separation distance dau-auw= 0.25 nm, defined as a dis-
tance between the centers of two gold atoms forming
apexes of two electrodes in the absence of molecules.4s
This value is subtracted from Zzmeor to obtain the theoreti-
cal molecular junction length Lus = Ziheor — dau-au directly
comparable with the experimental zey, values. Due to the
existence of three thiol moieties at one side of the mole-
cules 1, 3, 4 and 5, the theoretical calculations carried
out in this work consider electrodes with atomically flat
gold surfaces instead of single apex atoms in order to
render the electrodes capable of binding multiple SH
groups. Therefore, the Zmeor values were determined in
various junction configurations as a perpendicular dis-
tance between the surface atomic layers of the two elec-
trodes. Above-mentioned analysis does not include the
situation when a gold atom is abstracted from the gold
surface together with the molecule during the MJ break-
ing process as has been postulated recently by Tao et
al.4647 based on their combined single molecule conduct-
ance and MJ breaking force measurements of thiol-
terminated molecules. Authors admitted that their sug-
gestion is based on the experimentally observed breaking
force value identical to the Au-Au bond breaking force
for the gold-gold junctions without molecules, but they
did not exclude the possibility that the same force may
reflect the S-Au bond breaking. Therefore, we did not
use this further correction. Theoretical MJ length values
Ly are summarized in Table 1 for selected MJ configura-
tions of molecules 1 to 5.

0.7 nmmolecule 1 molecule 2
1

0.7 nm

400 0.6 nm
£300
5
8200
100 0.9 nm
0 0
0.0 X 4 i 0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
A Az/nm Az/nm

Figure 2. Characteristic length analysis of the STMBJ
conductance-distance curves without data selection for
molecules 1 to 5. Junctions were formed at 25°C in mesity-
lene solvent. Analysis was performed at log (G*/Go) = —5.5.

Quantum chemical calculations implemented different
computational models depending on the type of the an-
choring groups involved in the MJ formation. First mod-
el was used for MJs that were formed by SH anchoring
groups only and was used for conductance value calcula-
tions for molecules 1 to 5, whereas two additional mod-
els were used for MJs containing both SH and CN an-
chors and provided theoretical single molecule conduct-
ance values for molecules 3 and 4. Model development
details and description of the quantum chemical meth-
ods are given in the Experimental part and Section 9 of
the SI. The resulting optimized junction geometries for

computational models and methods are summarized
through Section 9 to 13 of the SI together with the calcu-
lated transmission functions T(E), single molecule junc-
tion conductance values represented as log(G/Go),
HOMO and LUMO energies of the extended molecule
system and the molecule-localized molecular orbitals
that represent the most probable transport channel in-
cluding the tables of the corresponding molecular orbital
energies. The Luy and theoretical log(G/Go)PFT values in
Table 1 refer to model one in the case of MJ configura-
tions 1a-1d, 2a, 3b, 4b and 5a and to model two in the
case of MJ configurations 3a and 4a.

Chart 2 Geometry optimized MJ configurations
of tripodal molecule 1 assuming different charge
transport pathways.

Chart 2 shows four geometry optimized MJ configura-
tions for molecule 1, whereas MJ configurations for mol-
ecule 2 are given in Figure S15 of the SI and for mole-
cules 3 to 5 in the Chart 3. Configurations 1a to 1d repre-
sent four possible cases where the charge transport
pathways are dictated by different modes of the molecu-
lar attachment to gold leads.
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Four geometry optimized MJ configurations for mole-
cule 1 in Chart 2 represent distinctly different charge
transport pathways. Configurations 1a and 1b favor
transport through the fluorene unit and phenylene
ethynylene molecular wire. Their Lyy values differ signif-
icantly due to the different number of contact points via
the thiolate—gold bonds. Configuration 1c represents
possible charge transport path through the sp3 carbon of
the 9,9’-spirobifluorene tripod and molecular wire,
whereas configuration 1d favors charge transport
through the terminal thiolate groups of the 9,9-
spirobifluorene tripod itself.

Chart 3 Geometry optimized MJ configurations
of tripodal molecules 3 to 5 assuming different
charge transport pathways.

Comparison of the theoretically obtained molecular con-
ductance and Lmy values of these four configurations
with experimental data in Table 1 aims at the elucidation
of the most probable charge transport pathway in the
asymmetric molecules with the spirobifluorene platform.
The experimental MJ length value of molecule 1
(Zexp = 1.5 £ 0.4 nm) is in perfect agreement with the
theoretically predicted MJ length value obtained for
configurations 1a (Lms = 1.4 nm) and 1c (Lwms = 1.5 nm).
On the other hand, the Ly values obtained for configu-
rations 1b (2.0nm) and 1d (1.1 nm) do not fit well to
experimental data. Therefore, these two configurations
are not likely to exist in MJ experiments. Though the
theoretical and experimental MJ length is identical for
the configuration 1c, its theoretical conductance value is
more than two orders of magnitude lower than the ex-
perimentally obtained conductance value for 1, excluding
thus the existence of this configuration in MJs as well.
Theoretically predicted conductance for configuration 1a
log(G/Go)prr = —3.0 compares very well with the experi-
mentally obtained conductance values for molecule 1
(see Table 1). Our combined experimental and theoreti-
cal approach confirms that the configuration 1a repre-
sents the most probable MJ configuration in the course
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of the junction formation and evolution. Junctions con-
taining molecules 1 and 2 have identical conductance
values, but MJs of molecule 2 give larger experimental
length zexp = 1.7 + 0.5 nm, which is closer to predicted
Luy value of 2.0 nm (Table 1 and Figure S15 of the SI).
Identical conductance values of 1 and 2 provide addi-
tional experimental verification of the charge transport
path in molecule 1. Junctions containing molecule 3
show lower Zeyp value (1.3 + 0.3 nm) than junctions con-
taining molecule 1 (1.5 + 0.4 nm). The Zey, value for 3 is
identical to that observed for molecules 4 and 5. This
result provided further experimental confirmation that
all three molecules 3 to 5 have the same charge transport
pathway independent of the length of the molecule.
Chart 3 summarizes considered MJ configurations for
molecules 3 to 5. Configurations 3a and 4a represent MJ
consisting of a 9,9’-spirobifluorene tripod attached to
one of the electrodes and CN terminus attached to the
second one. Configurations 3b, 4b and 5a represent the
MJ formed by two thiolate groups of the tripod. Theoret-
ically-obtained molecular conductance and Luy values of
these five configurations for molecules 3 to 5 are given in
Table 1. Comparison of theoretical and experimental
molecular conductance and Lmy values confirms that the
most probable charge transport pathway for molecules 3
to 5 is through two thiolate anchors of the spirobifluo-
rene units (configurations 3b, 4b and 5a).

Our results confirmed that spirobifluorene tripod can be
used as a modular platform in molecular electronics. As
showed by electrochemical reductive desorption meas-
urements the tripod is covalently attached to the gold
support by all three thiolate groups and forms self-
assembled monolayers on the electrode surface. Break
junction measurement strives for addressing only one
molecule out of this ensemble. We have shown that in
the case of SH-terminated molecule 1 (using molecule 2
as a reference) the charge is transported through the
fluorene unit of the spirobifluorene tripod and phe-
nylene ethynylene molecular wire. On the other hand, in
the CN-terminated molecules 3 and 4 (using molecule 5
as a reference) the main charge transport path is through
the thiolate bonded anchors of the 9,9’-spirobifluorene
tripod. This difference in the conductance pathway is
reflected in an order of magnitude different single mole-
cule conductance values between molecule 1 and 3. This
result is a direct consequence of the differences between
the binding energies of the S-Au and CN-Au bonds re-
ported in the literature.45

CONCLUSION

Charge transport pathways in single molecule junctions
of molecules containing spirobifluorene subunits were
investigated by the STMBJ and MCBJ techniques and
the obtained results were compared with quantum
chemical calculations. Combined electrochemical, break
junction and quantum chemical approach confirmed
that the most probable MJ configuration for molecule 1
is that involving all three thiolate groups of the 9,9’—
spirobifluorene platform. Furthermore, quantum chemi-
cal calculations confirmed that the conjugated backbone
represents the dominant transport channel in molecules
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1 and 2. Variation of the terminal anchor group in mole-
cules 1 and 3 enables tuning of the charge transport path
due to changes of the preferred binding geometries of
the tripodal 9,9’-spirobifluorene platform to the gold
leads. Contrary to molecule 1 molecules 3 and 4 do not
contact the electrode by their CN termini and it was
shown that the charge transport path includes two thio-
late anchors of the 9,9’-spirobifluorene platform. This is
a direct consequence of the different binding energies of
the S-Au and CN-Au bonds. This conclusion was further
supported by the inspection of the charge transport
characteristics of the reference molecule 5 possessing no
CN terminus, which showed features identical to those of
molecules 3 and 4. We are currently exploring the po-
tential of this new modular 9,9’-spirobifluorene plat-
form for improved spatial control over the molecular
architecture and for enabling different functionalities
(switching, diode-like behavior) of thus created asym-
metric junctions.
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