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ABSTRACT: We report an experimental and theoretical study of
the single-molecule conductance of two separate families of
regioisomeric phthalocyanine derivatives in which the binding
groups are connected at opposite or at contiguous positions about
the phthalocyanine moiety. We observe that compounds with the
longest distance between the anchoring groups yield molecular
junctions with a higher conductance compared to those with a
shorter distance. We performed both density functional theory
(DFT) and tight binding calculations to understand how
interference effects explain the experimental results including the
role of constructive and destructive quantum interference in five
phthalocyanine derivatives.

■ INTRODUCTION

Phthalocyanine (Pc) molecules containing a central metal
atom are commonly used as dyes and pigments. Within the
field of organic electronics, they have great potential in device
applications such as field-effect transistors,1,2 photovoltaic
cells,3,4 optoelectronics,5,6 and spintronic devices.7,8 At the
single-molecule level, Pcs have been studied using scanning
tunneling microscopes (STMs)9,10 with the Pcs lying flat on
various substrates,11−13 including graphene,14,15 so that
transport occurs perpendicular to the molecule, usually
through a tunnel barrier.16−18 In this configuration, phenom-
ena such as the Kondo effect at low temperatures,19−22

magnetoresistance,23,24 spin switching,25 or gas adsorption26,27

have been observed. On the other hand, there are only a few
studies of transport properties in which the Pc is part of an
individual molecular wire, attached to metallic electrodes at
both ends. In a few examples, the Pc itself (without specific
chemical anchoring groups) was trapped between two metallic
electrodes.20,23 In contrast to Pcs, porphyrins have been much
more widely studied in single-molecule-junction experi-
ments,28−40 despite the fact that Pcs are generally more robust
to degradation41 than porphyrins, which is an important
advantage when considering future applications in the field of
molecular electronics.
With regard to single-molecule conductance measurements,

a structure of the form A2B2 is necessary, which comprises 2A
units and 2B units either in an AABB or ABAB configuration.
In this kind of molecule, the A or the B units should contain
suitable functional groups (sulfides, amines, etc.) that can serve
as anchor points to metal electrodes, thus facilitating the study

of the conductance across the π-conjugated skeleton. The
reason for the previously mentioned preference of porphyrins
over phthalocyanines in this field comes from the fact that the
synthesis of AABB or ABAB macrocycles is far simpler for the
former. This is clear from the wide number of well-established
protocols to prepare unsymmetrically meso-substituted por-
phyrins, of which some are carried out in a stepwise manner,
through the isolation of stable synthetic intermediates.42,43

That is not the case for phthalocyanines due to their different
condensation chemistries and intrinsic structures. Synthetic
protocols that lead to unsymmetrically substituted Pcs are
scarce, many of them just limited to the use of steric effects
between bulky phthalonitriles,44 and certainly not universal
and reliable for any kind of phthalonitrile combination.
In this work, by choosing an appropriate phthalonitrile

combination, we have been able to synthesize two separate
A2B2 phthalocyanine families, ABAB and AABB (Figure 1a)
with metal-binding groups located on opposite or contiguous
isoindole units, and study their single-molecule conductance
properties individually. Two thiolated benzene rings located at
different positions around the Pc ring serve as anchor groups
to the tip and substrate of an STM to form single-molecule
junctions under ambient conditions. Surprisingly, we observed
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higher conductance for the derivatives with binding groups
located on opposite isoindole units of the Pcs (ABAB
structures) than for those with binding groups on contiguous
isoindole units (AABB), despite their longer through-bond
and sulfur−sulfur length. Our density functional theory (DFT)
calculations confirm this trend and show evidence of
destructive quantum interference (QI) in some of the isomers.
QI in the various isomers is explored in more detail using tight
binding calculations.

■ EXPERIMENTAL SECTION
Synthesis. Chemicals were purchased from commercial

suppliers and used without further purification. Solid,
hygroscopic reagents were dried in a vacuum oven before
use. Reaction solvents were thoroughly dried before using
standard methods. MALDI-TOF-MS spectra were obtained
from a Bruker Ultraflex III instrument equipped with a
nitrogen laser operating at 337 nm. NMR spectra were
recorded with a Bruker AC-400 (400 MHz). Chemical shifts
are measured in ppm using the signals of the deuterated
solvent as the internal standard. Column chromatography was
carried out on silica gel Merck-60 (230−400 mesh, 60 Å), and
TLC was carried out on aluminum sheets precoated with silica
gel 60 F254 (E. Merck). UV/vis spectra were recorded with a
JASCO V-660.
Conductance Measurements. We determined the single-

molecule conductance of the Pc derivatives using a home-built
scanning tunneling microscope (STM). Both the substrate

(commercial Arrandee substrates) and the tip (freshly cut 0.25
mm wires) of the STM were made of gold. The Pc derivatives
were deposited by dip-casting using an approximately 1 mM
solution in CH2Cl2. Subsequently, all of the measurements
were carried out with substrates in air after drying the solvent.
We recorded G vs z traces by keeping a constant bias voltage of
200 mV between the tip and the substrate and recording the
current while performing cycles of approach−retraction of the
tip. A protection 1 MΩ resistor in series with the current
circuit kept the current below 0.2 μA during the entire
measurement. We use a linear current-to-voltage converter
with two amplification stages of 4.3 × 107 and 8.8 × 109 V/A.
To ensure a clean rupture of a broad gold contact during each
cycle, an extra motion of 1−2 nm is performed when the
conductance limits are reached both in the opening and
closing. These limits were 1.5G0 during the closing and 2 ×
10−7G0 (just above the experimental noise) during the closing.

Theoretical Details. To calculate the electronic properties
and the electrical conductance of the molecules placed
between gold electrodes, we used the SIESTA implementation
of density functional theory (DFT),45 combined with the
GOLLUM code,46 which is a newly developed quantum
transport code. The optimum geometry of the isolated
molecules was first calculated using DFT, with all forces on
atoms relaxed to a tolerance of 0.01 V/Å. In all calculations, a
double-zeta plus polarization (DZP) basis set, with norm-
conserving pseudopotentials, was employed, and the Hamil-
tonian and overlap matrices were calculated on a real space
grid defined by a plane wave cutoff of 200 Ry. After calculating
the optimum geometry of the molecular wire, it was attached
to gold electrodes. After removing the hydrogen atoms from
the terminal thiol groups, the equilibrium distance between the
S atom and a top atom on the surface of the gold electrode was
found to be 2.2 Å. The gold electrodes consist of a pyramid of
11 gold atoms and six layers of (111) gold, with each layer
containing 25 gold atoms. A Hamiltonian describing this
structure was constructed using SIESTA, and then, GOLLUM
was used to calculate the zero-bias transmission coefficients
T(E) describing electrons of energy E passing from one
electrode to the other via the molecular wire. The electrical
conductance was then related to the transmission through the
Landauer formula G = (2e2/h) × T(EF).

■ RESULTS AND DISCUSSION

Pc-Derivate Synthesis. Different from porphyrins, for
most phthalocyanines, the functional groups that allow for
structural differentiation (A and B) must be placed at the 3- or
4-positions of the corresponding 1,2-dicyanobenzene precur-
sors, which means that each of the A3B, A2B2, and AB3
derivatives, if isolated, will be at the same time constituted
by a mixture of isomers. For this reason, the synthesis of
unsymmetrically substituted Pcs is usually carried out by
statistical condensation of the two different phthalonitriles (A
and B) followed by purification of the desired macrocycle by
chromatography.47 Needless to say, any other method for
molecular separation, like recrystallization or sublimation, is
useless for this purpose. Even if this protocol works efficiently
for many phthalonitrile combinations, the inherent tendency of
Pcs to aggregate by π−π stacking hampers strongly chromato-
graphic separation at a reasonable scale. Hence, while the
properties of “A3B (or AB3)-type” Pcs have been extensively
investigated for manifold applications, those of A2B2 derivatives

Figure 1. (a) Schematics of the studied molecules (expected
molecular junction length in parentheses). (b) Conductance histo-
grams obtained from several hundreds of G vs z traces for both
groups. The inset in (b) shows the plateau-length distribution for each
set of compounds.
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remain rather unexplored due to the great challenge in
separating ABAB or AABB isomers.48−51

We however found out here that isolation of the two desired
A2B2 Pc isomers is facilitated by a combination of bulky,
hydrophobic groups attached to the A unit, affording solubility
and hampering aggregation, and polar groups placed on the B
unit, which enhance the difference in polarity between the
AABB and ABAB isomers during chromatographic separation.
Specifically, condensation of 4,5-tert-butylphenoxyphthaloni-
trile and 4-(3-hydroxy-3-methyl-1-butynyl)phthalonitrile in the
presence of ZnCl2 led to a statistical mixture of Pcs from which
the two isomers bearing the anchor groups either at the
opposite (ABAB) or contiguous isoindol units (AABB) could
be successfully isolated (see details in the Supporting
Information). Then, the two unsymmetrically substituted Pcs
were deprotected and end-capped with thioacetyl units, which
serve as an anchor to ensure the formation of a robust Au−S
bond to the gold electrodes, leading to final compounds ABAB
and AABB. Each of these isomers is at the same time
composed of a mixture of regioisomers shown in Figure 1a,
which, unfortunately, is impossible to separate. While the
ABAB sample comprises a 50−50% mixture of ABAB1 and
ABAB2 regioisomers, the AABB sample is composed of a
mixture of the AABB1, AABB2, and AABB3 regioisomers in a
25−50−25% ratio. The indicated percentage of regioisomers
present in each sample was determined by 1H NMR
spectroscopy and was in good agreement with the expected
ratio based on purely statistical considerations. The separation
of these two families of ABAB and AABB Pcs constitutes
already an important milestone that allows the study of the
single-molecule conductance across the core of this important
class of molecular semiconductors, as has been done
extensively for porphyrins.
Pc Molecular Junction Conductance. We studied the

electrical transport properties of the Pc derivatives AABB and
ABAB shown in Figure 1a using the break-junction technique.
Performing thousands of retraction-approach cycles between
the tip and substrate of our STM, we observed a very low
probability of junction formation for these compounds, with
percentages of retraction G vs z traces displaying regions of
constant conductance (molecular plateaus) of around 2−3%.
This compares with typical junction formation percentages in
our own equivalent experiments of approximately 30% for an
oligo(phenylene-ethynylene) dithiol with three phenyl units
(OPE-3)52 or 17% for the porphyrin derivative counterpart,37

both with the same thiophenyl terminal groups used here. A
significant interaction between the phthalocyanine core and
the electrode surface most probably reduces the molecular
junction formation probability.
Each compound was studied in at least five independent

measurement runs using new electrodes and molecular
solutions to ensure reproducibility (see Figure S1). Gathering
all recorded traces with plateaus, we built the one- and two-
dimensional histograms shown in Figures 1b and 2a,
respectively. A peak (cloud) is formed in the 1D (2D)
histogram at the conductance values where many G vs z traces
display plateaus. We determine the typical junction con-
ductance for each compound as the mean value of these peaks:
log(G/G0)AABB = −5.7 and log(G/G0)ABAB = −5.2, with a value
of 0.5 for the half-width at half-maximum of the Gaussian fit to
the peaks. It is significant that the conductance values of PC
derivatives are lower than those observed previously for a

similar porphyrin derivative37 (log(G/G0)porph = −3.7) and for
OPE-352 (log(G/G0)ope3 = −3.9).
Interestingly, despite their longer through-space distance

between anchoring groups, the mean conductance of the
ABAB derivatives is about half an order of magnitude higher
than that of the AABB derivatives. By studying the
independent runs separately, we obtained standard deviations
from the mean values of 0.05 and 0.06 for the logarithm of the
conductances of AABB and ABAB, respectively, reinforcing
that the half-an-order-of-magnitude difference between the
conductance of both compounds is significant and well above
the measurement-to-measurement variation. Examples of
conductance histograms of individual runs are shown in Figure
S1. As shown in the plateau-length distributions of the inset to
Figure 1b (considering only plateaus of the main peak), indeed
the high-conductance ABAB plateaus are on average larger. At
the right end of these distributions, which accounts for the
longer junctions with molecules presumably fully elongated
between the electrode apexes, we see a difference of 0.3 nm
between AABB and ABAB, in good agreement with the
difference in Figure 1a for the through-space distance between
the anchoring groups of the longest regioisomers of each group
(AABB3 and ABAB1). We therefore confirm that, for this
family of compounds, the longest molecular junctions are the
ones with higher conductance. We note here that throughout
the family we are not changing the nature of the central part of
the compounds but simply altering the position of the anchor
groups. Significantly, this result differs from those obtained for
closely related porphyrin derivatives, which display a lower
conductance as the through-space distance between the
binding groups increases.31 It is important to note that in
that case the porphyrin core was contacted via the edges and
not the corners as in the case of the Pc derivatives studied here.
As we will see in the next section, the detailed position of the
linkers in the molecular core plays a key role in determining
electron transmission.

Theoretical Transport Calculations. To study the
quantum transport properties of the five Pc isomers, we use
the SIESTA implementation of density functional theory

Figure 2. Two-dimensional conductance vs distance histograms
corresponding to (a) all traces with plateaus (the same as in Figure
1b) and (b) traces in the main clusters identified by an automatized
algorithm (see the text for details).
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(DFT),45 combined with the GOLLUM code46 (see Section 3
in the Supporting Information). This revealed that, for each of
the isomers, the HOMO is delocalized across the entire
molecule, while the LUMO lies mainly on the Pc core (see
Figures S11−S15). As expected, the HOMO and LUMO
energies are almost the same for all isomers, as only the
geometric position of the anchor groups is changed. The fact
that the orbitals are almost identical implies that any changes
in the conductance are likely to be due to quantum
interference (QI) effects53−65 mediated by the various
transmission pathways through the molecule. We have also
calculated the ionization potential for each isomer and found
similar values of approximately 5.19 eV for each.
The isomers were contacted to two identical gold electrodes

via their thiol anchor groups (Figure S16). The optimal
binding distance between the tip of the gold and the sulfur
atoms was found to be 0.23 nm. This leads to junctions with
the Au−Au distances indicated in Figure 1a for the five
isomers. The resulting transmission coefficients can be seen in
Figure 3. Our results show that the transmission for all of the

isomers is dominated by HOMO, for which the Zn ion has
practically no contribution. Figure 3 shows that for the ABAB
isomers, the transmission at the DFT-predicted Fermi level (E
− EF = 0) is equal to or higher than that of the AABB isomers.
In particular, the resulting conductance values are G(EF) =
0.17G0 for AABB1, 0.056G0 for AABB2, and 0.018G0 for
AABB3, while isomers ABAB1 and ABAB2 possess similar
transmission curves and have values of 0.23G0 and 0.13G0 at E
− EF = 0, respectively. Predicted conductance values are higher
than those experimentally observed which is typical of DFT
calculations. However, the overall conductance variation is well
reproduced.
As anticipated, the results in Figure 3 show that AABB3

does possess a quantum interference dip near E − EF = 0.2 eV,
which reduces its transmission coefficient near the DFT-
predicted Fermi energy. Since Pcs are planar aromatic
macrocycles with extended π-systems, to explore the origin
of this dip, we also performed extensive tight binding modeling
of the five isomers (see Section 3.3 in the Supporting
Information). We constructed a simple tight binding (i.e.,
Huckel) Hamiltonian, which describes the connectivity
dependence of the electrical conductance of the Pc central
unit, and deconstructed it in the equivalent lattice shown in
Figures S19 and S21, exploring different connectivity
parameters. Despite the apparent complexity of the Pc central
unit, we found that a simple Hamiltonian based on
connectivity alone reproduces many of the qualitative features

of the full DFT calculation, including the AABB3 interference
dip. This dip is sensitive to the electronic coupling to the
interior nitrogen atoms (Figure S20) and vanishes when this
coupling is artificially set to zero. Therefore, in this study, the
TBM proved to be more insightful than the DFT, bringing out
the essential couplings causing the quantum interference dip.
The comparison between the DFT and TBM calculations is
shown in Figure S29.

Evaluation of Isomer Contributions to the Con-
ductance Signal. Based on the above theoretical results, we
explored whether we could identify the experimental signature
of individual regioisomers contained in the experiments. For
the ABAB series, the molecular junctions of ABAB1 and
ABAB2 are predicted to have practically the same length and
conductance; therefore, we would expect to observe a single
conductance cloud accounting for both regioisomers. On the
other hand, for the AABB series, the difference in length
between regioisomers is between 0.6 and 1.4 nm, which could
be experimentally separated, and the predicted conductance
difference between the regioisomers of the highest and lowest
conductances in Figure 3 is about one order of magnitude.
In Figure 2a, signals above log(G/G0) = −4.5 and below −6

(that is, above and below the main peak) can be seen. As
shown in detail in the Supporting Information (Section 2.3),
those below −6 are equally present for AABB and ABAB
groups. As only one cloud is expected for the latter, we rule out
these signals as signatures of different isomers also for AABB.
They are probably produced by the less favorable binding
configurations of the same regioisomers contributing to the
main peak.38,66 Signals above −4.5 are also present in both
groups but in quite different proportions, being more abundant
for AABB, as is already evident in the 2D histograms of Figure
2a.
To explore in more detail the different plateau contributions

to the histograms, we carried out an unsupervised k-means
clustering subdivision of the measured conductance traces for
both ABAB and AABB, similar to that found in the
literature.38,67 Figure 2b collects the main clusters of traces
relevant for our study, leaving out those signals common to
both AABB and ABAB, which were discussed in the previous
paragraph. A more detailed description of the clustering
process and outcome is described in Section 2.4 of the
Supporting Information. Figure 2b shows that, for AABB, a
cluster of traces (cluster 2) is identified with plateaus on
average 1 nm shorter and conductance one order of magnitude
higher than the dominant one (cluster 1). Importantly, an
equivalent set of traces was not observed for ABAB. Taking
into account the results of the calculations in the previous
section, these results are compatible with regioisomer AABB3
being responsible for the main conductance cloud in Figure 2a
(cluster 1 of ABAB in Figure 2b), while the two other
regioisomers AABB1 and AABB2 could be contributing to this
minority set identified in the clustering subdivision (cluster 2
of ABAB in Figure 2b). Additional high-conductance plateaus
observed for both sets of compounds could probably be caused
by the direct binding of the Pc core to one of the electrodes.
This configuration could easily be more favorable than the
sulfur-to-sulfur link for AABB1. Less favorable bindings of the
molecules with one electrode linked to some intermediate
region different from the Pc core would also produce short
plateaus, but these would presumably appear at lower
conductance than the main one38 and therefore could hardly
account for the high-conductance plateaus described here.

Figure 3. Calculated zero-bias transmission coefficient T(E) obtained
using DFT for the five different isomers.
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Current vs Voltage Curves. We performed a new set of
retraction-approach cycles recording current−voltage (IV)
curves at different z positions along the conductance plateaus
(see the Supporting Information for details). Figure 4a shows

an example of the results for one G vs z trace, where the
positions at which IV curves were recorded are marked with
solid circles, and the average IV along the plateau is displayed
in the inset. Figure 4b−d shows the statistical study of all of the
recorded curves for ABAB, where we defined the conductance
to be G = I/V. Significantly, we were able to distinguish three
different general curve profiles: flat (4b), U-shape (4c), and V-
shape (4d). The separation into these three groups was carried
out visually and is not intended to be an exhaustive statistical
study. Rather, it allows us to describe the differing observed
molecular behavior. While we identified changes in the profile
along some of the conductance plateaus (see Figures S9 and
S10), for the sake of simplicity, the whole set of GV curves of
one plateau was placed into a single group in the separation of
Figure 4.
In Figure 4e, we compare the averaged GV curves of both Pc

derivatives (normalized to their conductance in the interval
±0.05 V, Glow) with those recorded without molecules (gold-
to-gold tunneling) and for the OPE-3 dithiol reference. We see
that the latter only produces “flat” GV curves with a profile
similar to that of Figure 4b but never displays the strong
dependence with bias voltage observed in Figure 4c,d (see also
Figures S7 and S8 in the Supporting Information). In addition,
the increase in conductance with the bias voltage is

systematically larger for the AABB derivative than for the
ABAB one, independently of the GV profile.
The flat and “V-shape” profiles of Figure 4b,d are very

similar to those reported previously for dithiol and monothiol
anthraquinone derivatives.57 There, the V-shape was explained
by the presence of an “antiresonance” dip quite close to the
Fermi level for the monothiol derivative. Here, we observed
three types of curves for the same compound. While we have a
mixture of different regioisomers for each Pc derivative, which
could be the origin of the different GV profiles, we note that
the same three profiles were found for both Pc derivatives (see
Figure 4e). In Figure 3, we see that AABB3 displays a strong
dip in the HOMO−LUMO gap, but none of the regioisomers
of ABAB exhibit such a dip, so we would not expect V-shape
GV curves arising from destructive quantum interference for
this group.
The above-mentioned changes from one profile to another

during the elongation of individual molecular junctions
(Figures S9 and S10) strongly suggest that the different GV
profiles are not due to different regioisomers but rather a
change in the state of an individual molecule or its binding to
the electrodes. In fact, we have recently reported very similar
GV profiles and profile switches for similar porphyrin-based
molecular junctions,68 which become charged at high bias
within the junction. The similarities of the results presented
here to those of the porphyrin derivatives suggest that the Pc
molecules are also changing their charge state, this being
behind the different profiles in Figure 4. We also observed that
the percentage of molecular junctions producing each type of
profile was quite variable for different experimental runs, which
suggests that the geometry of the tip or the density of
molecules around the electrodes plays an important role. We
speculate that some arrangements can promote coupling of the
central phthalocyanine to the electrodes, thus modifying the
transmission profile. There are also variations in the percentage
of plateaus that show a GV profile for the two studied
compounds. While for AABB, the V-shape is the most frequent
(appearing in 50−85% of the G vs z traces in different
experimental runs), the “U-shape” is dominant for ABAB (40−
75% of the traces).

Outlook. Recently, it has become clear that molecules
containing heteroatoms modulate QI effects in unique ways.
Garner et al. showed that certain chemical substituents, such as
halogens, amino, or alkoxy groups, placed on the central ring of
a meta-connected OPE-3 change the energetic position of the
interference features quite dramatically.69 Liu et al. showed
that substituting carbon for nitrogen in the same meta-OPE-3
structure also produces a similar effect.70 Comparisons also
between fluorene and fluorenone molecular wires have further
highlighted the special relation between QI and the presence of
heteroatoms.71 Meanwhile, Zotti et al. showed that the
energetic shift produced by the substituents could be
decomposed into the chemical resonance and inductive
contributions of the substituent.72 In the case of Pcs, the
central ring contains eight nitrogen atoms, four of which
coordinate to a metal ion. Modulating the onsite energy of the
central nitrogens has a dramatic effect on the position of the
antiresonance (see Section 3.3 of the Supporting Information),
in accordance with the effects described previously. This
therefore strongly suggests that if one can modify the
electronic environment of these atoms, one would have a
direct handle on the interference features. We propose that
changing the metal ion could do just this. Pcs can be prepared

Figure 4. (a) Example of a G vs z trace with recorded IV curves along
the conductance plateau. The averaged IV curve along the plateau is
shown in the inset. (b)−(d) 2D histograms of all of the G vs V curves
for a measurement run with the ABAB derivative. The curves have
been divided into groups according to their overall profile as flat (b),
U-shape (c), and V-shape (d). (e) Comparison of the averaged G vs V
profiles for AABB and ABAB.
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with a wide range of metals (Zn, Cu, and Co, for example),
meaning that there is plenty of scope to test this possibility.
Furthermore, the substituents attached to the perimeter of the
Pc can also be changed, which means that compared to the
typical OPE-3 structure, Pcs represent a significantly more
promising candidate structure with which to tune QI features
in an exquisite and unprecedented manner to produce sought-
after properties. This remains a fertile ground for further
exploration.
Conclusions. In summary, we have been able to separate

two phthalocyanine AABB and ABAB families with binding
groups at different positions around the phthalocyanine core
and have studied their single-molecule junction electrical
properties. Experimentally, we found that isomers with
anchoring groups located at opposite isoindol units of the
phthalocyanine, ABAB, yield higher conductance than those
with anchoring groups at contiguous isoindol units, AABB.
This means that molecules with a larger through-bond pathway
conduct better than those with correspondingly shorter paths.
In agreement with these results, our DFT calculations predict
higher transmission for the ABAB derivatives compared to that
for AABB. We find that the lower conductance of AABB3 is
due to the presence of a dip in the transmission curve near the
Fermi level of the electrodes due to quantum interference,
which tight binding modeling reveals arises from the electronic
coupling to the interior nitrogens of the phthalocyanine.
Strong dependence of the conductance with the voltage was
observed for both groups. Our results shed light on the
unexplored single-molecule conductance of this important
class of π-conjugated molecular materials and, in particular, on
the subtle differences of through-bond conductance pathways
in molecular electronics.
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