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ABSTRACT: A major challenge in synthetic polymers lies in under-
standing how primary monomer sequence affects materials properties. In
this work, we show that charge transport in single molecule junctions of
conjugated oligomers critically depends on the primary sequence of
monomers. A series of sequence-defined oligomers ranging from two to
seven units was synthesized by an iterative approach based on the van
Leusen reaction, providing conjugated oligomers with backbones
consisting of para-linked phenylenes connected to oxazole, imidazole, or
nitro-substituted pyrrole. The charge transport properties of these
materials were characterized using a scanning tunneling microscope-
break junction (STM-BJ) technique, thereby enabling direct measurement
of molecular conductance for sequence-defined dimers, trimers, pentam-
ers, and a heptamer. Our results show that oligomers with specific
monomer sequences exhibit unexpected and distinct charge transport pathways that enhance molecular conductance more than 10-
fold. A systematic analysis using monomer substitution patterns established that sequence-defined pentamers containing imidazole
or pyrrole groups in specific locations provide molecular attachment points on the backbone to the gold electrodes, thereby giving
rise to multiple conductance pathways. These findings reveal the subtle but important role of molecular structure including steric
hindrance and directionality of heterocycles in determining charge transport in these molecular junctions. This work brings new
understanding for designing molecular electronic components.

■ INTRODUCTION

Sequence-defined oligomers (SDOs) and sequence-defined
polymers (SDPs) are chain molecules with a precise order of
monomer units; each molecule has a monomeric sequence that
is identical to every other molecule.1,2 Sequence definition in
nucleic acids and proteins is essential to the molecular
blueprint of cellular functions. In synthetic materials, SDOs
and SDPs offer a new dimension to manipulate self-
assembly,3,4 catalysis,5 nanoelectronics,6 molecular recogni-
tion,7 molecular encoding of information,8 and phase behavior
in polyelectrolytes.9 Despite many recent advances, relating
primary monomer sequence to the physical, chemical, and
electronic properties of organic materials remains an unsolved
problem.10,11

The synthetic availability of precision SDOs has hindered
progress in realizing structure−function relations.1 Major
challenges lie in the efficient and scalable production of
nonbiological oligomers and polymers with discrete chain
lengths and sequences. Indeed, the efficient synthesis of
nonbiological SDOs and SDPs has been called a “Holy Grail”
of polymer science.12 Various synthetic methods have been
pursued, including iterative synthesis,13,14 template-based
synthesis,15 and controlled step- or chain-growth statistical
polymerization.6,16−19 Recently, advanced synthesis methods
and molecular designs including automated synthesis techni-

ques20,21 and artificial catalytic molecular machines22 have
been introduced into this burgeoning field and continue to
open new avenues for the precise synthesis of sequence-
defined materials. However, developing synthetic schemes that
afford conjugated backbones remains a key challenge. The
most useful synthetic methods would be able to draw from a
variety of building blocks such as aromatic carbocyclics and
heterocyclics. Such methods make possible the establishment
of sequence-property correlations beginning from a discrete
reference sequence followed by the addition or replacement of
monomers at specific locations and subsequently determining
the change in properties.
To date, there have been limited studies correlating

sequence and properties in a “monomer by monomer” fashion.
Nevertheless, pioneering works from Hawker,23 Li,24 Lutz,25

McNeil,26 Meyer,27 Noonan,28 Segalman,29 and Zuckermann30

have highlighted sequence-regulation as a promising and
powerful method to control the properties of SDOs and SDPs.
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In SDOs and SDPs, each monomer contributes to the
backbone’s electronic structure and functional group place-
ment by altering chain conformation and molecular geometry.
Intrinsic monomeric contributions to bulk material properties
are difficult to disentangle due to the contributions from
intermolecular and intramolecular factors. To this end, single
molecule techniques offer the ability to directly probe
properties at the molecular scale, thereby enabling elucidation
of quantitative structure−property relationships (QSPR) for
sequence-defined materials.31,32 Single molecule junctions have
been used to study charge transport as a function of molecular
length,33 aromaticity,34 anchor groups,35 chemical substitu-
ents,36 gating voltage,37 molecular conformation,38 and orbital
alignment between molecular bridges and metallic electro-
des.39 The direct measurement of single molecule conductance
provides the opportunity to probe the intrinsic relationship
between sequence and electronic properties.
In this work, the synthesis of precisely defined conjugated

SDOs is described together with single molecule conductance
measurements and molecular simulations. We first establish an
iterative strategy for synthesizing sequence-defined conjugated
oligomers using the van Leusen heterocycle synthesis. This
approach was applied to the synthesis of a series of SDOs
consisting of alternating p-phenylene and heterocyclic units.
Unlike traditional iterative synthetic schemes that require
chemically distinct monomers, our approach provides
sequence definition by altering reaction conditions in each
synthetic cycle using a universal monomer. Following syn-

thesis, we directly characterize the molecular conductance and
charge transport properties of the SDO library using a scanning
tunneling microscope-break junction (STM-BJ) method. Our
results show that molecular junctions with specific monomer
sequences exhibit multiple distinct charge transport pathways,
some of which enhance conductance more than 10-fold. In
tandem, we characterize the distinct conductance pathways
using a series of structural analogues in concert with molecular
modeling. Our results show that the high conductance
pathways emerge from gold-molecule linkages through
imidazole and nitro-substituted pyrrole located within the
oligomer backbone. In this way, geometrical effects including
sequence-controlled directionality and steric hindrance of side
chains determine intramolecular charge transport in con-
jugated oligomers. The role of primary monomer sequence and
its role on charge transport in molecular junctions is
elucidated, which will inform the design of molecular
electronic devices.

■ RESULTS AND DISCUSSION

Synthetic Strategy, Preparation, and Characteriza-
tion. An iterative approach was developed for synthesizing
discrete, conjugated oligomers with wide ranging compositions
and sequence variations. Since 1972, tosylmethyl isocyanide
(TosMIC) and its aryl-substituted homologues have been
widely used as a C−NC synthon in the synthesis of multiple
heterocycles including oxazoles, imidazoles, and pyrroles,
which are collectively known as van Leusen multicomponent

Figure 1. Iterative synthesis of sequence-defined oligomers. (a) Iterative approach consisting of a coupling reaction and a subsequent reduction for
the synthesis of alternating para-substituted phenyls linked to oxazole, imidazole, or nitro-substituted pyrrole. (b) Schematic of sequence-controlled
synthesis for pentamers. Three different heterocycles (oxazole, imidazole, or nitro-substituted pyrrole) are generated by varying the reaction
conditions in each cycle to achieve sequence-defined oligomers. Oligomers are terminated with methyl sulfide to facilitate single molecule
conductance measurements.
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reactions (van Leusen MCRs).40 Here, we design a monomer
(M) containing the requisite tosylmethyl isocyanide group for
heterocycle synthesis and a latent functionality (nitrile) for
subsequent additions by reductive conversion to a terminal
aldehyde. The iterative method consists of two steps (Figure
1a): (1) a coupling reaction, which is used to generate a
heterocycle (oxazole, imidazole, or nitro-substituted pyrrole)
from an aldehyde by proceeding through one of three
homologous van Leusen MCRs, and (2) a reduction, which
returns an aldehyde from the terminal nitrile using
diisobutylaluminum hydride (DIBAL-H), thereby enabling
additional coupling reactions in subsequent steps. Oligomers

prepared by this approach have an orthro connectivity to the
heterocycle, which leads to a twisting between the phenylene
and heterocycle in the molecular backbone. Additional
diversity was achieved by including chemical substitutions
such as 1,2-dimethoxyethane on the phenylene group. Broadly
speaking, this strategy allows for preparation of composition-
ally rich sequences of defined length with a limited set of
building blocks.
Using the iterative approach described above, 19 SDOs were

prepared ranging in length from dimer to heptamer (Figure
2a). In particular, we synthesized nearly all possible dimeric,
trimeric, and pentametric sequences with unsubstituted

Figure 2. Sequence-defined conjugated oligomers with alternating phenyl heterocycle backbones. (a) Building blocks for sequence definition, O
(oxazole), I (imidazole), R (pyrrole), P (phenyl), and G (substituted phenyl). Molecular library of sequence-defined dimers, trimers, pentamers,
and heptamer. (b) Crystal structures of POPRP and PRPOP formed by slow evaporation from a mixed solvent (chloroform/n-hexane). Hydrogen
atoms are removed for clarity, and a CHCl3 molecule is located within the unit cell of PRPOP.
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phenylene units. Attempts to synthesize the pentamer
containing two pyrrole units failed, presumably because of
side reactions between the pyrrole-containing precursor and
the reagent n-butyllithium in the second iterative cycle.
Broadly speaking, this methodology is generalizable to
synthesize oligomers beyond the heptameric length and the
sequence variations described here.
The structure of each SDO was confirmed by 1H and 13C

NMR spectroscopy and mass spectrometry (Supporting
Information, SI, Sections S1−S3 and Figures S1−S80).
Sequence-defined oligomers are referred to using a naming
convention based on the substituent building blocks (Figure
2). Pentamers containing the same composition but with
different sequences are structurally distinct. For example,
PIPOP and POPIP are constitutional isomers with different
heterocycle directionalities that may impact charge transport,
as discussed below. A pair of isomeric pentamers, POPRP and
PRPOP, crystallized as slender prisms under ambient
conditions. Single-crystal X-ray diffraction analysis reveal that
both oligomers have similar twisted U-shaped conformations
in the solid state (Figure 2b). Interestingly, primary sequence
also plays an important role in solid state structures such that
POPRP and PRPOP have different packing patterns (SI
Figures S81−S84). By using different solutions as mixed
solvents (chloroform/n-hexane or ethyl acetate/n-hexane), we
also observed two polymorphs of POPRP (SI Tables S1 and
S2 and Figures S81 and S82) and one solvatomorph of
PRPOP (SI Tables S3 and S4 and Figures S83 and S84).
Single Molecule Conductance of Sequence-Defined

Oligomers. We employed a single molecule measurement
electronic conductanceto directly measure the charge
transport properties of each SDO. In particular, molecular
conductance is determined using a scanning tunneling
microscope-break junction (STM-BJ) technique as previously

described (Figure 3a and SI Sections 5 and Figures S85−
S105).41 In all cases, experiments are repeated on at least 103−
104 individual molecules using the STM-BJ technique to
enable robust statistical analysis. The SDOs contain dual
terminal methyl sulfide (-SMe) groups that serve as anchors for
making robust connections to gold electrodes.33,41−43 Individ-
ual molecular conductance traces (Figures 3b,c) are compiled
into one-dimensional (1D) histograms without data selection
(Figure 3d). In this way, 1D conductance histograms enable
determination of the average molecular conductance by fitting
the histogrammed data to a Lorentzian function.44 For the
alternating phenylene-heterocycle oligomers in this work, we
generally observe an average molecular conductance in the
range between ∼10−3−10−5 G0 (Tables S5−S7), where G0 =
77.5 μS is the quantum unit of conductance. The ortho
connectivity around heterocycles leads to a twisting between
the heterocycle and phenylene, which slightly lowers the
molecular conductance compared to fully planar structures,
such as oligothiophene.33

Molecular conductance in the pentamer series shows a
remarkable sequence-dependent behavior. For example,
conductance histograms of two compositionally identical
pentamers POPIP and PIPOP are markedly different (Figures
S86, S89, and S93), such that POPIP shows a predominant
single peak at low conductance whereas PIPOP exhibits two
well-spaced peaks in molecular conductance (Figure 3d). We
observed two dominant and well-spaced conductance peaks
(high G and low G) in pentamers with sequencesPIPRP,
PIPOP, POPRP, and PIPIP (Figures 3c,d, and S86).
Specifically, the conductance of the high G state (10−3.5 G0)
is more than one order of magnitude larger than the
corresponding low G state (10−4−10−5 G0) for this set of
pentamers. Alternatively, a different set of pentamers (PRPIP,
POPRP, GOPOG, PRPOP, GOPOP, and POPOP) exhibits a

Figure 3. Single molecule conductance of sequence-defined oligomers. (a) Schematic illustration of single molecule break junction. (b)
Characteristic single molecule conductance traces of sequence-defined pentamers showing a single conductance peak (applied bias 0.25 V). (c)
Characteristic single molecule conductance traces of sequence-defined pentamers exhibiting multiple conductance peaks (applied bias 0.25 V). For
these oligomers, two well-spaced conductance peaks are observed (high conductance 10−3.5 G0, low conductance 10−4−10−5 G0). (d) Series of 1D
conductance histograms for 10 sequence-defined pentamers (applied bias 0.25 V). Some sequences exhibit multiple conductance peaks associated
with multiple molecular conductance pathways. Dotted line shows the result of Lorentzian fitting.
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primary conductance peak around 10−4−10−5 G0 and a
possible obscured or weak shoulder at a higher molecular
conductance around 10−3.5 G0. To quantitatively characterize
this behavior, we used a Lorentzian fitting method to
determine the relative dominance or ratio of the primary
conductance peak to possible shoulders or obscured peaks (SI
Sections 5.4 and Figures S106−S111). Our results show that
the pentamers PRPIP, POPIP, GOPOG, PRPOP, GOPOP,
and POPOP are well described by a primary conductance
peak, which suggests that charge transport primarily occurs
through a single dominant molecular conductance state.
Together, these results imply that the charge transport pathway
in the pentamer series is dependent on primary sequence.
Finally, molecular conductance results for trimers (POP, PIP,
PRP, and GOP) and a heptamer (POPOPOP) with
heterocycles located in the backbone generally show 1D
conductance histograms with a single statistical conductance
value (Figures S85, S86, and S99).
Identifying Sequence-Controlled Conductance Path-

ways. Compositional variations among the 19 SDOs
introduce multiple conductance pathways owing to the
possibility that internal heterocycles provide anchor points
between the conducting molecule and the gold electrodes. In
particular, the nitro group in pyrrole R is known to serve as a
dative anchor for making robust linkages to gold electro-

des.45,46 Recent work has shown that oxazole O serves as an
efficient chemical anchor to gold electrodes for single molecule
electronics,47 and the imidazole I has a free lone electron pair
on the nitrogen atom that can potentially serve as an in-
backbone anchoring site to gold electrodes.48,49

A systematic structural deconstruction method was used to
identify the charge transport pathways of distinct conductance
in the pentameric SDOs. We began by focusing on the
pentamer PIPOP and systematically examined a series of
related fragments including H-OP-S (dimer), S-PIP-H (trimer
lacking thiomethyl anchor on one terminus), S-PIPOP-H
(pentamer lacking thiomethyl anchor on one terminus), H-
PIPOP-S (pentamer lacking thiomethyl anchor on one
terminus), and H-PIPOP-H (pentamer lacking thiomethyl
anchor on both termini) (Figure 4). These lower structural
complexity analogs of PIPOP generally consist of subsegments
of the pentamer or molecules lacking terminal thiomethyl
anchors. In this way, the charge transport pathways in these
short molecular analogs are well-defined, which provides a
logical and systematic approach to experimentally deconstruct
conductance pathways in pentamers of varying sequence.
The molecular conductance of the parent pentamer and its

simpler analogs were further analyzed using two-dimensional
(2D) histograms of conductance versus displacement. Prior
STM-BJ measurements have shown that the maximum

Figure 4. Structural deconstruction to determine conductance pathways. The pentamer PIPOP has six possible charge transport pathways
corresponding to conductance from the terminal anchors and/or intramolecular heterocycles. Here, we synthesized five control compounds with
lower structural complexity providing suitable models to understand the conductance pathway of the pentamer. In this way, the compounds H-
PIPOP-H, S-PIP-H, and H-OP-S only contain a single well-defined conductive pathway.
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displacement between the tip and substrate at which finite
conductance is measured is strongly correlated with the
contour length of the molecular junction.50,51 As shown in
Figure 5a, the 2D conductance histograms for the pentamer
PIPOP show that the high G conductance state is associated
with a small tip-to-substrate displacement of ca. 0.4 nm,
whereas the low G conductance state occurs with larger
molecular extensions of ca. 0.6 nm. This observation suggests
that the high G state is associated with charge transport
through shorter segments of the pentamer compared to the
low G state.
To understand the high G charge transport pathway of the

pentamer PIPOP, we began by characterizing the molecular
conductance of S-PIP-H (Figures 5b and S101), which has a
defined charge transport pathway through the terminal
thiomethyl anchor and the internal imidazole. Our results
show that S-PIP-H exhibits a molecular conductance that is
consistent with the high G state of PIPOP (Figure 5a) both in
displacement and magnitude, across a wide range of applied
bias (0.25 V, 0.50, and 0.75 V) (Figures S89 and S101). These
results are consistent with conductance in the dimer PI (Figure
S87c) and likely arise by attaching the backbone to the gold
electrode with terminal thiomethyl anchor on one end and the

central imidazole on the other. Moreover, the structural analog
S-PIPOP-H (Figure S100) exhibits a similar high G
conductance state as S-PIP-H (Figure S101), which is again
attributed to charge transport through in-backbone imidazole
linkages. Interestingly, none of the other simpler analogs of
PIPOP show a high G conductance state observed in the
parent pentamer PIPOP (Figures S102 and S103). Taken
together, these results strongly suggest that the high G
conductance pathway of PIPOP arises from charge transport
through the terminal thiomethyl anchor and the internal
imidazole.
Next, we analyzed the monothiolated control compounds S-

PIP-H, S-PIPOP-H, and H-PIPOP-S to reveal the nature of
the low G charge transport pathway. We found that these
compounds generally exhibit conductance over a maximum
displacement of ca. 0.4−0.5 nm (Figures S100−S102),
whereas the low G state of PIPOP exhibits a molecular
extension above 0.6 nm (Figure 5a). Moreover, control
compounds S-PIP-H and S-PIPOP-H only exhibit the high
G state consistent with PIPOP. However, the molecular
conductance and displacement of the low G state of PIPOP is
consistent with pentamers that show a single conductance
pathway such as POPOP (Figures 5c and S93−S98).

Figure 5. Molecular conductance pathways in sequence-defined pentamers. 2D (top) conductance histograms at 0.75 V applied bias and 1D
(bottom) conductance histograms (at 0.25 V, 0.50, and 0.75 V) of (a) PIPOP; (b) S-PIP-H; and (c), POPOP. (d) Mechanism for high
conductance (high G) and low conductance (low G) pathways for PIPOP. (e) Molecular conformations for single molecule junctions in NEGF-
DFT simulations for determining transmission spectra for two distinct conductance pathways for PIPOP. (f) Transmission probabilities of two
distinct conductance pathways of PIPOP from NEGF-DFT simulations.
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Together, these results suggest that the low G conductance
state is associated with a charge transport pathway through the
two terminal methyl sulfide anchors. These results are in
agreement with prior work by Gonzalez49 and Lu,52 where the
end-to-end molecular charge transport pathway was generally
found to exhibit a lower conductance compared to in-
backbone charge transport. Our findings are summarized in a
schematic in Figure 5d that shows the observed charge
transport pathways for the pentamer PIPOP.
Molecular Origin of Sequence-Controlled Conduc-

tance Pathways. Molecular modeling using nonequilibrium
Green’s function-density functional theory (NEGF-DFT) is a
useful way to understand charge transport pathways in
sequence-defined oligomers. In all cases, molecular geometries
are optimized using DFT calculations performed on Spartan’16
Parallel Suite using the B3LYP functional with a 6-31G (d,p)
basis set, followed by determination of transmission functions
for relaxed molecules via the Atomistix Toolkit package
(Figure 5e). NEGF-DFT simulations show that molecular
conductance through in-backbone imidazole linkages is >10×
larger than conductance through the entire end-to-end
molecular contour (Figure 5f). These results are consistent
with the experimental results based on simpler control
compounds derived from the reference pentamer.
We excluded the possibility that the high G conductance

state arises from multipodal linkages between the oligomers
and the gold tip and substrate. For example, it has been
observed that 1,2-disilaacenaphthenes51 exhibit a relatively
high conductance state arising due to multipodal linkages
between the molecule and electrode surface. However, in our
control experiments, the high G conductance state is observed
in S-PIP-H, which only has two anchors including the central
imidazole and terminal methyl sulfide. These results strongly

suggest that the multipodal linkage mechanism is likely not
observed in the phenylene heterocycle oligomers in this work.
Prior work has also shown that transient molecular

conformations leads to a switching of conductance states in
oligosilanes53 and oligogermanes;54 however, this potential
mechanism is not observed in our molecular library. DFT
calculations show that the majority of pentamers have two
conformations in solution: (1) a Z-shaped conformation,
where the molecular backbone has a zigzag geometry, and (2)
a U-shaped conformation, where the oligomer backbone has a
hairpin shape (Figure S112−S121). In particular, we found
that the 1,2-dimethoxyethane side chain has a strong influence
on the ratio of the Z-shaped conformation versus U-shaped
conformation. For example, the Z/U conformational ratio of
POPOP, GOPOP, and GOPOG gradually decreases from 2:1
to 0:1, such that GOPOG exclusively adopts the U-shaped
geometry. Overall, our results show that these different
molecular conformations generally exhibit similar conductance
states.
We next considered the high G conductance states of the

pentamer subset consisting of molecules PIPOP, PIPIP,
PIPRP, and POPRP. The high G conductance states of
PIPOP, PIPIP, and PIPRP are consistent with control
compound S-PIP-H both in displacement and magnitude
under different applied biases (0.25 V, 0.50, and 0.75 V)
(Figures 6a and S89−S91). This result demonstrates that the
high G conductance state of pentamers with a PIPXP sequence
(where X represents an arbitrary heterocycle such as oxazole,
imidazole, or nitro-substituted pyrrole) all derive from an
identical imidazole in-backbone linkage. In order to under-
stand the nature of high G conductance of pentamers with a
PXPRP sequence (POPRP and PIPRP), we further
considered the oligomeric fragment H-PRP-S which is a
trimeric structure lacking a thiomethyl anchor on one terminus

Figure 6. The effect of sequence on charge transport in molecular junctions. (a) Comparison of control compound S-PIP-H with pentamers
containing the general sequence PIPXP (where X represents an arbitrary heterocycle such as oxazole, imidazole, or nitro-substituted pyrrole) at
0.25 V. (b) Comparison of control compound H-PRP-S with pentamers containing the general sequence PXPRP sequence at 0.25 V. (c)
Geometrical evaluation of imidazole at different positions from NEGF-DFT simulations. (d) Geometrical evaluation of pyrrole at different
positions from NEGF-DFT simulations. The directionality of PIPXP and PXPRP facilitates in-backbone linkages through imidazole or nitro-
substituted pyrrole, thereby leading to a high G state. However, in-backbone linkages (high G) for PXPIP and PRPXP are inhibited due to
unfavorable geometries and steric hindrance effects.
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(Figure 6b). Comparing POPRP and PIPRP with H-PRP-S,
we attribute the high G conductance state to an in-backbone
linkage through the nitro-substituted pyrrole and terminal
methyl sulfide (Figures 6b and S90 and S92). The slight
difference in conductance magnitudes between POPRP,
PIPRP, and control compound H-PRP-S is likely due to
differences in conjugation in each molecular structure. The
results are consistent across a wide range of bias voltages (0.25
V, 0.50, and 0.75 V) (Figures S104 and S105). Nevertheless,
we note that PIPRP contains both imidazole and nitro-
substituted pyrrole that may form in-backbone linkages, such
that conductance in PIPRP could arise due to a combination
of two different in-backbone linkages.
To more deeply understand the molecular origins of

monomer sequence on conductance, we considered the effects
of electrode-molecule alignment due to backbone geometry
and conformation, monomer orientation, and steric inter-
actions. Interestingly, we observe dual conductance peaks for
PIPOP, PIPRP, and POPRP, but only a single conductance
peak for their regioisomers POPIP, PRPIP, and PRPOP,
despite both sets of molecules having the identical composition
in terms of in-backbone anchor groups (PIPOP versus POPIP,
PIPRP versus PRPIP, and POPRP versus PRPOP). Imidazole
and nitro-substituted pyrrole groups link to gold electrodes by
a noncovalent coordination interaction, and the donor−
acceptor linkage is expected to be highly orientated as reported
prior literature.43,48 We therefore posit that the alignment
between in-backbone anchor sites and adjacent terminal
anchoring groups is critically important for forming robust
in-backbone linkages. To test this hypothesis, we carried out
DFT simulations for geometrical analysis of the metal−
molecule junction. Indeed, DFT results show that favorable in-
backbone linkages are formed in structures beginning with a
PIP sequence (e.g., PIPXX), which is greatly facilitated by a
linear alignment between the imidazole anchor and the
terminal methyl sulfide in a two-electrode STM-BJ config-
uration (Figure 6c). However, for structures ending with a PIP
sequence (e.g., XXPIP), a robust in-backbone linkage is not
formed largely because the relative angle between the terminal
methyl sulfide and the second anchor site is much smaller than
90°. Moreover, octyl side chains on the substituted imidazole
group also introduce strong steric hindrance in molecular
junctions, which further inhibit in-backbone linkages.
Similar results are observed in cases where the in-backboned

linkage is formed by a nitro-substituted pyrrole. In particular,
we observe that robust in-backbone linkages are only formed in
structures ending with a PRP sequence (e.g., XXPRP),
wherein alignment between the in-backbone anchor (nitro-
substituted pyrrole) and the terminal anchor (methyl sulfide)
is nearly linear (Figure 6d). This result is consistent with our
experimental observation that only pentamers with these two
sequence characteristics (PIPXX or XXPRP sequence) exhibit
two well-spaced conductance peaks (Figures 6a,b). In general,
we find that the alignment between the in-backbone anchor
and the terminal anchor is critically important in the formation
of in-backbone linkages.
We further note that in-backbone oxazole heterocycles

generally do not form robust linkages to gold electrodes in our
sequence-defined oligomers. Prior work has shown that the
electron-donating ability of a lone electron pair is a key
dominant factor for determining coupling strength.48 Due to
the strong electronegative character of oxygen, we posit that
the nitrogen atom in oxazole heterocycle has a relatively weak

electron-donating ability compared to the nitrogen atom in
imidazole. Such concepts are also familiar from coordination
chemistry; for example, the reported basicity of oxazole (pKa =
0.8 for the conjugate acid) and imidazole (pKa = 6.9 for the
conjugate acid) are consistent with our conjecture.55 Overall,
our results on sequence-controlled conductive pathways are
best explained in the context of geometrical directionality and
local steric hindrance. Together, these results may prove
generalizable beyond the chemical structures described here
and could provide a design framework to understand
sequence-effects in molecular electronics.

■ CONCLUSIONS
In summary, we have demonstrated that the charge transport
pathway in conjugated SDOs is precisely controlled by primary
sequence, which mainly results from sequence-controlled
electrode-molecule alignment. Using an iterative synthetic
approach, the position and directionality of three distinct
heterocycles (oxazole, imidazole, and nitro-substituted pyrrole)
are precisely controlled along π-conjugated backbones for
oligomers ranging in size from dimers, trimers, pentamers, and
a heptamer. Among 19 SDOs and dozens of control
compounds, single molecule conductance measurements
show that four pentamers with specific sequences exhibit two
distinct conductance pathways consisting of a high con-
ductance state (ca. 10−3.5 G0) and a low conductance state (ca.
10−4−10−5 G0). By extensively studying a series of structural
analogues coupled with molecular modeling and simulations,
we find that the high conductance state arises from charge
transport through an in-backbone linkage of imidazole or nitro-
substituted pyrrole, whereas the low G conductance state arises
from charge transport through terminal methyl sulfide anchor
groups. The insights provided from NEGF-DFT simulations
suggest that a linear metal-molecule alignment geometry and
minimal steric hindrance between the metallic electrode and
side chain facilitate the in-backbone linkage through hetero-
cycles. Broadly speaking, the synthesis scheme developed in
this work will enhance the capabilities of preparing sequence-
defined materials with controlled charge transport pathways. In
addition, the realization of underlying factors such as molecular
geometry and steric interactions that are regulated by primary
sequence will enable new strategic molecular design strategies
to build materials with sequence-dependent properties.
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Díez-Peŕez, I. Fine-Tuning of Single-Molecule Conductance by
Tweaking Both Electronic Structure and Conformation of Side
Substituents. Chem. - Eur. J. 2015, 21 (21), 7716−7720.
(39) Chen, F.; Tao, N. J. Electron Transport in Single Molecules:
From Benzene to Graphene. Acc. Chem. Res. 2009, 42 (3), 429−438.
(40) van Leusen, A. M.; Siderius, H.; Hoogenboom, B. E.; van
Leusen, D. A New and Simple Synthesis of the Pyrrole Ring System
from Michael Acceptors and Tosylmethylisocyanides. Tetrahedron
Lett. 1972, 13 (52), 5337−5340.
(41) Li, B.; Yu, H.; Montoto, E. C.; Liu, Y.; Li, S.; Schwieter, K.;
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