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ABSTRACT

Relationships between chemical structure and conductivity in ordered polymers (OPs) are
difficult to probe using bulk samples. We propose that conductance measurements of
appropriate molecular-scale models can reveal trends in electronic coupling(s) between repeat
units that may help inform OP design. Here we apply the scanning tunneling microscope-based
break-junction (STM-BJ) method to study transport through single-molecules comprising OP-
relevant imine, imidazole, diazaborole, and boronate ester dynamic covalent chemical bridges.
Notably, solution-stable boron-based compounds dissociate in situ unless measured under a
rigorously inert glovebox atmosphere. We find that junction conductance negatively correlates
with the electronegativity difference between bridge atoms, and corroborative first-principles
calculations further reveal a different nodal structure in the transmission eigenchannels of
boronate ester junctions. This work reaffirms expectations that highly polarized bridge motifs
represent poor choices for the construction of OPs with high through-bond conductivity and
underscores the utility of glovebox STM-BJ instrumentation for studies of air-sensitive

materials.

KEY WORDS

single-molecule junctions, electronic coupling, dynamic covalent chemistry, ordered

polymers, electronegativity



Permanently porous, two- and three-dimensional (2D and 3D) ordered polymers (OPs;
often referred to as covalent organic or metal-organic frameworks, COFs and MOFs) are a
highly modular emergent class of functional materials.!™* Conductive OPs, often comprising
pores and channels that permit ion and molecular diffusion, are of broad interest for
applications ranging from electrical energy storage,>® resistive sensing,”” thermoelectrics,!

IL12 or electrocatalysis.!*!* They are commonly constructed using dynamic

photovoltaics,
covalent chemical (DCC) groups that link together different building blocks at specific angles
to form a desired framework topology.!:!>!® Though these and other linking groups (such as
metal coordination complexes) have played an important role as fundamental structural
elements of many OPs, their impact on bulk material electronic properties is not often clear.*!’
For example, the conductivity of a given 2D OP may be dominated by inter-plane, rather than
intra-sheet, band transport.'®!° Given that conductivity measurements of bulk OP samples,
particularly pressed pellets, are influenced by atomic-level defects, grain boundaries, and
crystallite anisotropy (among other factors), their intrinsic chemical structure-electronic
property relationships remain extremely challenging to elucidate.!®

While the underlying mechanisms differ, transport through molecular-scale junctions
and OPs are both impacted by the electronic coupling(s) between orbitals or monomer units.
Greater coupling between relevant orbitals can increase junction conductance through orbital
delocalization?° or contribute to a reduced distance-dependent junction conductance decay
(B).2! It can also improve band dispersion (and so charge carrier mobility) in bulk materials.??
For some molecular wires, inverse correlations between B(E) and valence/conduction band
dispersion in their hypothetical extended (1D) materials have been identified.?* %> Though care

must be taken when extrapolating to higher dimensions,?>°

we propose that conductance
measurements of appropriate molecular models can reveal trends in electronic coupling(s) for
OP-relevant chemical structures that may help inform band structure design in extended
materials. Such experiments, which directly probe through-bond transport processes, are
complementary to conventional approaches such as the use of HOMO-LUMO gaps to probe
the extent of conjugation (which in some cases may reflect only the properties of isolated sub-
)26

units)=® or “dimensional reduction” strategies such as the use of Cu, Co, or Ni triphenylene

complexes as models to probe bulk spin/electronic coupling interactions.??32

In this establishing study, we use the scanning tunneling microscope-based break-
junction (STM-BJ, Figure 1b) method?’3? to compare the single-molecule conductance of a
series of aurophilic thioether-terminated***> compounds containing one or two imine*® (2CN

or 2CN-L), imidazole” (CN or CN-L), diazaborole*® (BN or BN-L), or boronate ester** (BO



or BO-L) DCC bridge groups (Figures 1c, 2a, and 4a; “L” = long and “2” = number of bridge
atoms). While the use of imine and boronate ester groups for the construction of OPs is well-
established (e.g., Figure 1a),! the lesser utilized imidazole and diazaborole groups are included
here to systematically evaluate how conductance is impacted by differences in
electronegativity (Ay) between C, N, B, and O bridge atoms. These comparisons are enabled
through use of both air- and glovebox-based STM-BJ setups. While the boron-containing
molecules are air-stable in solution, they appear to dissociate in sifu unless measured under a
rigorously inert atmosphere. We observe a clear trend between the decreasing conductance of
the intact compounds and Ay and find that the decay in tunneling conductance with length
extension is most rapid in molecules containing boronate ester groups. First-principles
calculations using a combination of density functional theory (DFT) and non-equilibrium
Green’s functions (NEGF)* corroborate the experimentally observed trends and reveal
differences in the nodal structure of the transmission eigenchannels for BO and BO-L
junctions, showing the B—O bonds serve as charge traps that decrease conductance through
orbital localization. In support of our underlying premise, the trends observed here for our
single-molecule models are in good qualitative agreement with the calculated and experimental
properties of relevant OPs, where materials comprising B—O based linkages exhibit flat bands

and low charge carrier mobilities relative to those connected by other chemical groups.*!-43
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Figure 1. (a) The structure of COF-5, a seminal example of a permanently porous ordered
polymer prepared using DCC. In this case, condensation reactions between boronic acids and
1,2-diols (catechols) lead to the formation of an extended molecular framework comprising
alternating phenylene and triphenylene groups linked by boronate ester bridges. Inset: the
molecular structure of BO, a model compound comprising aryl thioether electrode linkers
bridged by a single boronate ester group. (b) A schematic representation of a nanoscale
molecular junction comprising BO. Such junctions are formed using the STM-BJ method,
facilitating single-molecule conductance measurements of different model compounds
connected between gold electrodes. (¢) Molecular structures of imine, imidazole, diazaborole,
and boronate ester DCC bridge groups investigated in this study.

We initially apply the STM-BJ method to measure the conductance of single-molecule
junctions comprising one DCC bridge group (Figure l¢ and 2a). Synthetic routes to all
compounds are described in the SI. In a typical experiment, we repeatedly push a mechanically
cut gold STM tip in and out of electrical contact with a gold substrate and measure the
conductance as function of tip-substrate displacement. Each conductance-displacement trace
shows step features around integer multiples of the conductance quantum (Go = 2¢?/h = 7.748
x 107 S) which are attributed to the formation of single-atom gold point contacts. In the
presence of molecules that can bridge the gap, we observe new step features in these traces
below 1 Go corresponding to the formation of single-molecule junctions. By compiling
thousands of consecutively measured traces into histograms (constructed without data
selection), the individual steps add up to form peaks representing the most probable
conductance values. In Figure 2b, we first highlight initial overlaid 1D conductance
histograms obtained from 1,2,4-trichlorobenzene (TCB) solutions of BN and BO prepared and
measured in air. Control experiments reveal that the conductance feature observed in each
measurement at ~102 Go results primarily from the same junctions formed by 4-

(methylthio)phenylboronic acid (MeS-BO), a common hydrolysis product of both compounds



(see the SI for more details). While different boron-containing molecules have been studied
using the STM-BJ method,***° it has recently been reported that arylboron-based compounds
can undergo electric field-induced®®>? transmetalation reactions at gold surfaces in the
presence of oxygen and water to form covalent aryl-Au linked single-molecule junctions.”® We
therefore propose that the feature observed at ~10 Go in our measurements may originate from
junctions formed from MeS-BO (generated by the hydrolysis of BN and BO) or by direct aryl-
B transmetalation from the intact compounds. Notably, the 'H NMR spectra of BN and BO
solutions exposed to air for up to 7 days (Figure S38), or for a BO solution stirred in air with
Au powder (<10 um diameter) for ~2 h (Figure S39),°* reveal no signs of significant
decomposition. These NMR studies suggest that the dissociation of BO and BN occurs in situ
during STM-BJ measurements under ambient conditions, possibly mediated by the applied
electric field and/or by reactive undercoordinated gold atoms at the locally roughened tip-
substrate interface.* This process is further illustrated in STM-BJ experiments using BO
solutions prepared under an inert atmosphere then immediately measured in air, showing rapid
disappearance of the conductance peak over ~30 min (Figure S4; junction bias = 100 mV). We
also do not observe a clear conductance peak for analogous BO measurements in air performed
at a smaller applied electric field (junction bias = 35 mV; close to the minimum we can apply

to resolve the conductance peak of BO above the instrumental noise floor).
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Figure 2. (a) Molecular structures of model compounds containing one DCC bridge group.
CN has two tautomeric forms but is drawn here with the C=N bond para to the terminal
thioether group for simplicity. (b) Overlaid 1D histograms obtained from measurements of BO
and BN in TCB solutions in air (Viias =
at ~102 Gy primarily to junctions formed from 4-(methylthio)phenylboronic acid following in

100 mV, 10,000 traces). We assign the common peak

situ hydrolysis of these compounds (Figure S3), or to covalent Au-C linked junctions
following direct transmetalation of the aryl-B group. (¢) Overlaid 1D histograms for intact BN
and BO junctions measured under an inert nitrogen atmosphere, and CN and 2CN junctions
measured in air (Vpias = 100 mV, 10,000 traces). For measurements under inert atmosphere, we
attribute the higher counts between ~102-10° Gy to solubilized adventitious impurities or
increased interactions between undercoordinated gold atoms and aromatic molecules in the
absence of air (see SI for further discussion). (d) Transmission functions for the four molecular
junctions obtained from NEGF, using the DFT+X approach.>-¢ The Fermi energy (Er) of the
junction is set to be zero. LUMO resonance peaks for CN and 2CN (between 2-3 eV above Er)
approach unity, suggesting symmetric conducting orbitals. Those for BO and BN (around 3 eV
(e)

Transmission eigenchannels for BN and BO, evaluated at the LUMO resonance peak. The

above Efr) are much smaller than 1, suggesting asymmetric conducting orbitals.

reduced conductance of BO, relative to BN is attributed to their different nodal structure and
charge localization around the oxygen atom.



To mitigate the apparent in situ dissociation of these arylboron-based compounds, we
subsequently use a custom-built STM-BJ setup to form BN and BO junctions in a N»-filled
glovebox capable of operating at <1 ppm H>O, <1 ppm O (see the SI for further details). In
Figure 2¢ we plot overlaid 1D conductance histograms for BO and BN measured in this inert
N2 atmosphere, as well as for CN and 2CN measured in air. Each shows a single conductance
peak as well as the conspicuous absence of features at 102 Go. This indicates that BO and BN
are stable when measured under air-free conditions and that CN and 2CN remain intact during
measurements in air (see further discussion in the SI). Despite recent reports of molecular

758 we see no conductance features

junctions comprising imidazole-based linker groups
attributable to CN electrode-binding through the bridge N atoms. This suggests that such
features are obscured by the primary conductance peak (attributed to thioether-connected
junctions), or that the aryl groups in CN serve to sterically inhibit imidazole-electrode binding
in these systems. Taken together, the most probable conductance values for the intact junctions,
obtained from Gaussian fits to each peak in Figure 2¢, are Gacn = 5.3 x 10* Go~ Gen = 4.3 x
10* Go > G~y = 2.4 x 10* Go > Ggo = 8.7 x 107 Go.

From these measured conductance values, we recognize an apparent relationship
between the decreasing conductance of molecules and the increasing Ay between bridge group
atoms (Axen = 0.49 < Aysn = 1.00 < Ayso = 1.40 using the Pauling scale). Previous studies
have rationalized the low conductance of oligosiloxanes®* (Aysi-0)= 1.54) and peptides®® (Ayc-
Ny = 0.49), compared to alkanethiols of similar length (Ayc-c)= 0), in terms of bond polarization
that serves to localize the molecular orbitals responsible for junction transport. The higher
conductance of a fluorene-based NPh-bridged wire compared to an O-bridged analogue was
also attributed to the higher energy (lower y) filled p-orbital of the sp>-hybridized N atom that
improved alignment and orbital overlap with the carbon-based m-systems.®® Of the DCC
bridges studied here the B-O bonds in BO certainly have the greatest ionic character, resulting
from energetically well-separated B and O sp? hybrid atomic orbitals. While the B-O and B-N
bonds of BO and BN may exhibit partial double bond character (from donation of O/N lone
pairs to the empty B p, orbital), any n-conjugation is again expected to be reduced for B-O
compared to B-N systems in line with their Ay.5!

To further explore the potential impact of bond polarization in our DCC-bridged
systems, we perform first-principles calculations to determine the electronic transmission of
model molecular junctions comprising 2CN, CN, BN, and BO. Figure 2d shows the

transmission functions T(E) for these junctions, calculated using the DFT+Z%-¢ approach



within the NEGF formalism* (see the SI for technical details and additional computational
parameters). Reading T(E) at the Fermi level (EF, set to be zero in Figure 2d), the computed

conductance values are Gacn = 7.7 x 10 Go > Gen = 2.1 x 10 Go > Gy = 1.9 x 10 Go >
Ggo = 3.0 x 107 Go. These values are in quantitative agreement with experimental results
within a factor of 2 in general. From Figure 2d, for every junction, T(EF) is almost flat around
EFr, being influenced by both a complex gateway state around —2 eV below Er resulting from
the hybridization between molecular orbitals and Au d-states and a well-defined lowest
unoccupied molecular orbital (LUMO) resonance between 2-4 eV above Er. The gateway
states are similar in energy and shape for all junctions; hence we focus on the clear LUMO
resonances in our analysis of the transmission differences for each junction. We note that these
resonances exhibit a remarkable difference between the junctions with and without boron
atoms. While the resonance peaks for CN and 2CN (between 2-3 eV above Er) approach unity,
suggesting symmetric conducting orbitals, the resonance peaks for BO and BN (around 3 eV
above Er) are much smaller than 1, suggesting asymmetric conducting orbitals.®? This
difference indeed highlights the effect of the highly polarized B-O and B-N bonds (compared
to the C-N bonds in CN and 2CN) in trapping charges, making the molecular orbital
asymmetric, and reducing their conductance in molecular junctions. Furthermore, Figure 2e
shows the transmission eigenchannels®® of BN and BO evaluated at their LUMO resonance
peaks. The BO junction has a different nodal structure than that of BN and features charge
localization around the oxygen atom (the lobes are not connected with lobes on other atoms),
leading to an additional decrease in conductance compared to BN.

We next subject 2CN and CN junctions to a closer analysis. Though they each comprise
C-N bond motifs, their comparable experimental conductance is perhaps surprising given their
different bridge connectivity (Figure 2c¢). The chemical structure of imidazole, diazaborole,
and boronate ester bridges necessitates that one aryl group has bridge connections located at
both para and meta positions relative to the thioether substituent in these model compounds.
For phenylene bridges, such meta-substitution patterns result in destructive interference effects
that decrease junction conductance relative to their para-substituted analogues.®*-% While the
two B-O/B-N bonds in BO/BN are formally identical, the imidazole bridge of CN contains
distinct C-NH and C=N bonding motifs. Here the N-H proton can be transferred between
nitrogen sites with a concurrent shift in the N=C double bond position via a tautomerization
reaction,’” positioning this either para (CN-p) or meta (CN-m) to the thioether substituent

(Figure 3a). Indeed, the '"H NMR spectrum of CN in DMSO-ds shows two distinguishable sets



of resonances, indicating both tautomeric forms are present in DMSO solutions at room
temperature (Figure S21). However, we only observe one peak in the conductance histograms

of CN measured in TCB (Figure 2c¢) or propylene carbonate (PC; Figure S9b).
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Figure 3. (a) Molecular structures of CN (now showing tautomeric equilibrium between CN-
p and CN-m), CN-Me (an isomeric mixture in ~1:1 ratio), 2CN, and 2CN-m. (b) Overlaid 1D
conductance histograms for CN, CN-Me, 2CN, and 2CN-m obtained in TCB (Vpias = 100 mV,
5,000-10,000 traces). CN and CN-Me junctions exhibit a single peak at comparable
conductance, showing that the precise position of the C=N bond (and exchange of NH for N-
Me) does not significantly change junction conductance. By comparison, 2CN-m, a molecule
with a meta-connected C=N linkage, has a conductance almost ~5 times lower than 2CN.
Histograms for CN and 2CN are reproduced here from Figure 2¢ for convenience. (c)
Transmission eigenchannels of the two tautomers of CN, 2CN, and 2CN-m, evaluated at the
LUMO resonance peaks. While the eigenchannels for CN tautomers are qualitatively similar,
the eigenchannel for 2CN-m shows an additional node and charge depletion at the thioether
linker relative to 2CN that leads to a lower conductance value.

To help rationalize these observations, we synthesize and study two additional control
compounds: CN-Me, a ~1:1 mixture of each isomeric structure, trapped by replacing the

readily exchanged N-H protons with inexchangable methyl groups; and 2CN-m, an analogue



of 2CN where the imine group is meta-connected to one of the thioether anchor groups (Figure
3a). In Figure 3b, we overlay conductance histograms for CN, CN-Me, 2CN, and 2CN-m.
Remarkably, measurements of the CN-Me mixture also show only a single conductance peak.
As the peaks in CN-Me and CN histograms occur at highly comparable conductance values, it
is apparent that substitution of NH for NMe, and the formal position of the C=N double bond
in CN-Me or CN, has only a minor impact on junction conductance (close to, or beyond,
experimental resolution). In stark contrast, the most probable conductance of 2CN-m junctions
(9.7 x 10 Go), with only a single C=N double bond meta-connected to the thioether group, is
~5 times lower than for 2CN junctions.

Such results are qualitatively supported by our first-principles calculations, where the
difference between 2CN and 2CN-m is more pronounced than that between CN-p and CN-m.
The transmission functions for these junctions are shown in Figure S12. The sharp difference
between the two conformations of CN and 2CN is reflected in the transmission eigenchannel
analysis (performed at the LUMO resonance peaks), shown in Figure 3c. While the
eigenchannels for the two tautomers of CN are qualitatively similar, we observe different
charge localization patterns near the linker thioether group between 2CN and 2CN-m. In the
case of 2CN-m, an additional node and charge depletion at the linker thioether group leads to
a lower conductance value. Our results are also consistent with predictive chemical models
(Figure S8).

To explore how bridge group composition influences the rate of tunneling decay with
length extension, we next study a series of analogous compounds comprising two bridge groups
(Figure 4a). In Figure 4b, we present overlaid 1D conductance histograms for this longer
series of molecules. Their conductance broadly exhibits the same correlation with bridge
composition and Ay as observed for the shorter series, with Gaen-r, = 9.8 x 107 Go> Genr, =
4.6 x 10 Go > Gen-L = 2.4 x 107 Go > Gpo-L = 3.0 x 10 Go. The same trend is predicted from
our first principles NEGF calculations using DFT+Z: Gaen-r. = 1.9 % 10* Go > Gen-r, = 1.6 X
10* Go > Gn-L. = 8.6 x 10% Go > Gpo-1. = 3.8 x 10° Gy (for transmission functions see Figure
S13). Transmission eigenchannel analysis carried out at the LUMO resonance peaks for the
longer molecules (Figure S14) shows that the LUMO resonance is symmetric for all molecules
(their structures exhibit C>-symmetry about the central aromatic ring, as drawn in Figure 4a).
As a result, in contrast to observations for BN and BO (Figure 2d), T(E) for BN-L and BO-L
now reaches unity between 2-3 eV above Er (Figure S13). The LUMO resonances for the long
boron-containing molecules are noticeably narrower than for those without boron atoms

(indicating reduced electronic coupling to the electrodes, which is likely due to reduced inter-

10



site coupling within the molecular backbone) and the resonance for BO-L shows distinct
charge localization near the oxygen atoms, consistent with our findings for the short molecules
(Figure 2e).

In Figure 4¢ and 4d, respectively, we summarize our findings by plotting the measured
and computed conductance against the number of DCC groups. However, these cannot be used
to determine true tunneling decay constants (B-values). Due to synthetic challenges, we
compare structures without exact oligomeric repeating groups and only isolate and study
molecules of two lengths. As an alternative metric for tunneling decay, we instead calculate
the ratio of conductance for molecules with 1 and 2 bridge groups for each series (Gi2). We
find the largest measured conductance ratio is Gposo-L = 28.6 (G2cnizen-L = 5.42, Genien-L =
9.2, Gensan-L = 9.9), showing that addition of a second boronate ester group most significantly
impacts the conductance of junctions compared to the other DCC bridge types studied. The
conductance ratios for Genso (one bridge group) and Gen-1/Bo-L (two bridge groups) junctions
are ~6 and ~33, respectively, further highlighting the cumulative impact of orbital localizing

bridge groups on tunneling over extended distances.

11
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Figure 4. (a) Molecular structures of model compounds containing two DCC bridge groups.
CN-L has three tautomeric forms but is drawn here with both C=N bonds para to terminal
thioether groups for simplicity. (b) Overlaid 1D conductance histograms for junctions
comprising two DCC bridge groups (10,000 traces). BO-L (red) is measured in TCB under an
inert nitrogen atmosphere with Viias = 750 mV to lower the instrumental noise floor and better
resolve the conductance peak. All other molecules are measured in TCB in air with Vpias = 100
mV, except for BN-L (green) which is measured in PC due to its insolubility in TCB (Vpias =
+100 mV, applied to the tip; see the SI for a justification of why these measurements in TCB
and PC are comparable). (¢) A plot of measured conductance versus number of bridge groups
(n), showing that junction conductance decays more rapidly with length extension in systems
containing boronate esters (red) compared to other bridges. Conductance values were obtained
from Gaussian fits to peaks in histograms presented here and in Figure 2¢. (d) The same plot
as (c), but for calculated conductance from DFT+ZX. This illustrates the same qualitative trends.

Arguments based on electronegativity and conjugation have similarly been applied to
interpret frends in the properties of structurally related OPs, for example, in the calculated band
dispersions for materials comprising 1,3,5-connected benzene or analogous triazine and
boroxine rings.*! They have also been used to rationalize why hole mobilities for an imine-

bridged porphyrin-based OP was higher than for a structurally similar system with boronate

12



ester linkages (8.1 and 3.0 cm? V! 57!, respectively).*? In such bulk materials, decreased 7-
conjugation (resulting from weaker electronic coupling between aromatic groups) is thought
to increase band gaps and reduce band dispersion/charge carrier mobilities.?*** While we re-
emphasize here that the absolute values of single-molecule conductance and bulk OP
conductivities are governed by distinct charge transport mechanisms and may not be directly
related, our study nonetheless helps to reinforce the above interpretations of bulk OP structure-
property relationships by using through-bond tunneling transport to probe the impact of DCC
bridge groups on trends in the (de)localization of, and so electronic coupling between, relevant
molecular orbitals. For comparison to our single-molecule junction studies we also apply a
more conventional molecular-scale approach to probe n-conjugation in analogous 1D models,?
by analyzing changes in the calculated HOMO-LUMO gaps for different boronate ester and
imine oligomers (see Figures S15 and S16). Our results are again in broad qualitative
agreement with the proposed electronic coupling trends for these molecular families, showing
HOMO-LUMO gaps for imine oligomers are relatively smaller and decrease more rapidly upon
length extension.

In conclusion, with the aid of a robust glovebox-based STM-BJ platform we have
shown it is possible to resolve, quantify, and rationalize conductance differences for a series of
OP inspired compounds comprising 1 or 2 DCC bridge groups of similar connectivity but
distinct composition. We find that imine bridges are the most, and polarized boronate ester
bridges the least, electronically transparent to tunneling electrons in 1D, reflecting the degree
of conducting orbital localization due to bond polarization. Despite fundamental differences in
their underlying transport mechanisms, studies of molecular-scale junctions comprising OP-
relevant structures can be applied to elucidate trends in local electronic coupling(s). These have
the potential to provide new, complementary insights that help in the collective advancement
of OP properties and capabilities. Given their demonstrated utility to study intact boronate ester
wires, we anticipate that further development of rigorously air-free STM-BJ systems will
ultimately provide access to a greatly expanded scope of ambient-pressure single-molecule
junction experiments involving air/moisture-sensitive molecular backbones, linkers, and/or
electrode materials with the potential to expose a suite of unusual nanoscale chemical and

charge transport phenomena.
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Electronic Supplementary Information (ESI) available: Additional synthetic, STM-BJ, and
computational details, synthetic procedures, 1D and 2D conductance histograms, transmission

calculations, 'H and *C {'H} NMR spectra for all new compounds.
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