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ABSTRACT: This paper demonstrates that the molecular conformation Ordered Disordered
(in addition to the composition and structure) of molecules making up
self-assembled monolayers (SAMs) influences the rates of charge
tunneling (CT) through them, in molecular junctions of the form
Au™/S(CH,),CONR'R?//Ga,0;/EGaln, where R' and R* are alkyl
chains of different length. The lengths of chains R' and R* were selected
to influence the conformations and conformational homogeneity of the
molecules in the monolayer. The conformations of the molecules influence the thickness of the monolayer (i.e. tunneling barrier
width) and their rectification ratios at +1.0 V. When R' = H, the molecules are well ordered and exist predominantly in trans-
extended conformations. When R' is an alkyl group (e.g, R' # H), however, their conformations can no longer be all-trans-extended,
and the molecules adopt more gauche dihedral angles. This change in the type of conformation decreases the conformational order
and influences the rates of tunneling. When R' = R?, the rates of CT decrease (up to 6.3X), relative to rates of CT observed through
SAMs having the same total chain lengths, or thicknesses, when R' = H. When R # H # R? there is a weaker correlation (relative to
that when R' = H or R! = R?) between current density and chain length or monolayer thickness, and in some cases the rates of CT
through SAMs made from molecules with different R* groups are different, even when the thicknesses of the SAMs (as determined
by XPS) are the same. These results indicate that the thickness of a monolayer composed of insulating, amide-containing
alkanethiols does not solely determine the rate of CT, and rates of charge tunneling are influenced by the conformation of the
molecules making up the junction.

B INTRODUCTION illustrates the assumptions underlying this design (and
research) in their simplest form. When the group R; on
nitrogen is a hydrogen (R; = H, R, = n-alkyl), the organic
molecules making up the SAM can condense to a relatively
high surface density through intermolecular hydrogen bonds.
When R; = CHj; or larger alkyl chain, steric interactions
prevent this condensation, the molecules in the SAM are more
separated, and there is an opportunity (in fact, the require-
ment) for the larger chain to bend into structures that have
gauche conformations in order to increase the density of
packing of the organic layer. Thus, introducing larger R,
groups also introduces gauche conformations. This simple
argument—without defining the details of these conforma-
tions—is the immediate justification of the paper. Molecular
dynamics (MD) simulations reinforced our initial assumptions
that (i) secondary amides have well-ordered, trans-extended
geometries, (ii) symmetrical tertiary amides form SAMs that
are not fully trans extended, and (iii) the unsymmetrical
tertiary amides form SAMs with more disordered conforma-

When electrical charge tunnels through electrically insulating
organic molecules between electrically conducting electrodes,
the rate of tunneling follows (or is influenced by) the
molecular and electronic structure of these molecules." For
junctions based on self-assembled monolayers (SAMs) of
saturated organic groups, a relevant question is “is the
conformation of the molecule important in determining the
rate of charge tunneling through it, or is it simply the number
of, and nature of, bonds—independent of their conformation—
that matter?” If the former is correct, the conformation can be
used to influence the pathway (and rate) of charge tunneling
(CT). If it is not important, then the molecular structure
influences tunneling by some mechanism (e.g., perturbation of
the electric field within the tunneling barrier) and thus the
structure, width, average height, and shape of this barrier are
independent of molecular conformation. Here, we study the
simplest form of this question: is the rate of CT from one
electrode to a second different or the same though trans and
gauche fragments of a polymethylene (CH,), chain with the
same number of carbon atoms?

To address this question, we synthesized dialkyl disulfides
having the general structure (S-(CH,),-CON(R;)(R;)),
(where R, is an alkyl chain and R, is an alkyl group or a
hydrogen atom) and made SAMs of them by adsorption onto
evaporated, template-stripped gold surfaces (Au™). Figure 1
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Figure 1. SAMs having the general structure S-(CH,),-CON(R;)(R,) (where R, is an alkyl chain and R, is an alkyl group or a hydrogen atom).
When R, = H, adjacent amide groups can undergo hydrogen bonding and the molecules can adopt uniformly trans extended conformations. These
ordered conformations allow the molecules in the SAM to fall into van der Waals contact and to pack close together, thus creating a more densely
packed SAM. When R, = n-alkyl, the amide groups can no longer accommodate hydrogen bonding, and steric repulsion forces a larger distance
between adjacent molecules, thus decreasing the packing density within the SAM. To avoid empty space, the alkyl chains R, and R, adopt a mixture

24
of gauche and trans conformations.

tions in comparison to secondary amides or symmetrical
tertiary amides.

The question of how the molecular conformation affects
tunneling is important for the ability to design or rationalize
phenomena in at least three areas. (i) Molecular electronics: The
transfer of charge by tunneling becomes more important in
modern technology as electronic components approach the
molecular scale>™” (for example, in capacitors, where organic
monolayers have been explored to decrease leakage currents
and thus reduce power consumption in complementary logic
circuits based on organic field effect transistors®’). (ii)
Biochemistry: Charge tunneling is integral to the function of
a number of important biological systems such as redox
systems (both single-enzyme and membrane-embedded, multi-
enzyme redox systems), DNA repair enzymes, and enzymes of
nitrogen fixation."’™"> (iii) Theory: The question of the
relationship between HOMOs and LUMOs (both are
important to tunneling) and the conformations of organic
molecules (as opposed to their composition and structure)
have been studied only briefly.">'”

The conformation of molecules may also be important in
other areas, such as the activity of photocatalysts,'® an
understanding of the properties (and mechanism) of charge-
transfer-based fluorophores,'””’ charge transfer at an elec-
trode/electrolyte interface,”’ and the development of corrosion
inhibitors.”” Here, a comparison of the rates of CT through
organic molecules of similar structures but different con-
formations suggests that CT is influenced by the conformation
of the molecule(s).

Self-assembled monolayers (SAMs) are model systems used
(inter alia) to study charge transport through organic
molecules” % for the following reasons. (i) SAMs formed
from n-alkanethiols have been extensively studied, have well-
characterized, trans-extended conformations, and are ordered.
(ii) Organic thiols of a wide range of structures are readily
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available and thus enable studies correlating the structure with
the rates of tunneling. (iii) SAMs (as opposed to single
molecules or a solution) are among the plausible physical
systems with which to fabricate molecular electronic devices.”’

Efforts to control charge tunneling through SAMs have
focused on the electronic structure of the molecules: the nature
of the molecule—metal contact,”*’ conjugation,”*™** dipole
moments,””** donor and acceptor systems,”> and asymmetri-
cally positioned chromophores.’*™** The conformations of the
molecules making up a SAM—rather than simply their bond
connectivity—might also influence the rates of charge
transport, by allowing longer-range orbital overlaps, by
influencing the electronic structure, by changing the width,
mean height, or energetic topography of the tunneling barrier,
or by influencing intermolecular electronic interactions in the
SAM. By a comparison of the thicknesses, surface coverages,
rates of charge tunneling, and rectification ratios between well-
ordered SAMs and structurally disordered SAMs (Figure 2), in
this paper, we infer that the conformation does influence
tunneling and that shorter distances between electrodes do not
always imply larger tunneling rates (even in simple aliphatic
molecules). We synthesized four series of dialkyl disulfides
containing one amide group (Figure 2) having the general
structure (S-(CH,),-CON(R;)(R,)), (where R, is an alkyl
chain and R, is an alkyl group or a hydrogen atom) and made
SAMs of them by adsorption onto evaporated, template-
stripped gold surfaces (Au’®).*”

The assumptions underlying this design (and research) is
that molecules with secondary amides can adopt linear (trans-
extended) conformations, but molecules with tertiary amides
must adopt geometries that deviate from linearity by
incorporating gauche conformations.

In tertiary amides (we supposed) larger differences between
the lengths of the chain R; and R, would cause the molecules
in the SAM to adopt conformations that were increasingly

https://dx.doi.org/10.1021/jacs.0c12571
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Figure 2. Structures of the secondary amides 1—5, with the total number of atoms in the chain (1) ranging from 8 to 16. Structures of the
symmetrical tertiary amides, 6—10, where the length of chains a and b are the same. Structures of the series I amides: 5 and 7—13, where the total
number of carbon atoms in chain a and b is 12. Structures of the series II amides: S, 10, and 14—18, where the length of chain a is kept at 12

carbons, while the length of chain b is varied.

more disordered. If the two branching chains R; and R, have
unequal lengths, they cannot both be linearly extended and
maintain a uniform density in the SAM; there must be a
change in conformation to eliminate void space in the SAM.
The objective of this work was to determine if disordered
conformations and ordered conformations of homologous
molecules differed significantly in the rates of tunneling
through them at a common voltage (+0.5 V).

We chose to use 3-mercaptopropionamides (S-(CH,),-
CON-R|R,; Figures 1 and 2) to synthesize conformationally
ordered and disordered SAMs, because (i) they are syntheti-
cally simple to prepare, (ii) the amide nitrogen can be
monoalkylated to form linear structures or dialkylated to form
branched structures, (iii) the short anchoring group permits a
large range of R; and R, (i.e. lengths of chains a and b), and
(iv) our previous work has shown that molecules with amide
groups in this position exhibit rectification of tunneling current
and that this rectification is sensitive to the conformational
order within the SAMs.**

For the molecules with the form S-(CH,),-CON(R,)(R,),
we use the abbreviation X(,;), where X is the index number
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« _»

assigned to each molecule in this study, “a” is the number of
carbon atoms in chain Ry, and “b” is the number of carbon
atoms in R, (Figure 2). We also use n to represent the number
of atoms making up the longest path in the molecules,
including the -(CH,),-CON— anchoring group. The R, group
(of length a) is an n-alkyl chain, and the R, substituent (of
length b) is either an n-alkyl chain or a hydrogen atom.

We used a combination of molecular dynamics (MD)
simulations and X-ray photoelectron spectroscopy (XPS) to
characterize the thicknesses, surface coverages, and degrees of
disorder within the SAMs. We ran all tunneling measurements
using the EGaln junction at a maximum applied bias of +1.0 V.
Amide-containing alkanethiols rectify current at 1.0 V and not
at 0.5 V; therefore, we compare the rates of tunneling at +0.5 V
and the rectification ratios at +1.0 V. We define the
rectification ratio (r) as the absolute value of the larger
current density divided by the absolute value of the lower
current density and include an indication of polarity: " = |
JEIN(=V)1 or = = J(=V)I/IJ(+V)L. In this definition r is
always >1. We note here—in our sign convention—that at
positive bias (+V) the EGaln electrode is oxidizing relative to

https://dx.doi.org/10.1021/jacs.0c12571
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the Au electrode and at negative bias (—V) the EGaln
electrode is reducing relative to the Au electrode.>®

B BACKGROUND

Liquid-like and Crystalline SAMs. SAMs made from n-
alkanethiols exhibit length-dependent physical properties. For
example, relative to SAMs with shorter (n < 12) chain lengths,
those with longer chain lengths have larger water contact
angles* and are more prone to leakage currents.**”**

Alkanethiol-based SAMs have four states (or phases), based
on their chain length.” Below C,, (an n-alkanethiol SAM with
10 carbon atoms), SAMs exist in a “liquid-like” state, where the
entropic free energy associated with vibrational, translational,
and rotational motion is larger than the enthalpic free energy
associated with intermolecular van der Waals interactions.”
This liquid-like regime is associated with less conformational
order and more gauche defects in comparison to those
observed for SAMs with higher chain lengths." Between
Cy/1o and Cy,, there is a transition from liquid-like to
crystalline-like SAMs—a “wax-like” state—with physical
properties between those of shorter and longer chain lengths.
At or above C,,, the alkanethiols are well-ordered and form
rigid, crystalline SAMs that have all-trans conformations.™*
Such length-dependent thermophysical transitions also occur
with SAMs of linear alkyl phosphonates on aluminum oxide:
junctions formed with top electrodes of thermally evaporated
gold"" and droplets of mercury’* both exhibited increased
current density for longer chains (n > 12) than would have
been expected on the basis of thickness considerations alone.
These reductions in the attenuation of current (i.e., leakage
currents) were attributed to the presence of voids and
thickness inhomogeneities at grain boundaries.

Amide-Containing SAMs. Previous studies have con-
cluded that SAMs made from alkanethiols containing
secondary amides (HS(CH,),CONHR) form well-ordered
monolayers with strong intermolecular hydrogen bonding
between neighboring amide groups throughout the back-
bone.** ™ SAMs made from amide-containing alkanethiols,
like those made from simple alkanethiols, become more
crystalline with increasing chain length."”*° The different
physical states of amide-containing SAMs, however, occur at
different chain lengths (n &~ 10—12) in comparison to n-
alkanethiols (n &~ 12—14) and depend on the position of the
amide group in the molecule.*”*

Influence of Branching Chains on the Physical
Properties of SAMs. Spectroscopic and microscopic surface
characterization by Lee et al’' ™’ and the study of
spiroalkanedithiols (2,2-dialkylpropanedithiols) by Carmichael
et al,>* using bis-substituted phosphinic acids, and by us,™
using dialkyl sulfides, have shown that SAMs made from
molecules that have two alkyl chains of equal length, diverging
from a single anchoring group (symmetrical branching), form
densely packed, well-ordered SAMs, while those made from
molecules with two alkyl chains of unequal length (asym-
metrical branching) form densely packed but disordered
SAMs.

Pathway of Charge Tunneling through SAMs. Early
work on charge transport through small, nonaromatic, organic
molecules (e.g. alkanethiols,”®” thiol-terminated norborny-
logs®**”) largely agreed on a mechanism for tunneling that was
“through-bond”, in which charge tunnels through the -orbital
framework (that is, largely the chain of C—C bonds) of the
molecules, with rates that depended on the dihedral angle of

~
~

~
~
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the bonds (favoring trans geometries)."’o_63 More recent work,

however, based primarily (but not entirely®*) on experimental
observations and theoretical models®® of temperature-depend-
ent tunneling rates®®~**—which are interpreted as evidence of
conformationally dependent (and thus thermally activated)
tunneling—suggest that charge tunneling takes place, at least
in part, via intramolecular®~"" or intermolecular’" through-
space pathways.

The conformations of molecules within a SAM are
influenced by—in addition to their chemical structures—the
topography of the bottom electrode. Grain boundaries in the
substrate are associated with “thin-area defects” because they
cause localized disorder in the SAM.**”>”® It is generally
assumed that thin-area defects lead to tunneling currents
through molecular junctions that are higher than expected,
given the chain lengths of the molecules, because the
orientations of these molecules are disordered and leave a
shorter distance between the bottom and top electrodes.*~**
This rationale has been used to explain the observation that the
rates of charge tunneling through SAMs made on template-
stripped (TS) substrates (which have fewer exposed grain
boundaries in comparison to substrates made from direct
evaporation’>”?) are lower than rates of tunneling through
SAMs with the bottom electrodes made by direct evapo-
ration.”

Rectification in SAMs Containing Amides. We have
recently reported that SAMs with polar functional groups
(amides, ureas, and thioureas) located close to a bottom Ag"™
electrode rectify current (r* & 20) at an applied bias of greater
than ~0.6 V**—where tunneling takes place predominantly by
a Fowler—Nordheim (F-N) mechanism. Rectification in these
systems is related to the magnitude (and direction) of the net
dipole moment perpendicular to (and away from) the bottom
electrode.”* Changing the orientation of the amide group
(from —CONH- to —NHCO-) or disrupting the structure of
the SAM (by N-methylation) eliminated rectification in these
systems, presumably because these physical changes reduce the
net dipole moment perpendicular to the bottom electrode.

B EXPERIMENTAL DESIGN

We used secondary amides that form well-ordered SAMs (Figure 2)
as a control group and introduced changes in the geometry and
conformation of the molecules by using tertiary amides. Replacing the
hydrogen atom in secondary amides with another alkyl chain prevents
the molecules from adopting fully trans extended geometries and
eliminates the potential for hydrogen bonding between adjacent
amide groups in the SAM. This H-bonding helps order the
conformations of secondary amides.**

We prepared three other series of amides, one that has two alkyl
chains of equal length (symmetrical tertiary amides) and two that
have alkyl chains with varying lengths, to dissect the competing effects
of thickness and conformational disorder. The symmetrical tertiary
amides were designed to introduce a deviation from linear (trans-
extended) geometries while retaining the perpendicular orientation of
the chain lengths. Series I and series II amides (Figure 2) were
designed to cause the molecules in the SAM to adopt different
conformations (and thus have a higher population of gauche bonds in
comparison to the longer and better-ordered analogues). In series I
amides, the total number of carbon atoms in both chains is constant,
and in series II amides the length of the longest alkyl chain remained
constant.

B EXPERIMENTAL SECTION

We, and others, have described the electrical measurements using the
EGaln junction, which we include in the section S2 in the Supporting

https://dx.doi.org/10.1021/jacs.0c12571
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Figure 3. (top) Snapshots from the equilibrated MD simulation trajectories. (middle) Histograms from the MD simulations representing the
probability density function obtained from all C—C—C—C dihedral angles within a simulated SAM, which are used to compute fi,,,.. (bottom)
Selected, individual molecules from the MD simulations that depict branches pointing “up” and “down”, alongside the probability density functions
of the terminal methyl with respect to the z position, which are used to calculate f3,,,,. Hydrogen atoms are excluded from the molecules for clarity.
Elements are labeled according to color as indicated on the bottom left. Examples from (A) the secondary amide control group (S( 1)), (B) the
symmetrical tertiary amides (10(;515)), (C) the series I amides (11(34)), and (D) the series II amides (16(;5)).

Information. SAMs were prepared using standard published protocols
(see section S3 in the Supporting Information). Section S11 in the
Supporting Information also details the synthesis and characterization
of all molecules and intermediates used for the formation of SAMs. It
also includes characterization of the SAMs, including detailed
procedures for angle-resolved X-ray photoelectron spectroscopy
(ARXPS) (section S4 in the Supporting Information).

B COMPUTATIONAL DETAILS

To characterize the thickness, packing, and conformational structure
of the SAMs, we performed MD simulations with the OPLS-2005
force field”® implemented in LAMMPS’® and visualized with
OVITO”” (Figure 3). The complete computational methodology
and details are summarized in section S5 in the Supporting
Information.

From the equilibrated simulations, we define the height of each
molecule in the monolayer as the vertical distance between the sulfur
atom and the terminal hydrogen atom in the molecule with the
maximum z position. We then approximated the thickness of the
simulated monolayer by averaging the heights of all the molecules in
the SAM over a duration of 5 ns and the roughness of the monolayer
by using the standard deviation of the molecular height distribution
(as indicated by the error bars in the plots).

We chose to compute two statistical metrics from the simulations
to characterize the conformational disorder present in the SAM—
both of which were calculated by taking ensemble averages over all of
the molecules in the equilibrated SAM at 300 K over a duration of 5
ns: (1) the fraction of C—C—C—C dihedral angles in the trans
orientation, f,,,, and (2) the fraction of chains that were not oriented
normal to the surface, i.e. pointing down or to the side, fy,,., (Figure

3).
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The fraction of C—C—C—C dihedral angles () in the trans
orientation was defined as
Ntrans

ftrans = I\]t

(1)

where N, is the average number of dihedral angles with € ranging
from 135° to 225° and N, is the total number of dihedral angles.
This cutoff was chosen on the basis of an inspection of the dihedral
angle probability distributions shown in the middle of Figure 3A—D,
to ensure that the entire peak associated with thermal fluctuations
about the trans-orientation minimum energy state was included in the
calculation. We also computed the N—C—C—C dihedral angle and
included the data in the Supporting Information but found that the
trends for the dihedral angles qualitatively match, and so for
simplicity, we restrict our discussion to the C—C—C—C dihedral
angle. Thus, f, ., does not account for any conformational disorder
when a chain is one or two carbons in length (i.e. chain b in 12(,,),
13(11,1), or 14(;,,)), because there is no C—C—C—C dihedral angle.
The states of C—N—C—C and the N—C—C--C dihedral angles (and
the rest of the dihedral angles in the alkyl chain), however, couple
cooperatively to determine whether the shorter alkyl chain in the
branched molecule is oriented normal to the surface or pointing
“down”, as quantified by our alternative statistical metric fy,y.

One observation from our simulations was that, in the conforma-
tionally disordered SAMs, there were a significant fraction of
branched alkyl chains that were not oriented normal to the surface
(Figure 3B—D, bottom). Specifically, we observed that the
equilibrium probability distribution of the z position of the terminal
methyl groups, P(z), could contain a single peak (secondary amides),
two peaks (symmetrical tertiary amides), or up to three peaks (series I
and II amides). By integrating the areas of the respective peaks, we
were able to calculate the fraction of chains pointed down, fy,,m, i.e.

otal
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Figure 4. (A) Plot of the measured (filled circles) and simulated (empty circles) thicknesses of SAMs made from secondary amides 1 - §, as a
function of their chain length. The dashed line represents the corresponding data (from the literature®®) for alkanethiols. (B) Plot of rectification
ratios (') measured at 1.0 V as a function of the conformational order (defined by f,.,) of the SAM. (C) Tunneling rates measured for the
secondary amides, as a function of their chain length, with the measured rates of alkanethiols® for comparison. (D) Selected snapshots from the
MD simulations of SAMs 2 and S (1.5 nm cross sections), depicting their thickness and conformation. Hydrogen atoms have been removed for

clarity.

with a terminal CH; group that was not at or near the farthest
possible z position in the SAM for that particular alkyl chain

fdown = A P(Z) dz (2)

where z* is a cutoff height, chosen by visual inspection, to include
only the bottom peak in the probability distribution (Figure 3A—D,
bottom). A similar limitation to f,,,, exists for fy,n: that is, for 13, )
the lone CHj; group of chain b” will always have the same orientation/
conformation.

B RESULTS AND DISCUSSION

Thickness, Packing Density, and Conformation of
SAMs Containing Amides. We expected the differences in
structure among the molecules we studied to influence three
related physical characteristics of the SAMs: thickness of the
monolayer, their packing density, and conformation of the
molecules. To determine the effect of conformation on charge
tunneling, we must also understand the influence of thickness
and packing density. Sections S4—7 in the Supporting
Information contain details of our measurements of thickness
and packing density by XPS and by MD simulations and a
discussion of these techniques in the context of this work.

Thickness. For n-alkanethiols, the rate of charge tunneling
correlates exponentially with the thickness of the SAM,
according to the simplified Simmons equation J(V) = J,(V)
¢ P4 337879 where d is the thickness of the SAM. In this work, if
the rate of tunneling correlates directly with the thickness of
the SAM, even as the conformation of the molecules change,
then charge tunneling is likely a “through-space” phenomenon
that depends primarily on the distance between the two
electrodes and the electrostatic field generated by the
molecules making up the SAM. If, however, the rate of charge
transport is not a direct function of monolayer thickness, we
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must conclude that changes in packing density and/or the
conformations of the molecules in the SAM influence
tunneling. In our discussions involving thickness, we refer to
the experimentally determined thickness (as determined by
ARXPS, as opposed to the thickness obtained from the MD
simulations), unless specifically specified otherwise. We note
here that the calculation of monolayer thickness (and packing
density) from ARXPS experiments involves the assumption of
a fixed inelastic mean free path of photoelectrons (section S4
in the Supporting Information), which is a rough approx-
imation: the attenuation of photoelectrons is expected to be
directly correlated with packing density.

Packing Density. The packing density of a monolayer is
defined as the number of molecules m (in moles) per unit of
surface area (m/cm?). The tertiary amides used in this work
result in structures that are branched (two alkyl chains for each
sulfur anchoring group) and will thus have larger intermo-
lecular distances within the monolayer in comparison to
secondary amides or alkanethiols and should thus form SAMs
with lower packing densities. If changes in packing density (i.e.,
number of molecules per area) determine the rate of tunneling
by changing the number of electrical conduits, the rate of
charge tunneling should scale linearly with packing density.
That is, when only uniformly structured SAMs are considered,
a SAM with a packing density of 0.5 X 107 mol/cm? should
have half the number of conduits per unit area as a SAM with a
packing density of 1.0 X 107° mol/cm® In this work, we use
ARXPS (see section S4 in the Supporting Information for
details) to measure the packing densities of SAMs and employ
decanethiol (reported”® on Au as 1.0 X 10~ mol/cm?) as a
standard.

Conformation. We used the two disorder parameters from
our MD simulations (described above in the Computational
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atoms have been removed for clarity.

Details), fi,ans (the fraction of C—C—C—C dihedral angles that
are trans-extended) and f,,,, (the fraction of alkyl chains that
are oriented downward), to represent the conformational order
(and disorder) of the molecules making up each SAM.

Secondary Amides Are Well-Ordered and Behave
Like Alkanethiols. Our analysis of secondary amides
supports previous assertions*”*® that this class of thiols
forms well-ordered SAMs that have packing densities,
conformational structures (i.e, trans-extended geometries),
and tunneling characteristics similar to those of alkanethiols.
Figure 4A shows a linear correlation between the thickness
(determined by ARXPS) of amides 1—5 and the chain length
of the molecules (including the amide group), which suggests
that these SAMs are well-ordered. The surface coverages
(determined by XPS) were nearly indistinguishable from those
of alkanethiols (between 0.9 X 107 and 1.0 X 10™? mol/cm?;
see Table S2 in the Supporting Information). This correlation
also supports the assertion that these SAMs are well-ordered.
The MD simulations, in agreement with the ARXPS results,
indicated that the thicknesses of SAMs 1-—$ increase
monotonically with chain length (Figure 4A). These
simulations also revealed that their conformations are
predominantly trans extended (f,,,, > 85) and are all oriented
perpendicular to the Au™ surface (i.e., fiwn = 0) (see Table
S14 in the Supporting Information for the full list of values of
Firans a0d fyown)- The value of fi,,,. increased with increasing
chain length, which correlates with the well-known transition
in alkanethiol SAMs from a more liquid-like (disordered) state
to a more crystalline-like (ordered) state, as the chain length
increases.

All of the linear amides rectified current at an applied bias of
1.0V (r* > 5), possibly because of the proximity and direction
of the embedded dipole (from the amide group) to the bottom
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(Au) electrode.* In this work, our investigation of tunneling
rates used J(V) at +0.5 V, to avoid complications associated
with rectification, which in these molecules takes place only
above ~0.6 V (in the Fowler—Nordheim (F-N) tunneling
regime).34 We observed that the rectification ratio (r*) was
larger in SAMs with longer chain lengths, presumably because
the net dipole perpendicular to the mean plane of the metal
surface (which seems, in this series, to determine rectifica-
tion®") is larger when the SAMs are more crystalline-like in
comparison to that when the SAMs are more liquid-like. This
assertion is supported by an approximately linear relationship
between the measured rectification (r*) and f,, shown in
Figure 4B. This observation was important, because it
suggested that we might be able to use rectification as an
indirect experimental metric to compare to the conformational
order calculated from the MD simulations.

The measured current densities (log IJI) for the linear
amides (on a Au™ surface, at an applied bias of +0.5 V) show
that the rate of tunneling decreases exponentially with
increasing chain length, as it does with alkanethiols (Figure
4C). Within the limits of our measurement, introducing an
amide bond at the third carbon from the sulfur atom (i.e., S-
(CH,),-CONH-R) does not significantly change (relative to
those data obtained with alkanethiols) the value of 5 (f = 0.87
+ 0.03) or the value of log IJ,l (log IJo| = 3.0 + 0.3).%
Alkanethiols containing amide groups have previously been
shown to have no significant effect on the values of log ]l
measured at +0.5 V, relative to alkanethiols without amide
groups,®’ and if amide-containing alkanethiols form SAMs with
the same trans-extended, linear orientation of the n-alkyl group
as alkanethiols, the similarity between their f plots is
qualitatively expected.
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Symmetrical Tertiary Amides. SAMs made from sym-
metrically branched, tertiary amides (Figure 2) have structures
different from those of secondary amides and alkanethiols. The
surface coverages measured by XPS (Table S3 in the
Supporting Information) for the symmetrical tertiary amides
were between 0.74 X 107 and 0.84 X 10™° mol/cm?, which is
~16—26% lower than those for secondary amides ((0.90—
1.00) X 107° mol/cm?% see Table S1 in the Supporting
Information). We attribute this difference in packing density to
the increased space occupied by the additional (branching)
alkane chain. Figure SA shows that, for symmetrical tertiary
amides 6—10 (where R' = R?), the thickness of the SAM
increases with increasing chain length. This relationship,
however, is not entirely linear (as is observed for linear amides
or alkanethiols): that is, Figure SA shows a slight discontinuity
between 7y and 85). We hypothesize that this divergence
from linearity may be a consequence of the transition from
SAMs that are liquid crystalline like, to more crystalline like
between compounds 74 and 8(g—when the enthalpy
(dominated by intermolecular van der Waals forces) begins to
overcome the entropy of the system.’’

The MD simulations of symmetrically branched amides
reveal that, as in the case for linear amides, the values of f,
increase with the length of the alkyl chain (Table S14 in the
Supporting Information). The same trend is observed for the
rectification ratio at 1.0 V (Table S8 in the Supporting
Information), which is also larger for symmetrical tertiary
amides with longer chain lengths. Figure 5B shows a positive
correlation between r" and f,,, further supporting the
relationship among conformational order, chain length (i.e.,
SAM crystallinity), and rectification ratio. The values of f,,.,
for the symmetrically branched amides (between 0.70 and
0.88, Table S14 in the Supporting Information) are lower than
those for linear amides (0.87—0.99, Table S14 in the
Supporting Information). We attribute the increase in gauche
conformations to the geometrical constraints imposed by the
tertiary amide, which prevents an all-trans conformation and
forces the alkyl chains to adopt a “kink” in their geometry after
the point of branching. We note that symmetrical tertiary
amides have smaller values of f,,,, in comparison to linear
amides but have comparable values of r* (see plots in Figures
4B and SB). Our interpretation of this result is that r* is only
indirectly correlated with conformational disorder and that
firans is an indirect (and imperfect) metric for disorder. Thus,
while these two metrics are correlated, the absolute value of
firans (derived from simulation) does not determine the
absolute value of r*. In addition to a decrease in f,,,,, relative
to secondary amides, symmetrical tertiary amides have values
of fiown > O (Table S14 in the Supporting Information),
suggesting that there is significantly more conformational
disorder in SAMs formed from symmetrical tertiary amides in
comparison to SAMs formed from linear amides. Moreover,
the same trend is observed for fy,,, as was observed for f,,,:
that is, symmetrical tertiary amides with longer chain lengths
have more conformational order in comparison to those with
shorter chain lengths.

Figure 5C shows that the rate of CT through symmetrical
tertiary amides decreases exponentially as a function of chain
length, in a manner similar to that observed with alkanethiols
and secondary amides.”® A direct comparison between
symmetric tertiary amides and secondary amides with
equivalent chain lengths, however, indicates that the rate of
CT through symmetrical tertiary amides is lower than that
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through secondary amides. For instance, the rate of CT in 6, 4)
is 6.3 times lower than that through 1), despite having the
same thickness (measured by ARXPS) and the same chain
length. Likewise, CT through 74s) is 2.6 times lower than that
through 245 which has the same chain length and thickness
(determined by XPS). The rate of tunneling is also lower
through these symmetrical tertiary amides than that through
secondary amides when log IJ(V)! is plotted as a function of the
ARXPS measured monolayer thickness (Figure 6), suggesting

{|—— O Secondary amides (R* = 0.97)
B Symmetrical tertiary amides (R* = 0.98)

log |J]at +0.5V

(12,12)

-5 71 r ¥ r 1T r &t 171117
0 2 4 6 8 10 12 14 16 18
Measured Thickness (A) (XPS)

—
20 22

Figure 6. Tunneling rates measured for the linear amides (empty
circles) and symmetrically branched amides (solid squares) as a
function of their experimentally determined (by XPS) monolayer
thickness.

that tunneling rates through tertiary amides are lower than
those through secondary amides of equivalent chain length,
even when they form monolayers of equivalent (or smaller)
thickness.

By excluding a variation in thickness and packing density as
the origin of this difference in rate of tunneling between
secondary and symmetrical tertiary amides, we conclude—by
elimination—that differences in conformation influence the
rates of charge tunneling. Because the differences in
conformation between secondary amides and symmetrical
tertiary amides is a combination of gauche defects (defined by
firans) and different chain orientations (defined by fio.), We
conclude that charge tunneling is more rapid through alkyl
chains with trans-extended geometries in comparison to those
with gauche defects and assert that, in these systems, the
conformation does influence the rate of charge tunneling. This
conclusion is consistent with previous measurements of
temperature-dependent electrical transport through linear
alkyl monolayers on silicon surfaces, where an inverse
relationship between tunneling rate and temperature was
attributed to cooling-induced ordering of the monolayer (and
thus increased intramolecular electronic couplin§) on the basis
of vibrational and photoelectron spectroscopy.®

Series | Amides (Figure 2; X, ), N + m = 12). The set of
amides in series I was designed to test whether the total
number of carbons (regardless of their position in the chain or
the conformation of individual bonds) determines the rate of
tunneling. This series includes the secondary amide 5(;, ;) and
the symmetrical tertiary amide 7). In principle, tunneling
might be determined (regardless of mechanism) by the sum of
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Figure 8. (A) Plot of the measured (filled diamonds) and simulated (empty diamonds) thicknesses of SAMs made from asymmetrically branched
amides 5, 10, and 14—18, as a function of their longest chain length. (B) Tunneling rates measured for the asymmetrically branched amides
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the asymmetrically branched amides (disordered series II) as a function of their measured thickness. (D) Selected snapshots from the MD
simulated SAMs (1.5 nm cross sections), depicting their thickness and conformation. Hydrogen atoms have been removed for clarity.

the carbon atoms in the monolayer per unit area. Our results
(Figure 7B), however, show that asymmetry in branching
within SAMs—not just the total number of carbon atoms—
leads to differences in tunneling rates, despite the fact that the
SAMs have the same number and type of atoms per unit area.

ARXPS measurements indicated that the asymmetrical
tertiary amides within series I (i, 11z, 12(), and
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13(,;,1)) had lower packing densities in comparison to
secondary amides but larger packing densities in comparison
to symmetrical tertiary amides. The thickness (measured by
ARXPS) of these asymmetrical tertiary amides increased as the
length of chain a increased, suggesting that the longest chain
length dominates the thickness of these SAMs.
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Our simulations suggest that, like the symmetrical tertiary
amides, the presence of a second alkyl chain causes a kink in
the conformation, which leads to more gauche conformations
than in linear amides (Table S14 in the Supporting
Information). In agreement with the observed trends in
rectification ratios, all of the asymmetrically branched amides
had r* < 7.0. This result indicated that the amides are less
ordered in their orientation with respect to the surface of the
gold in comparison to linear amides and thus that these SAMs
of tertiary amides are probably in more disordered
conformations. This conclusion was supported by our MD
simulations, particularly for SAMs made from amide 114
(firans = 0.78, faonm = 0.58) and SAMs made from amide 12,
(Firans = 091, fiown = 0.35), which indicate substantial
conformational disorder.

Unlike the secondary amides and symmetrical tertiary
amides, the current density measurements for series I amides
did not correlate linearly with chain length (Figure 7A, R* =
0.65). A positive correlation was observed, however, between
the current density and the thickness (determined by ARXPS)
of the SAMs (Figure 7C, R* = 0.83). While this result implies
that the rate of tunneling through this set of SAMs—even
when they have disordered conformations—still correlates
with the thickness of the monolayer, the value of § (i.e., the
slope) is larger for series I amides than for secondary amides.
This difference in f indicates that the relationship between
thickness and J(V) may be different for ordered than for
disordered SAMs.

Series Il Amides (Figure 2; X,y n = 12). Series II
amides, which include the asymmetrical tertiary amides 14—
18, the secondary amide 5(;,y) and the symmetrical tertiary
amide 10(;, ), was designed to test how the asymmetry in
branching (which we believe correlates with conformational
disorder) influences tunneling. Measurements of packing
density by XPS indicated that, like series I amides, the density
of asymmetrical tertiary amides (i.e., 14—18) was greater than
that of symmetrical tertiary amides but less than that of
secondary amides. This result suggests that asymmetrical
branching forces the longer chain to adopt a bent
conformation, in order to maximize their intermolecular
contacts and reduce the volume they occupy on the surface.
The thickness of the monolayers (as measured by ARXPS)
across the series remained approximately the same (Figure
8A), comparable to the case for the linear amide $(;55). A
small decrease in thickness was observed as the length of chain
b decreased, but chain a—with its greater number of carbon
atoms—appeared to dominate the thickness of the monolayer.
The simulations also show a relatively constant thickness of the
monolayer for this series of amides (Figure 8A).

The rectification ratios at 1.0 V for amides (r* < 7.5; Table
S12 in the Supporting Information) are all lower than those for
the well-ordered SAMs in the series, S(;53) (¥ = 10.42) and
10(;5 1) (r* = 11.22), which suggests that amides 14—18 form
disordered SAMs. This interpretation was supported by the
MD simulations (Table S14 in the Supporting Information),
which show a significant number of gauche conformations
(fiyans ranges from 0.82 to 0.93) and varied chain orientations
(fiown ranges from 0.1S to 0.6).

The tunneling rates of series II amides (Figure 8B) are all
higher than that of a corresponding secondary amide of length
n = 16 (i, S(p)). From the results of series I amides,
however, we did not expect that the rates of tunneling would
necessarily correlate with chain length, and we thus plotted log
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[J(V)I against monolayer thickness in Figure 8C. Unlike the
case with series I amides, we observed no linear relationship
between log IJ(V)l and monolayer thickness for series II
amides, indicating that in this series the rate of charge
tunneling does not correlate directly with thickness. Moreover,
the discrepancy between J(V) and thickness of 14—18, relative
to 1015,12) OF S5y, cannot be accounted for by changes in
packing density within the SAM (as S has a higher packing
density than any of 14—18 and 10 has a lower packing density
than any of 14—18). We thus conclude, again by elimination,
that the conformation of these SAMs must be influencing the
rate of tunneling and that conformation does influence
tunneling rates in molecular junctions.

Unlike symmetrical tertiary amides, the unsymmetrical
tertiary amides in series II have tunneling rates that are higher
than those of secondary amides (or alkanethiols) of equivalent
thickness (or chain length). We believe that this result is a
consequence of the asymmetry in the lengths of chains a and b,
which causes more extensive disorder in asymmetrical tertiary
amides than in symmetric tertiary amides. This difference in
disorder could result in a poorly defined interface between the
top EGaln electrode and the SAM and may cause electrical
contacts to be made farther down the chain than the ARXPS-
determined thickness would suggest.

B CONCLUSION

By analyzing molecules that are similar electronically but that
differ in their conformation, we studied the effects of
conformation, thickness, and packing density of molecules in
a SAM on the rate of charge transport (CT) through them. We
observe differences in tunneling characteristics that cannot be
accounted for by changes in thickness or packing density and
conclude by elimination that charge tunneling through SAM:s is
influenced by the conformations of the molecules and is not
solely determined by the distance between the two electrodes.

By comparing symmetric tertiary amides to secondary
amides, we conclude that the rate of CT is higher through
alkane chains with trans conformations than through those
with gauche conformations. By analyzing Series I amides, which
have the same number and type of atoms but are distributed
differently among chains a and b, we conclude that the spatial
arrangement of atoms matters. That is, tunneling is not solely
dependent on the density of atoms of a particular type within
the monolayer. These results suggest that CT may be a
through-bond process.

We conclude from our analysis of series II amides that the
conformation (or conformational disorder) influences the rates
of CT. This series revealed that a change in thickness does not
always correlate with an equivalent change in J(V), even for
simple alkanethiols. We believe that the results of this series of
amides indicate that conformational disorder can create a
poorly defined electrode—molecule interface, which can
artificially increase J(V).

Finally, we observed a clear relationship between conforma-
tional order and the dipole-induced rectification in these
systems. Specifically, SAMs that were more conformationally
ordered yielded molecular junctions with larger rectification
ratios in comparison to more conformationally disordered
SAMs. This result strongly suggests that conformation, and not
solely molecular structure, should be considered in the design
and analysis of molecular junctions.
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