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Functional molecular materials have been obtained by liquid/
vapor-phase epitaxy or layer-by-layer (LbL) assembly with
1) electro-optic responses sufficiently high to build high-
speed electro-optical modulators,!'! 2) high-k dielectrics for
fabricating organic field effect transistors (OFETs),” and
3) ultra-low-f materials to generate molecular wires.”) More-
over, combining metal-ligand coordination chemistry with
stepwise solution-based deposition resulted in the formation
of crystalline assemblies, including highly porous metal-
organic frameworks (MOFs) on inorganic surfaces."! The key
for fabricating these and other molecular materials is
frequently found in a highly conserved assembly sequence
that directs them towards their unique properties and desired
function. Similarly, nature dictates the function of enzymes
and the genetic information encoded in DNA/RNA by means
of the sequence in which the amino acids and nucleotides are
arranged. Yet nature is able to create diverse functionalities

with the same molecular building blocks. An intriguing
question thus remains; can we harvest new and useful
material properties by only changing the assembly sequence
of the molecular components ?

To address this challenge, we introduce herein a sequence-
dependent assembly (SDA) of molecular interfaces and show
how this strategy—specific to a set of given building blocks—
can be fully exploited to form self-propagating molecule-
based assemblies (SPMAs) with diverse functionalities. Each
SPMA (I-1V) was formed with the same molecular com-
plexes (1, 2) that subdivides our sequence-dependent assem-
bly into four branches: (I) alternating assembly of 1 and 2;
(IT) successive assembly of molecular component 1, then
complex 2; (IIT) successive assembly of molecular component
2, then 1; and (IV) assembly of the molecular components
from a mixture of 1 and 2 (Scheme 1).’! The difference
between each branch of the sequence-dependent assembly is
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Scheme 1. Sequence-dependent assembly method of preparing self-propagating molecule-based assemblies I-IV. The interfaces are formed by
immersion of a pyridine-terminated template layer on quartz, silicon and ITO-coated glass substrates'” in a 1.0 mm THF solution of
[Pd(PhCN),Cl,] and subsequent immersion in 0.2 mm solutions of complexes 1 or 2 in THF/DMF (9:1 v/v) followed by immersion . The different
self-propagating molecule-based assemblies were created by alternate repetition of steps x and y (I and 1V) or successive repetition of steps x and
y (Il and I11). The photograph on the right shows the coloration of the self-propagating molecule-based assembly-functionalized ITO-coated glass
substrates (7.5 cmx 0.8 cm) as a function of the number of deposition steps.
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undoubtedly reflected in the multi-faceted electrochemical
properties of the corresponding self-propagating molecule-
based assemblies. Furthermore, for sequence-dependent
assembly II and III, we can control the pathway by which
electron transfer occurs by tuning the surface—interface
thickness of the molecular components (1, 2). The delicate
interplay between the sequence-dependent assembly and the
surface—interface thickness resulted in four distinctly observ-
able electrochemical signatures: 1) reversible electron trans-
fer, 2) oxidative catalytic electron transfer with charge trap-
ping, 3) reductive catalytic electron transfer, and 4) blocking
of the electron transfer. The importance of the appropriate
sequence-dependent assembly strategy is not only paramount
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in forming surface-confined molecular interfaces; it might
also be applied in self-sorting assemblies, molecular network-
ing, and multi-component MOFs, in which instances of
sequential order can be identified.[®!

For construction of the self-propagating molecule-based
assemblies by our sequence-dependent assembly strategy we
relied on our recent examples of molecule-based materials
that are active participants in their continuing self-propagat-
ing assembly.”! These materials have already been applied in
electrochromic materials, solar cells, and molecular data
storage.” The exponential growth processes observed in these
assemblies involves absorption of an excess of a palladium salt
into a unimolecular network consisting of complex 2 linked by
palladium dichloride.”’ For our self-propagating molecule-
based assemblies (SPMAs I-IV; numbers coincide with the
sequence-dependent assembly strategy I-IV employed in
their preparation), composed of complexes 1 and 2, similar
growth processes and identical optical properties have been
observed (Supporting Information, Figure S1).

In sequence-dependent assembly I, the molecular compo-
nents (1, 2) are arranged in an alternating manner to give
a self-propagating molecule-based assembly that is 11.4 nm
thick (SPMA I|Ru,-Os,). The cyclic voltammogram (CV) of
this self-propagating molecule-based assembly exhibits rever-
sible electrochemical waves for both the Os*"** and Ru?"**
redox couples (Figure 1 A). Furthermore, the electrochemical
behavior is reversible and surface-confined up to a thickness
of 54 nm, although a decrease in the electron transport
kinetics was observed (Figure S2 and S3). The Os/Ru ratio
does not vary significantly during self-propagating molecule-
based assembly growth as shown by a similar total charge for
both redox processes (Ru: 0 =0.92x10™* C and Os: Q=
1.13x 107* C: Figure S4).
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Figure 1. Cyclic Voltammograms (CVs) of self-propagating molecule-
based assemblies constructed by sequence-dependent assembly
(Scheme 1). The CVs of SPMAs, on ITO, were recorded at a scan rate
of 200 mVs™', with thicknesses of A) 11.4 nm (SPMA || Ru,-Os,);

B) 12.1 nm (SPMA II|Ru;-Os,); C) 11.4 nm (SPMA 111 | Os;-Ru;); and
D) 12.5 nm (SPMA IV| (Ru-Os),). The oxidation/reduction processes in
the SPMAs are indicated by the lettered potentials and are defined as
follows: Os**—0s*" (a); catalytic Os>*—0s** (a); Ru**—Ru*" (b);
Ru**—Ru*" (c); catalytic Ru**—Ru?" (¢'); and Os** —0s*" (d).
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The half-wave potentials for 1 and 2 in SPMA I| Ru,-Os,
are similar to the ones measured in solution (2: 0.758 V and 1:
1.180 V (SPMA) vs. 2: 0.770 V and 1: 1.200 V (solution;
Figure S5) and the large separation of the half-wave poten-
tials of AE:, =422 mV (AE:,, =AE;,Ru—AE; Os), indicates
that no communication exists between the different metal-
centers on the surface (Figure 1A). This is an important
characteristic that allows both types of metal-centers to be
addressed individually. This feature is only displayed in
products obtained by sequence-dependent assembly strate-
gies I and IV, whereas for the products sequence-dependent
assembly II and III metal-metal communication is observed
(Figure 1B and C, see below).

In sequence-dependent assembly II, complexes 1 and 2
are deposited successively, the electrochemical properties are
markedly affected, by the presence of the inner ruthenium
layer. For a self-propagating molecule-based assembly with
a Ru thickness of 8.0nm and an Os thickness of 4.1 nm
(SPMA II | Ru;-Os;,), the electrochemical behavior exhibits
a sharp catalytic oxidative pre-wave at approximately 1.08 V
(Figure 1B and 2 A; red trace). Furthermore, the intensity of
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Figure 2. CVs of self-propagating molecule-based assemblies con-
structed by sequence-dependent assembly (Scheme 1). A) CV of
SPMAs on ITO at 200 mVs ™" with a Ru thickness of 5.7 nm and an Os
thickness of 6.8 nm (SPMA Il | Ru,-Os,; blue trace) and with a Ru
thickness of 8.0 nm and an Os thickness of 4.1 nm (SPMA Il | Ru;-Os;;
red trace) showing the generation of the oxidative pre-wave at
approximately 1.08 V upon increasing the Ru thickness. B) CV of
SPMAs on ITO at 200 mVs™" with increasing thicknesses of the Os
layer from 4.1 nm (red trace; SPMA Il |Ru;-Os,) to 9.3 nm (blue trace;
SPMA Il | Ru;-Os,), and finally to 17.6 nm (green trace; SPMA 11| Rus-
Os;). The black trace shows the CV of an SPMA with only Ru

(SPMA 11| Ru;-Osy).

this catalytic pre-wave increased significantly upon increasing
the surface—interface thickness of the osmium layer from
4.1 nm (Figure 2B; red trace SPMA II| Ru;-Os,), to 9.3 nm
(Figure 2B; blue trace—SPMA II| Ru;-Os,) and finally to
17.6 nm (Figure 2B; green trace—SPMA II | Ru;-Os;). Thus
this sharp pre-wave at approximately 1.08 V results from
catalytic oxidation of the Os metal centers in the outer layer
of SPMA 1I| Ru;-Os,.["!l This effect can be explained—similar
to Murray’s explanation'!!—by assuming that the inner Ru
layer (8.0 nm) isolates the Os metal centers from the ITO
electrode. Therefore, at the half-wave potential of the Os*™**
redox couple no oxidation/reduction is observed. However, at
the onset potential for Ru oxidation, oxidation starts to occur
from Ru?’'—Ru*". Since the thermodynamic parameters are
such that Ru*" is able to oxidize Os**, and Ru*" is constantly
regenerated through self-exchange with the ITO electrode,
a conductive path is formed from the ITO electrode. There-
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fore, the sparingly formed Ru®" centers, behave as a catalytic
gate for electron transport from osmium to the ITO electrode.
This process is graphically illustrated in Scheme 2 A.
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Scheme 2. Electron transfer in self-propagating molecule-based assem-
blies created by sequence-dependent assembly Il and 11l (Scheme 1).
A) Oxidative mechanism of electron transfer observed for SPMAs
created by sequence-dependent assembly Il. For SPMAs with a Ru
surface—interface thickness under 5.7 nm, direct oxidation of the Os
and Ru metal centers by the ITO electrode is possible (left). At higher
Ru surface—interface thicknesses over 8.0 nm, the oxidation the Os?**
metal centers is catalytically mediated by the Ru*" metal centers (
right). B) Reductive mechanism of electron transfer observed for
SPMAs created by sequence-dependent assembly I1I. For SPMAs with
an Os surface—interface thickness under 2.6 nm, direct reduction of
the Os and Ru metal centers by the ITO electrode occurs (left). At
intermediate Os surface—interface thicknesses 3.8-6.1 nm, two distinct
reduction pathways are observed. Pathway A: direct electron transfer
from the ITO electrode to the Ru** centers, and Pathway B: catalyti-
cally mediated electron transfer by the Os?" metal centers (right). At
higher thicknesses (over 6.1 nm) complete isolation of the metal
centers is observed (not shown).

Moreover, in the negative scan direction, reduction of the
Os layer from Os™™—Os®" is absent. At the half-wave
potential of the Os>** redox couple, all the Ru*" centers
have been reduced, and there is no pathway available to
reduce the Os®" in the outer layer, and consequently charge
trapping occurs. This charge trapping is further manifested by
a decrease in the intensity of the oxidative pre-wave in the
2nd scan-cycle (Figure S6). This decrease in intensity is
attributed to a decrease in the available Os*" metal centers
in the 2nd scan cycle. Overall, the electron transport is
mediated only by the Ru*”" redox couple and occurs
unidirectional towards the ITO electrode, and SPMA II|
Ru;-Os, acts as a molecular rectifier."] Interestingly, below
a certain threshold thickness (8.0 nm) of the ruthenium layer,
the electrochemical behavior of self-propagating molecule-
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based assemblies created by sequence-dependent assembly II
is completely reversible (Figure 2A and S7). An intriguing
question that arises is: would similar results be obtained if the
successive arrangement of molecular components 1 and 2 is
reversed, that is, deposition of complex 2 is followed by
complex 1. To address this question, several self-propagating
molecule-based assemblies were prepared by sequence-de-
pendent assembly III.

In sequence-dependent assembly III, two electron-trans-
fer pathways (A and B) were observed depending on the
surface—interface thickness of the osmium layer and the scan
rate of the electrochemical experiments (Scheme 2B). For
self-propagating molecule-based assemblies with a relatively
small surface—interface thickness (2.6 nm; SPMA III| Os;-
Ru,), reversible behavior of both redox couples 1 and 2 is
observed at scan rates of 100, 400, and 700 mV's™!, respec-
tively (Figure 3 A). The reversible electron transfer occurs by
pathway A (Scheme 2B), and is mediated by the porosity of
our assemblies.”!?! Upon increasing the thickness to 3.8 nm
(SPMA IIT| Os,-Ru,), reversible behavior is observed at
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Figure 3. CVs of self-propagating molecule-based assemblies (SPMAs)
constructed by sequence-dependent assembly (I11; Scheme 1). A) CV of
SPMA 11| Os;-Ru; on ITO, with an Os thickness of 2.6 nm and a Ru
thickness of 1.3 nm, at a scan rate of 100 mVs™' (red trace),

400 mVs™' (blue trace), and 700 mVs™' (green trace). B) CV of

SPMA 11| Os,-Ru, on ITO, with an Os thickness of 3.8 nm and a Ru
thickness of 5.0 nm, at a scan rate of 100 mVs™' (red trace),

400 mVs™' (blue trace) and 700 mVs™' (green trace), demonstrating
the evolution of a reductive catalytic pre-wave at approximately 1.00 V.
C) CV of SPMA I11| Os;-Ru, on ITO, with an Os thickness of 6.1 nm
and a Ru thickness of 5.3 nm, at a scan rate of a 100 mVs™' (red
trace), 400 mVs™' (blue trace), and 700 mVs™' (green trace), demon-
strating the permanent presence and evolution of a reductive catalytic
pre-wave at ~1.00 V.
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a scan rate of 100 mVs™ (Figure 3B; red trace), with a peak-
to-peak separation of 71 mV for the Ru*""** redox-couple.
However, a new reduction wave evolves at about 1.00 V, when
the scan rate is increased to 400 mVs™' and 700 mVs™
(Figure 3B; blue and green traces, respectively). This new
reduction wave is accompanied by a concurrent increase in
the peak-to-peak separation from 71 mV to 254 mV of the
Ru*"* redox couple. The Os*"*" redox-couple, in contrast,
only exhibits a relatively small change at higher scan rates (24
to 61 mV). The unusually large increase in peak-to-peak
separation for the Ru*"*" redox couple in SPMA I1I | Os,-Ru,
is due to interference from the Os layer, in which the electron
transfer at the Os*'/Ru®" interface is thermodynamically
unfavorable, and hence becomes more difficult. Oxidation
of the Ru*" metal centers still occurs mainly by the large
(0.4 V) over-potential that is applied, although the electron
transfer through defects and pinholes cannot be exclu-
ded.’*'?) The thermodynamic and kinetic effects of electron
transfer at the Os/Ru interface is even more pronounced
when the self-propagating molecule-based assembly is re-
duced. Scanning in the negative direction, two distinct
pathways (A and B) were observed, in which the electrode
is able to reduce the outer Ru*" centers (Scheme 2B). For
Pathway A, at low scan rates (<100 mVs™") the electron
transfer occurs similarly to the transfer that results in the
oxidation, and is mediated by the porosity of our assem-
blies.”*!”) When the scan rate is increased a second path-
way (B) is preferred.”! A typical characteristic of Pathway B
is that the onset of the reduction from Os**—Os*" forms
a conductive path to catalytically reduce the remaining
Ru**—Ru?"; that is, the Ru*' that has not yet been reduced
by means of Pathway A. Since the reduction by Pathway A
occurs at 1.20 V and the reduction by means of Pathway B is
at 1.00 V, there is a temporary charge trapping between 1.00
and 1.20 V') The increased dominance of the catalytic
reduction wave is further exemplified by increasing the Os
thickness to 6.1 nm (SPMA III | Os;-Ru,). Even at 100 mVs™
a predominant catalytic reduction peak is observed at about
1.00 V, although the original reduction is still observable
(Figure 3C; red trace). Further increasing the scan rate to
700 mVs~' decreases the original oxidation/reduction wave
almost completely and only the catalytic reduction peak
remains (Figure 1C and Figure 3 C). Moreover, the anodic
peak potential (E,,) for the ruthenium reduction shifts by
80 mV, from 0.990 V to 0.910 V, owing to the more catalytic
character of the electron transfer to the ITO electrode. The
shift to a more catalytic nature of the ruthenium reduction—
upon increasing the osmium surface—interface thickness—is
also evident from the current responses of SPMA III| Os;-
Ru,—SPMA 111 | Os,-Ru, after applying a potential step from
1.60-1.00 V (Figure S8). However, when the Os thickness is
further increased to 11 nm (SPMA III | Os,-Ru,), the oxida-
tion/reduction processes associated with the Ru*"** redox
couple is absent in the CV (Figure S9). At this Os thickness,
the ruthenium centers are completely isolated from the
surface. The mechanism underlying electron transfer in self-
propagating molecule-based assemblies, prepared by
sequence-dependent assembly III, with an Os thickness up
to 6.1 nm is graphically illustrated in Scheme 2 B.
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In sequence-dependent assembly IV, the multi-compo-
nent self-propagating molecule-based assemblies were
obtained by deposition from a solution containing an
equimolar amount of complexes 1 and 2 (Scheme 1). These
self-propagating molecule-based assemblies exhibit reversi-
ble behavior for redox couples Os**** and Ru**** up to
a thickness of 30.0 nm (Figure S10). For instance, a 12.5 nm-
thick self-propagating molecule-based assembly (SPMA IV |
(Os-Ru)s) displays reversible behavior between 25 and
700 mVs™" (Figure 1D and Figure 4 A). The electrochemical
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Figure 4. CVs of self-propagating molecular-based assemblies con-
structed by sequence-dependent assembly (IV; Figure 1). A) CVs of
SPMA IV | (Os-Ru)s on ITO at scan rates between 25 and 700 mVs™',
with a thickness of 12.5 nm demonstrating the reversible and surface-
confined oxidation/reduction of the Os*™** and Ru**/** redox-couples.
B) Increase in the Os/Ru ratio, as determined by the charges in the
CVs of the corresponding redox couples, upon increasing the number
of deposition steps; SPMA V| (Os-Ru);_s.

behavior reflects the electrochemical characteristics obtained
upon repeatedly alternating the assembly sequence of the
molecular components (sequence-dependent assembly I).
Interestingly, using this assembly sequence, a change in the
Os and Ru ratio is observed when moving from SPMA IV |
(Os-Ru);—SPMA IV | (Os-Ru)y. For very thin films (2.8 nm;
SPMA IV | (Os-Ru);) the Os/Ru ratio is about 1:10, which
increases to approximately 1:2 upon increasing the self-
propagating molecule-based assembly thickness to 29.8 nm
(SPMA 1V | (Os-Ru)y; Figure 4B and S11).

Our results clearly demonstrate the importance of the
assembly sequence and the surface—interface thickness of the
molecular components 1 and 2 on the physicochemical
properties, which are important for device fabrication. For
instance self-propagating molecule-based assemblies suitable
for ternary memory devices in high-density data storage
(HDDS) can be constructed by sequence-dependent assem-
bly L1 This sequence-dependent assembly allows the
independent addressing of each type of metal-center that
displays reversible, reliable, and stable electrochemical prop-
erties. The individual addressability of both molecular
components in SPMA I may also be ideal for applications in
three-dimensional integrated circuits (3D-ICs). Other
sequence-dependent assembly strategies result in the forma-
tion of molecular rectifiers, among others. The observed
unidirectional current flow, and the diverse electrochemical
properties (sequence-dependent assembly II and III) are of
particular interest for fabricating solar-cells, where charge
trapping and unidirectional current flows are important.!
Along with the photo-activity of Ru-polypyridyl complexes in
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solar cells,['"! it is important to consider how to assemble those

complexes in binary systems, for example, blended or
separated.!'”]

The electrochemical rectification of redox-active poly-
mers in a bilayer fashion has been known since the seminal
work of Murray and Wrighton.'1>18] Unidirectional current
flows have been subsequently reported between redox-active
organic (mono/multi)-layers and ferrocyanide solutions,'! or
in redox active (ionic) polymers that might contain metal
complexes™ However, the versatility of the sequence-
dependent assembly and the resulting properties of the
demonstrated interfaces are unprecedented. These films not
only exhibit different electrochemical behavior upon chang-
ing the assembly sequence, they also dramatically change
their behavior as a function of a controllable surface-inter-
face thickness. This thickness in turn controls the electron
transfer at the metal/metal interface. Together they determine
the overall material properties in each sequence-dependent
assembly.

In conclusion, four different types of interfaces were
demonstrated with two molecular components, 1 and 2. As
a result of the applied sequence-dependent assembly, differ-
ent electrochemical behavior was observed for all four self-
propagating molecule-based assemblies. Successive deposi-
tion of the molecular components resulted in the occurrence
of catalytic pre-waves that oxidized/reduced the outer layer of
the self-propagating molecule-based assembly, depending on
which component was deposited first. If ruthenium was
deposited first (SPMA 1I | Ru,-Os,), catalytic oxidation of the
outer Os layer was observed, provided that the thickness of
the Ru layer exceeded 8.0 nm. However, instead of this
thermodynamic effect, a kinetic effect was observed when the
osmium was deposited first (SPMA III| Os,-Ru,). The two
observed Pathways A and B for electron transfer to the outer
Ru layer were strongly dependent on the scan rate and the
thickness of the Os layer. Assembling the molecular compo-
nents in an alternating fashion (SPMA I|Ru,-Os,), or from
a mixture of 1 and 2 (SPMA IV|Ru-Os),,,), however,
resulted in a reversible oxidation/reduction process of both
metal centers independent of the self-propagating molecule-
based assembly thickness. Our work unequivocally demon-
strates that upon changing the sequence-dependent assembly
strategy and assembly thickness, the electrochemical proper-
ties of self-propagating molecule-based assemblies can be
controlled. To this end, the sequence-dependent assembly
concept is unlikely to be limited only to interfaces; it might
also be applied in multi-component systems in solution,
including self-sorting assemblies and molecular networking.
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