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ABSTRACT: In this paper, we demonstrate how photo-
chemically enhancing the permeability of metal—organic
assemblies results in a significant enhancement of the
electrochemical activity of metal complexes located within
the assembly. The molecular assemblies consist of different
layers of redox-active metal complexes ([M(mbpy-py);]-
[PF¢],; M = Ru or Os) that are separated by redox-inactive
spacers consisting of 1,4-bis[2-(4-pyridyl)ethenyl]benzene
(BPEB) and PdCl, of variable thicknesses (0—13.4 nm).
UV-irradiation (4 = 254 nm) of our assemblies induces a
photochemical reaction in the redox-inactive spacer increasing
the permeability of the assembly. The observed increase was

evident by trapping organic ("Bu,NBF,) and inorganic (NiCl,) salts inside the assemblies, and by evaluating the electrochemical
response of quinones absorbed inside the molecular assemblies before and after UV irradiation. The increase in permeability is
reflected by higher currents and a change in the directionality of electron transfer, i.e., from mono- to bidirectional, between the
redox-active metal complexes and the electrode surface. The supramolecular structure of the assemblies dominates the overall
electron transfer properties and overrules possible electron transfer mediated by the extensive 7-conjugation of its individual

organic components.

B INTRODUCTION

Electron transfer (ET) through organic thin films has intrigued
scientists for many years owing to their potential use.'
Numerous studies have focused on ET across highly ordered
self-assembled monolayers in which the conductivity increases
as a function of z-conjugation or chain length of the molecular
components.” Introducing relatively small modifications at the
molecular level has significant consequences for ET properties
in thin films.**~“ Factors that govern ET processes include (i)
distance between the electron donor and acceptor, (ii) physical
properties of the substrate (e.g, conducting vs semiconduct-
ing), (iii) degree of z-conjugation, and (iv) the medium in
which the ET occurs, including the pH."* Defects and pinholes
also play a key role.”

The ET properties of metal complexes and assemblies
thereof have also been studied*”® with the prospect of applying
such materials in data storage devices, solar cells, and smart
windows.® Coordination chemistry plays an important role in
constructing molecular wires and assemblies. """~ Metal—
organic assemblies have been reported with ultralow attenu-
ation factors (f8), and new models have been developed to
realize these findings.” Several research groups have reported
on the long-range ET properties of metal—organic wires. Rampi
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and Nishihara have used bis(terpyridine)-based ligands with
different redox-active metal ions (Fe and Co) for the formation
of rigid and highly conductive molecular wires,”**’>* whereas
Morris et al. have demonstrated a redox hopping charge
transfer mechanism in electrocatalytic metallo-porphyrin-based
metal—organic frameworks (MOFs).”” In a different study,
Haga et al. recently investigated the thickness dependence of
the charge migration rate in redox-active multilayers and
developed the “stepping-stone mechanism” for long-range
ET.¢

The advantage of using coordination-based metal—organic
coatings is the organized manner in which these supramolecular
structures can be arranged, while simultaneously allowing
precise control over the assembly sequence and the amount of
deposited material. These supramolecular structures are readily
constructed by a sequence dependent layer-by-layer assembly
technique in combination with the appropriate choice of ligand
(number and type of binding sites and geometry) and metal
ion. ET processes in such coatings have been studied mainly as
a function of the molecular structure and sequence of the
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Scheme 1. Schematic Representation of the Formation, Structure, and Electron Transfer Routes of Metal—Organic Assemblies
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“The “sandwich-type” composition results from the sequence-dependent assembly and includes alternating deposmon of one of the molecular
components (1, 2, or BPEB) and PdCl,(PhCN), from solution. The first layer is covalently attached to the surface.”™ The photochemical reaction of
BPEB is initiated by irradiating the assemblies with a Hg lamp (254 nm, 115V, 60 Hz, 0.20 A) at a distance of 1 cm from the light source for 40 min.
The result of the proposed photoreaction is illustrated on the right; the formation of other products cannot be excluded. For assemblies with
thicknesses between 6.2 and 7.4 nm (n = 10—12; Figure 2C and G), the electron-transfer (ET) routes between the top layer (2) and the ITO
electrode before and after UV irradiation are highlighted by the green and orange arrows. Before UV irradiation: The ET from the top layer (2) to
the ITO electrode is mediated by the bottom layer (1), and the ET in the reversed direction is restricted due to the dense BPEB layer. After UV
irradiation: direct ET between the top layer (2) and the ITO electrode is restored by increasing the permeability of the BPEB layer. For a detailed

discussion of ET routes for n = 0—20, see Figure 2.

building blocks. We and others recently used sequence-
dependent assembly to generate materials having different
redox potentials at well-defined positions in the z-direction.”
Precise control over the ET properties was achieved by
deposmn% redox-active layers at defined positions inside the
assembly.”” Despite numerous studies, controlling electro-
chemical communication and the directionality of ET between
various elements inside thin films remains challenging.

Here we show how a noninvasive post-assembly modification
changes the ET properties between redox-active polypyridyl
complexes and the surface. Irradiating the assemblies with UV
light (4 = 254 nm) induces a photochemical change in the
redox-inactive spacer, enhancing the permeability of charge
carriers inside these metal—organic films. The photochemical
reaction significantly enhances the electrochemical communi-
cation between separate layers of redox-active polypyridyl
complexes and controls the directionality of ET at the
molecular level. Moreover, our method controls the perme-
ability of the assemblies without significantly affecting their
thickness, roughness, and composition. Other parameters that
play a vital role in the ET and molecular-transfer properties
were investigated as well.

B RESULTS AND DISCUSSION

Ruthenium (1) and osmium (2) polypyridyl complexes, 1,4-
bis[2-(4-pyridyl)ethenyl]benzene (BPEB), and PdCl, were
utilized as building blocks for our metal—organic assemblies
(Scheme 1). The pyridine groups of complexes 1, 2, and BPEB,
combined with palladium(II)-coordination chemistry, enable
the formation of well-ordered multicomponent assemblies.

Redox-active complexes 1 and 2 were chosen for their well-
separated oxidation potentials (AE;,, > 0.40 V) and their
relative stability under UV irradiation, whereas the photoactive
chromophore (BPEB)—as well as PdCl,—exhibits high
stability in the potential window between 0.4 and 1.6 V. The
use of BPEB also allowed us to fine-tune the distance between
redox-active layers consisting of complexes 1 and 2 on a
subnanometer scale and contributed to the high diversity of our
material properties.

Metal—organic assemblies on silicon, quartz, and indium—tin
oxide (ITO)-coated glass were formed by a sequence
dependent assembly technique consisting of three distinct
phases. In the first phase, silanized substrates—covalently
modified with ruthenium complex 1°*—were immersed in a
solution of PdCL(PhCN),, followed by immersion into a
solution of the ruthenium complex 1. This process establishes
the first redox-active layer with an oxidation potential of E,, =
1.20 V (vs Ag/Ag"). In the second phase of the self-assembly,
the substrates are repetitively immersed into solutions of
PdCL,(PhCN), and BPEB. During this phase the thickness of
the BPEB domain is controlled at the subnanometer regime,
where the BPEP thickness increases on average by ~0.7 nm per
deposition cycle, while the length of the BPEB chromophore is
~1.6 nm. This increase is consistent with a slanted growth
relative to the surface normal, as reported previously by our
group.” In the third and final phase of our assembly strategy
the substrates are immersed in a solution of PdCL(PhCN),,
followed by immersion in a solution of the osmium complex 2.
This establishes the second redox-active layer with an oxidation
potential of E;;, = 0.77 V (vs Ag/Ag"). The assemblies are
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termed Ru-BPEB,-Os, where BPEB, signifies the amount of
BPEB deposition steps (n = 0—20). Our procedure results in
sandwich-type structures in which the metal complexes (1, 2)
are placed at predetermined positions within the metal—organic
assemblies.

The assembly progress was followed by UV /vis spectroscopy.
The three pyridine-based building blocks exhibit characteristic
optical signatures in the UV and visible region (1, 2, and BPEB;
Figure 1). Bach deposition cycle of PdCL,(PhCN), and
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Figure 1. Optical absorption spectra of Ru-BPEB,;-Os on quartz
substrates. The red traces represent the absorption spectra of the
surface-confined ruthenium complexes 1. The green traces represent
the absorption spectra of Ru-BPEB, assemblies (n = 2—20; only even
deposition cycles are shown). The blue traces represent the absorption
spectra of [Ru-BPEB,(-Os]. The inset shows the UV/vis absorption
intensity (A = 387 nm, A; left y-axis) and ellipsometry-derived
thickness (@; right y-axis) vs the number of depositions steps. The red
and the blue symbols represent layers consisting of complexes 1 and 2,
respectively. The second deposition of complex 1 is taken as the 0%
point for the linear fit of the BPEB/PACI, layer (all fits; R* > 0.99).
The ellipsometry-derived thickness was obtained from assemblies
grown on silicon substrates.

complex 1 or 2 is characterized by an increase in absorption
of the singlet metal-to-ligand charge-transfer ("MLCT) band at
A 500 nm. The deposition of the [BPEB], spacer is
characterized by the linear increase of the absorption band at A
= 387 nm (7 to 7*) with respect to the number of deposition
cycles (Figure 1, inset left y-axis). The linear increase is
indicative of depositing a similar amount of chromophore
density during each deposition step. Such regular solution-
based depositions were corroborated by spectroscopic
ellipsometry measurements that revealed a linear increase in
the thickness of [BPEB],, in good agreement with the optical
data (Figure 1, inset right y-axis).

The structural dependence of the ET properties was
demonstrated by photochemically altering the molecular
structure of the spacer [BPEB], and addressing the length (n
= 0—20; 0—13.4 nm). Conjugated molecules such as BPEB are
known to undergo [2 + 2] photocycloaddition reactions in the
solid state, in crystals, or as monolayers bound to solid
surfaces.” Such post-assembly modifications could have a
pronounced effect on the optical and electrochemical properties
of our composites. We found that irradiating Ru-BPEB,-Os at
A = 254 nm and at an optimal time of 40 min resulted in
significant bleaching of the BPEB band at 4 & 387 nm, with
only a minor change in the 'MLCT band associated with
complexes 1 and 2 (Figures 2A—D, SIA, and Table S1).
Prolonged reaction times result in a decrease of the intensity of

~
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the '"MLCT band at 4 =~ 500 nm (Figures SIA—C). The
reduced absorption band at 4 &~ 387 nm is characteristic for
reduction in conjugation of BPEB.” Further structural
evidence is provided by attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy of Ru-BPEB,,-
Os on silicon substrates (Figure S2). We observed a notable
decrease (~38%) in the intensity of the band at v = 1612 cm™,
which corresponds to the stretching of trans-disubstituted
double bonds.'’” The residual intensity of this band indicates
that some double bonds are still present. The optical data also
indicate that not all BPEB molecules have reacted (Figure 2B—
D), consistent with the IR data. Since intermolecular
photochemical reactions require precise positioning and
orientation of the reacting molecules, the reaction yield is not
expected to be quantitative. Although the spectroscopic data are
consistent with a [2 + 2] photocycloaddition,” the formation of
other products cannot be excluded.

A series of cyclic voltammetry (CV) experiments were
performed in order to investigate the effect of photoirradiation
on the ET properties of the assemblies (Figure 2E—H). By
systematically increasing the distance between the 1- and 2-
based redox-active layers, insight was obtained between the
interplay of spacer length and photoirradiation and their
combined effect on ET pathways. Depending on the BPEP
thickness, three distinct electrochemical regimes can be
recognized:

(a) [BPEB], (n = 0—4) < 2.5 nm: The assemblies exhibit
reversible electrochemical waves for both the Os**/>* and
Ru®*/?* redox couples at half-wave potentials similar to
the corresponding complexes in solution (E/, = 1.20 V
(1), and 0.77 V (2)). A representative CV of Ru-BPEB,-
Os, having no BPEB/PdCl, and a total thickness of 8.7
nm, is shown in Figure 2E (green trace). The half-wave
potentials of complexes 1 and 2 are 1.21 and 0.75 V (vs
Ag/Ag"), respectively. UV irradiation does not affect the
electrochemistry of this assembly (Figure 2E, orange
trace). The Ru and Os centers are similarly addressed by
the ITO electrode before and after irradiation.

(b) [BPEB], (n = 4—12) thickness between 2.5 and 7.4 nm:
The current magnitude of the Os*/3>" redox couple
decreases (anodic peak current: from 0.09 to 0.02 mA;
cathodic peak current: from —0.09 to —0.02 mA), as seen
in Figure 2F and G, green traces. At the same time, a
catalytic oxidative prewave appears at E = 1.03—1.13 V
(Figure 2F and G). This decrease in current and the
appearance of the catalytic prewave are a direct result of
the BPEB interfering with ET. At these distances
communication between the Os-metal centers is
hampered, resulting in a lower current intensity at E, )
~ 0.8 V. However, at the onset potential for Ru-oxidation
(~1.1 V), the Ru-metal center can catalytically oxidize
the Os metal centers, due to the shorter distance
between 1 and 2 (2.4—7.4 nm), compared to 2 and the
electrode surface (6.6—11.6 nm). Since oxidation is
possible during anodic scans, this process results in
unidirectional ET."" Interestingly, irradiating the assem-
blies with UV-light results in nearly complete restoration
of the electrochemical reversibility of the Os**/>* redox
couple. Figure 2F and 2G (orange traces) reveal
increased peak currents of the Os**/3* redox couple,
whereas the catalytic wave currents decrease significantly.
We observed that the ET from the 2-based layer to the
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Figure 2. UV/vis spectra (A—D) and cyclic voltammograms (CVs; E—=H) of Ru-BPEB,-Os (A, E), Ru-BPEB-Os (B, F), Ru-BPEB(-Os (C, G),
and Ru-BPEB,;-Os (D, H) on ITO substrates, before (green trace) and after (orange trace) UV irradiation. UV irradiation was performed under the
same conditions as mentioned in Scheme 1. CVs were recorded in 0.1 M TBAPF,/CH,CN, at a scan rate of 100 mV s™’, using ITO, Pt, and Ag
wires as working, counter, and reference electrodes, respectively. The arrows emphasize the change in the absorption (B—D) and the peak currents
(G) following UV irradiation. The corresponding electron transfer (ET) schemes before and after UV irradiation are shown on the right.

underlying electrode is substantially facilitated following
the photoreaction, despite the partial loss of C=C bond
character in BPEB.

[BPEB], (n > 12) > 7.4 nm: At these distances—
irrespective of UV irradiation—almost complete electro-
chemical isolation of the Os centers occurs, and the
current associated with the Os?*/3* redox couple has
nearly disappeared. The small amount of remaining
signal is most likely due to ET through defects and
pinholes (Figure 2H).

In order to trace the origin of these remarkable ET
properties, we compared the structural features of the
assemblies before and after UV irradiation. The photochemical
reactions result in a remarkable increase in the networks’

(c)

permeability, as probed by two electroactive quinones; 2-tert-
butylbenzoquinone (Q1) and 3,3',5,5'-tetra-tert-butyldipheno-
quinone (Q2)."> CVs with Q1 or Q2 added to the supporting
electrolyte were recorded with bare ITO and ITO electrodes
functionalized with Ru-BPEB4-Os, Ru-BPEB,,-Os, or Ru-
BPEB,-Os, before and after UV irradiation (Figures 3 and S3).

The increased electrochemical activity of Q1 (206 A®) and
Q2 (640 A%) after UV irradiation of the assemblies indicates
higher network permeability (Figure 3A—C). This effect is
more pronounced with the smaller Q1 compared to the larger
Q2. In addition, a significant reduction in the electrochemical
activity of both quinones is observed with increasing spacer
thickness. An assembly with a short spacer (n = 6) results in a
more pronounced electrochemical response of Ql, since its
pathway toward the electrode surface is shorter. Ru-BPEB4-Os
also exhibits the largest difference in the electrochemical
accessibility of Q1 before and after UV irradiation (Figure 3A).
For Ru-BPEB,;-Os, the current is dramatically decreased, both
before and after UV irradiation, because of efficient blocking of
the ITO surface by the assembly, and due to the size (640 A°)
of the quinone (Figure S3). The increase in current before UV
irradiation of Ru-BPEB¢-Os compared to the bare ITO
electrode (Figure 3A; green and dashed traces) is explained
by trapping of the quinone inside the network, which hampers
their diffusion back to the bulk.

Further permeability experiments were performed by
trapping inorganic and organic salts inside Ru-BPEB,-Os
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Figure 3. Cyclic voltammograms (CVs) of 1.0 mM solutions of 2-fert-butylbenzoquinone (Q1) with Ru-BPEB4-Os (A), Ru-BPEB (-Os (B), and
Ru-BPEB,-Os (C), grown on ITO, before (green trace) and after (orange trace) UV irradiation. The dashed traces represent the CVs of Q1 with
bare ITO as the working electrode. The CVs were recorded at room temperature in dry 0.05 M TBAPF,/CH;CN under an inert atmosphere at a
scan rate of 100 mV s™". Pt and Ag wires were used as counter and reference electrodes, respectively. UV irradiation was carried out under the same
conditions as those in Scheme 1. (D) Molecular structure of Q1 and a schematic representation of the coordination-based assemblies before and
after UV irradiation. Formation of other products cannot be excluded. n = 6 (A), 10 (B), or 20 (C). For CVs of 3,35, -tetra-tert-

butyldiphenoquinone (Q2), see Figure S3.

before and after UV irradiation. The ITO-bound assemblies
were immersed for 30 min in the following solutions: (a)
NiCL-6H,0 in ethanol (10 mM), (b) tetrabutylammonium
tetrafluoroborate ("Bu,NBF,) in acetonitrile (0.1 M), and (c)
tetrabutylammonium tetraphenylborate ("Bu,NBPh,) in aceto-
nitrile (0.1 M). The substrates were washed with ethanol (a) or
acetonitrile (b and c) and subsequently dried. The elemental
composition of the films, including the trapped salts, were
analyzed by X-ray photoelectron spectroscopy (XPS; Table 1

Table 1. XPS-Derived Elemental Ratios of Ru-BPEB,,-Os
before and after UV Irradiation,” after Immersion in NiCl,
or "Bu,NBF, Solutions”

Before UV After UV After UV/Before UV
NiCl,
Os/Ru 1.1 14 1.3
N/Pd 3.6 4.0 1.1
N/(Os+Ru) 168 16.6 1.0
Ni/Pd 0.6 2.5 4.2
"Bu,NBF,
N*/N 0.1 0.2 2.0
N*/B 0.9 1.1 12

“According to the conditions described in Scheme 1. YSee

experimental details and Figure 4.

and Figure 4). Based on the formation of a fully formed
coordination network, the expected elemental ratios are
estimated to be N/Pd = 4, Os/Ru = 1, and N/(Os + Ru) =
14. The observed experimental ratios before and after
irradiation are in very good agreement with the calculated

expected values (Table 1).
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The data also show that after UV irradiation a marked
increase (4X) is observed in the nickel content, indicating the
increased storage of NiCl, inside the molecular assembly
(Table 1, Figure 4A). The concentrations of other elements
such as Pd—used as internal standard—are not affected
(Figure 4A, inset). Likewise, for organic salts ("Bu,NBF,) a
similar effect was observed. After photoirradiation, an increase
(2x) in the content of "Bu,NBF, was observed (Table 1,
Figure 4B). The near unity of the N*/B ratio shows that the
observed increase is due to incorporation of "Bu,NBF, and not
due to salt metathesis with the anion (PF4~) of the molecular
assembly. Regardless of photoirradiation, no XPS signals were
detected for "Bu,NBPh, due to the large size of the anion
(Figure 4C). These observations are in very good agreement
with the results of the electrochemical experiments with the
quinones and confirm the increase in permeability of the films
upon photoirradiation.

Considering the observed change in permeability before and
after UV irradiation, we hypothesize that the photochemical
reaction facilitates the movement of charge carriers across the
assembly. ET processes in surface-confined systems are strongly
dependent on the diffusion of the supporting electrolyte for
maintaining electroneutrality during redox reactions.”” Upon
increasing the TBAPF¢ concentration from 0.01 to 0.50 M, the
peak currents increase for both the metal complexes 1 and 2
before and after UV irradiation of Ru-BPEB4-Os (Figure S4
and Table S2). The effects of both the UV irradiation and the
electrolyte concentration indicate that ET through the
conjugated backbone of BPEB is of minor importance. This
observation is expected and is in agreement with reported
experimental and theoretical studies that rule out a significant
conjugation between the conjugated popypyridyl-based com-
ponents, coordinated through PdCL."* The differences in the
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Figure 4. X-ray photoelectron spectroscopy (XPS) signals of Ru-BPEB,;-Os on an ITO substrate before (green trace) and after (orange trace) UV
irradiation, according to the conditions described in Scheme 1. The substrates were immersed in solutions of NiCl, (A), "Bu,NBF, (B), and

"Bu,NBPh, (C).

electrochemical properties of the assemblies before and after
UV irradiation (as shown in Figure 2) are not because of
variations of their composition, thickness, and roughness, as
confirmed by spectroscopic ellipsometry, atomic force micro-
scopy (AFM), synchrotron X-ray reflectivity (XRR), and X-ray
photoelectron spectroscopy (XPS).

The spectroscopic ellipsometry-derived thickness of five
different assemblies ([Ru-BPEB,-Os], n = 4, 8, 12, 18, and 20)
was measured before and after UV irradiation. From the results

mean-square roughness (Rq,- from 0.3 to 0.7 nm). Upon UV
irradiation no significant changes in both the morphology and
root-mean-square roughness of the molecular assemblies are
observed (Figure SS). For instance, for Ru-BPEB,,-Os only
minor changes in the roughness values (Rq) are observed before
(0.51 nm) and after (0.50 nm) UV irradiation (Figure S).

To further investigate the composition of our molecular
assemblies, XRR measurements were performed on Ru-

BPEB,,-Os and Ru-BPEB,,-Os before and after UV irradiation

summarized in Table 2 it is clear that the irradiation has no (Figures 6A, S6). The thickness, surface roughness, and
Table 2. Ellipsometry-derived Thicknesses of the Assemblies A) B)
before and after UV Irradiation” sifsio, 1 BPEB 2 £ 100
2ok i 5
Thickness (nm) = : i i ® w0
o 45| | | c
Assembly Before UV After UV § b AN i $ w0
= : ! ! o
Ru-BPEB,-Os 8.6 8.8 g 1o 1 o a0l
T ] | £
Ru-BPEB;-Os 105 104 §os{ 1 i % 20
Ru-BPEB,,-Os 122 123 3 b 2
Ru-BPEB 5-Os 18.2 18.0 MO % % = g 3 100 200 300 400
Ru-BPEB,-Os 22.1 214 z(nm) Sputtering time ()

“Standard deviation <4%.

noticeable effect on the film thickness. This observation implies
that the terminal 2-based layer remains at the same distance
from the substrate surface. Atomic force microscopy (AFM)
images of Ru-BPEB,-Os, Ru-BPEB,(-Os, and Ru-BPEB,,-Os
before and after UV irradiation are presented in Figures 5 and
SS. Increasing the thickness of [BPEB], (from 0 to 13.4 nm; n
=0 — 20) results only in a minor increase in the surface root-

Figure S. AFM topography images of Ru-BPEB,;-Os on silicon
substrates before (A) and after (B) UV irradiation as described in
Scheme 1. The scan area is 500 nm X 500 nm, and the root-mean-
square roughness (Rq) values are 0.51 nm (A) and 0.50 nm (B).

16403

Figure 6. (A) Representative synchrotron X-ray reflectivity (XRR)-
derived electron density profiles for Ru-BPEB,,-Os before (green;
thickness, 15.4 nm; roughness, 0.9 nm) and after (orange; thickness,
16.0 nm; roughness, 1.0 nm) UV irradiation. Si/SiO,, substrate: —2.0—
0 nm. 1-based layer: 0—4.2 nm including the siloxane-based coupling
layer. [BPEB],: 4.2—11.5 nm. 2-based layers: 11.5—-16.0 nm. (B) In-
depth profiling by X-ray photoelectron spectroscopy (XPS). Relative
atomic concentration of Os (@) and Ru (A) vs sputtering time of Ru-
BPEB,,-Os on ITO, before (green traces) and after (orange traces)
UV irradiation. For more details, see Table 1.

electron density (ED) profiles of the assemblies were obtained
from the specular reflectivity spectra (Figure S6A and B).' The
ED plots exhibit distinct fluctuations that correspond to the
four regions (Figure 6A) of the samples: (i) Si/SiO, (the
substrate), (ii) 1-based layer, (iii) [BPEB],, and (iv) 2-based
layer. Regions ii and iv exhibit higher EDs compared with
region iii, which is in agreement with the presence of the Os
and Ru metal centers which have a high electron density. The
similarity in ED profiles before and after irradiation (Figure 6A
green and orange trace) combined with the excellent agreement
between the XRR and ellipsometric derived thickness and AFM
derived roughness indicate that the composition of the
assemblies remains virtually unchanged (Table S3).
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In-depth profiling by XPS was performed on the Ru-BPEB,-
Os assembly on ITO, before and after UV irradiation, in order
to determine the elemental composition. The samples were
sputtered with large argon ion clusters for up to 400 s, while the
relative atomic concentrations of Ru and Os in the remaining
assembly were being measured. Figure S7 shows the major
signals of Ru 3d;,, and Os 4d;,. Before sputtering, the intensity
of the Os 4d band is high and that of Ru 3d is low. However,
after 400 s of sputtering, about 20% of Os remains on the
surface and the intensity of the Ru band increases significantly.
The magnitude of the Ru and Os bands is comparable before
and after UV irradiation during sputtering. As observed from
the data presented in Figure 6B, the atomic concentration of Os
continuously decreases under progressive sputtering, both
before and after irradiation. Similarly, the signal of Ru grows
as the thickness of the assembly decreases. The residual Os
signal, after long sputtering times, is due to remnants of this
heavy atom on the surface and to the high roughness of the
ITO substrate. Owing to these factors, a continuous change in
the atomic concentrations of Ru and Os was observed, rather
than clear interfaces, as seen by XRR. Overall, we conclude that
the vertical composition of the assemblies remains unchanged
after UV irradiation.

B CONCLUDING REMARKS

In conclusion, by using photoresponsive metal—organic
oligomers, we could alter the molecular structure of our
assemblies by UV light, while keeping the composition,
thickness, and roughness constant. In-depth profiling of the
assemblies before and after UV irradiation confirms that the
relative positions of the redox-active components are not
affected by the photochemical reaction. As expected, the
conjugation of the interlayer spacers plays a relatively minor
role in the ET properties;'* rather, the distance between the
redox-active layers and their permeability play a major role.
Increasing the permeability results in a higher charge carrier
density, which, in turn, results in increased electrochemical
reversibility of the Os- and Ru-based redox processes. Hence,
by using a noninvasive post-assembly modification, we can
control the directionality and reversibility of ET. These results
advance our understanding of electrochemical processes in
metal—organic assemblies and the factors governing it (ie.,
structural diversity of the assembly). We believe that our
systems are of interest in the context of developing novel
electrochromic films, memristors, rectifiers, and memory
elements.®' 7'

B EXPERIMENTAL SECTION

Materials. Complexes 1—2, 1,4-bis[2-(4-pyridyl)-ethenyl]benzene
(BPEB), and PdCL,(PhCN), were synthesized according to published
procedures.'”*”** " p-Chloromethyl-phenyltrichlorosilane was pur-
chased from Gelest, Inc. 2-tert-Butyl-1,4-benzoquinone (Ql) was
purchased from Alfa Aesar. Tetrabutylammonium hexafluoro-
phosphate (TBAPF), 3,3',5,5'-tetra-tert-butyldiphenoquinone (Q2),
and anhydrous CH;CN (H,O < 0.001% v/v) were purchased from
Aldrich. Solvents (AR grade) were purchased from Bio-Lab
(Jerusalem), Frutarom (Haifa), or Mallinckrodt Baker (Phillipsburg,
NJ). Toluene was dried and purified using a M. Braun solvent
purification system and degassed before introduction into an M. Braun
glovebox. Single-crystal silicon (100) wafers were purchased from
Wafernet (San Jose, CA) and Indium—Tin Oxide (ITO)-coated glass
substrates (7.5 cm X 0.8 cm) were purchased from Delta Technologies
(Loveland, CO). ITO and silicon substrates were cleaned by
sonication in organic solvents. They were subsequently dried under

a N, stream and cleaned for 30 min with a UVOCS cleaning system
(Montgomery, PA). Quartz substrates (2.0 cm X 1.0 cm) were
purchased from Chemglass, Inc. and were cleaned by immersion in a
“piranha” solution (7:3 (v/v) H,S0,/30% H,0,) for 1 h. Caution:
piranha solution is an extremely dangerous oxidizing agent and should be
handled with care using appropriate personal protection. The substrates
were then rinsed with DI water followed by the RCA cleaning
protocol: 1:5:1 (v/v) NH,OH/H,0/30% H,0, at 80 °C for 45 min.
The substrates were washed several times with DI water and then with
isopropanol and dried under a N, stream. All substrates were dried at
130 °C for 2 h. The siloxane-based chemistry and the formation of the
1-based template layer were carried out in a glovebox or by using
standard Schlenk-cannula techniques, as described elsewhere.'”* ™

Physical Methods. UV/vis spectroscopy was carried out using a
Cary 100 spectrophotometer. Thicknesses were estimated by
spectroscopic ellipsometry on an M-2000 V variable angle instrument
(J. A. Woollam Co., Inc.) with VASE32 software. Electrochemical
measurements (i.e, cyclic voltammetry) were performed using a
potentiostat (CHI660A) in a three-electrode cell configuration
consisting of the functionalized ITO substrate, Pt wire, and Ag wire
as working, counter, and reference electrodes, respectively. Solutions
of TBAPF4 in CH;CN (0.1 M, unless stated otherwise) were used as
the supporting electrolyte. Attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) spectroscopic measurements were
performed using a Bruker Equinox-S5 spectrometer with a liquid N,
cooled mercury cadmium telluride (MCT) detector. Spectra were
averaged over 128 scans and referenced to a freshly cleaned silicon
substrate. Atomic force microscopy (AFM) images were recorded
using an NT-MDT NTEGRA with an SU00S head and a 100 ym
bottom scanner. APPNano Access-FM probe was used in semicontact
mode. All experiments were carried out at room temperature. For
sample depth profiling, a Kratos Argon Gas Cluster Ion Source
(GCIS) integrated into a Kratos AXIS Nova system was applied in a
mode selecting Aryy+ clusters, accelerated to S kV, such that a
partition energy of 2.5 eV per atom is obtained. The large raster size
(3.5 X 3.5 mm?) was chosen for two reasons: (1) to keep the etch rate
as low as possible; (2) to ensure that recorded data is within the crater.
XPS measurements were carried out using a monochromatic Al Kar X-
ray source (hv = 1486.6 eV) at 600 W and detection pass energies
ranging between 20 and 160 eV. A low-energy electron flood gun
(eFG) was applied for charge neutralization. Curve fitting analysis was
based on linear, Shirley or Tougaard background subtraction and
application of Gaussian—Lorenzian line shapes. Relative atomic
concentrations were calculated based on the Ru 3d and Os 4d signals
(in counts per second, or CPS units), taking into account the
individual sensitivity factor (S.F). XRR data were collected at the 12-
BM-B beamline at the Advanced Photon Source (APS) in the Argonne
National Laboratory (Argonne, IL), using a Huber four-circle
diffractometer in the specular reflection mode (ie, the incident
angle is equal to the exit angle ). X-rays of energy E = 10 keV (4 =
1.24 A) were used for these measurements. The beam size was 0.40
mm vertically and 0.60 mm horizontally. The samples were placed
under helium during measurements to reduce background scattering
and radiation damage. Finally, the XRR data were analyzed using
Parratt’s model-independent fitting formalism.'”" Braun, C. Parratt32
Software for Reflectivity; HMI: Berlin, 1999.

The dimensions of the quinones were derived from calculations
using Gaussian09 Revision E.01.'”* Geometries were optimized with
the Perdew—Burke—Ernzerhof (PBE)'*"° density functional using the
def2-SVP (double-¢ plus polarization quality) basis set'”*® and the
Weigend-06 (W06)17%f density fitting basis set.! 8"

Formation of Ru-BPEB,-Os. Substrates functionalized with a 1-
based template layer (Scheme 1)'7*" were loaded onto a Teflon
holder and immersed for 15 min in a 1.0 mM solution of
PdCL(PhCN), in THF. The samples were then sonicated in THF
and in acetone for 3 min each. Subsequently, the samples were
immersed in a 0.2 mM solution of compound 1 in THF/DMF (9:1,v/
v) for 15 min. The samples were then sonicated in THF and in
acetone for S min each (= first deposition cycle). Next, the samples
were immersed for 10 min in a 1.0 mM solution of PdCL,(PhCN), in
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THF and then sonicated in THF and in acetone for 3 min each.
Thereafter, the samples were immersed for 10 min in a 1.0 mM
solution of BPEB in THF and sonicated in THF and in acetone for 3
min each (= second deposition cycle). The second deposition cycle
procedure was repeated for 0 to 20 deposition cycles of BPEB (only
slides with an even number of BPEB deposition cycles were kept for
subsequent depositions of complex 2). Then, the first deposition cycle
procedure was repeated (2 X ) using a 0.2 mM solution of complex 2
in THF/DMF (9:1, v/v). Finally, the samples were rinsed in ethanol
and dried under a stream of N,. All steps were carried out at room
temperature. Three separate PdCL,(PhCN), solutions with identical
concentrations were used to rigorously exclude possible cross
contaminations between compounds 1, 2, and BPEB.

Irradiation Conditions. The samples were placed at a distance of
1 cm from a Hg lamp (254 nm, 115 V, 60 Hz, 0.20 A) and were
irradiated for 40 min, unless stated otherwise.

Quinone Electrochemical Experiments. CVs of 0.1 M solutions
of 2-tert-butyl-1,4-benzoquinone (Ql) and 3,3',5,5'-tetra-tert-butyl-
diphenoquinone (Q2) were recorded using a bare ITO and an ITO
functionalized with the molecular assemblies as the working electrode,
Pt wire as a counter electrode, and Ag wire as the reference electrode.
TBAPF6 (0.05 M) in dry acetonitrile was used as the supporting
electrolyte solution. The measurements were performed under an inert
atmosphere at room temperature.

Trapping Experiments. ITO substrates functionalized with Ru-
BPEB,,-Os before and after UV irradiation were immersed in (a) 10
mM ethanol solution of NiCl,-6H,0, (b) 0.1 M acetonitrile solution
of tetra-butylammonium tetrafluoroborate ("Bu,NBF,), and (c) 0.1 M
acetonitrile solution of tetra-butylammonium tetraphenylborate
("Bu,NBPh,). The substrates were immersed for 30 min, after
which they were washed in ethanol (a) or acetonitrile (b and c)
solutions and dried. The experiments were performed at room
temperature.

Electrolyte Concentration Dependence. CVs of Ru-BPEB¢-Os
on ITO were recorded using Pt and Ag wires as counter and reference
electrodes, respectively. Acetonitrile solutions of the following
concentrations of TBAPF, were used as the supporting electrolyte:
0.01, 0.10, and 0.50 M. The measurements were performed in air at
room temperature.
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