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Abstract: Metal—organic networks (MONSs) were created by a stepwise solution deposition approach from
vinylpyridine-based building blocks and PdCl,. The combined experimental and computational study
demonstrates the formation of saturated, structurally organized systems on solid supports. The rigid nature
and geometry of the components are well-suited to form honeycomb and parallelogram structures, as
predicted by a computational study. Detailed structural information of the new MONs was obtained by
optical (UV/vis) spectroscopy, ellipsometry, atomic force microscopy (AFM), X-ray photoelectron spectro-
scopy (XPS), and synchrotron X-ray reflectivity (XRR). Notably, the XPS elemental composition indicates
the formation of a palladium coordination-based network.

Introduction

Selective metal—ligand coordination is a powerful synthon
for the assembly of supramolecular structures in solution and
in the solid-state."® Numerous interesting systems have been
reported, and a strong fundamental basis has been developed
to guide the formation of hybrid materials. These materials
include metal—organic polymers, networks, frameworks, grids,
and clusters.”? In particular, highly porous metal—organic
frameworks (MOFs) have attracted much attention® partially due
to the prospect of large-scale industrial use for the storage of
gases. Woll and Fischer demonstrated very recently that a
stepwise build-up of MOFs results in a high level of control
over the structure of these crystalline materials.* Studies on
layer-by-layer growth using metal—ligand coordination appeared
already in the literature during the early 1990s and include the
works of Li, Swanson, Mallouk, and Ulman.> Nevertheless, it
is still a tremendous challenge to a priori design ordered surface-
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confined MOFs and metal—organic networks (MONSs) based
on a given molecular structure.*®

Sagiv’s layer-by-layer deposition methodology with the aim
of generating well-defined molecular aggregates at interfaces
has proven useful for the generation of a wide variety of
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“dressed” and functional surfaces.” *® Prominent examples of
thin films include Decher’s alternating deposition of polyelec-
trolytes,® Marks’s noncentrosymmetric materials,*® and the Hf-
and Zr-complexation chemistry of Mallouk, Katz, and of
Shanzer and Rubinstein.** Some of these materials have been
used to fabricate devices,***® including (i) solar cells, (i) organic
light emitting diodes (OLEDS), (iii) organic field-effect transis-
tors (OFETS), and (iv) electro-optic modulators.
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Stepwise deposition of metal—organic structures often in-
volves systems in which the molecular components are coor-
dinatively connected in the direction of the film growth, resulting
in the formation of chainlike structures.**~*® Lateral ordering
can be induced by, for instance, the use of 7—a interactions.*”*8
Molecular components having multiple metal-binding sites for
platinum group metals to generate complex architectures in
solution have been thoroughly explored.*® However, the use of
similar systems to generate metal—organic structures on solid
supports via a stepwise solution-based deposition approach is
rare.*® MONSs can be designed by satisfying the following
requirements: (i) each of the organic components should bind
to three or more metal centers, (ii) two or more organic
components should coordinate to the same metal center, (iii) at
least one of the above should be a nonlinear structure.

Herein, we demonstrate the assembly of surface-confined
coordination-based MONs. Multiple connections between or-
ganic chromophores are formed through coordination bonds
between vinylpyridine groups and palladium(ll) dichloride. This
metal—ligand combination is structurally well-defined as it
generates square-planar structures with two mutually trans-
vinylpyridine groups. This coordination chemistry is a particular
useful synthon for the induction of long-range order. Semiem-
pirical (PM6)®° calculations were used to select two chro-
mophores that have the structural requirements necessary to form
MONSs. The new materials are generated on organic template
layers covalently attached to silicon-oxide-terminated surfaces
using our iterative wet-chemical deposition approach.** This
versatile method has resulted very recently in the formation of
surface-bound coordination-based oligomers,™* fluorinated oli-
gomers,*® positive constructs,*® three-dimensional (3D) ordered
assemblies,*” and exponentially growing electrochromic struc-
tures.?2? These latter self-propagating films have been used
for the generation of electrical, addressable, multistate volatile
memory with flip—flop and flip—flap—flop logic circuits and
efficient inverted bulk-heterojunction solar cells.*? Detailed
structural information of the new MONSs was obtained by optical
(UVIvis) spectroscopy, ellipsometry, atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), and synchro-
tron X-ray reflectivity (XRR). A combination of such methods
is necessary to make realistic structural assignments. Linear
growth versus the number of deposition cycles (chromophore
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Scheme 1. Molecular Structures of Chromophores 1 and 22222

+ palladium dichloride) was observed, while the chromophore—
palladium ratios imply the formation of fully cross-linked struc-
tures.

Results and Discussion

Chromophores 1 and 2 were selected for this study because
of their branched structures that could allow for the forma-
tion of extended networks with PdCl, (Scheme 1). The genera-
tion of the MONs is based on the square-planar coordination
chemistry of Pd(Il) and the trans positioning of the pyridine-
based ligands. This metal—ligand combination has been utilized
by Lehn, Stang, Moore, and others to generate and study the
formation and physicochemical properties of various well-
defined structures in solution.™ It has also been shown to be a
powerful directing structural unit in solid-state materials.**~*"
In this study, the MONs were built on pyridine-terminated
template layers by alternate immersion of the substrates in solu-
tions containing either the palladium precursor (PdCI,(PhCN),)
or the chromophore (1 or 2).

A series of possible ring structures with four to seven
chromophore 1/PdCI; units were evaluated computationally. In
each case, a closed ring-structure was found where the palladium
complexes, with the exception of the smallest ring, were all
trans coordinated; in the smallest ring, one of the four palladium
atoms had a cis coordination, likely due to ring strain. The ring
formation energy per chromophore is similar for the pentamer,
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hexamer, and heptamer, while for the tetramer, it is higher by
~4 kcal/mol. One structure—the hexamer—is the most interest-
ing since it formed a regular, planar, hexagonal structure with
Cs symmetry induced by the intrinsic geometric nature of the
chromophore (Figure 1, left). The Cg, symmetry is broken by
the rotation of the Cl—Pd—Cl axis relative to the pyridine rings.
This rotation has been observed in related complexes®® and
experimentally in a model complex (3) presented hereinafter.
This hexameric structure is ideally suited to form regular two-
dimensional (2D) honeycomb structures. These extended 2D
networks have also been optimized (Figure 2, left). The four-
armed chromophore 2 is well-suited to form a tetrameric
parallelogram-shaped structure that can also be used as building
blocks for extended networks (Figure 1, right and Figure 2,
right). Thus, these systems are indeed suitable candidates for
constructing extended supramolecular networks. Honeycomb
and related structures have been observed,?* for example, by
the formation of hydrogen-bonding networks for both trimesic
acid and perylene diimide/melamine.?®

Template layers (T1,T2) are prepared by immersing chlo-
robenzyl-functionalized glass and silicon substrates®® into dry
toluene and toluene/acetonitrile (1:1 v/v) solutions of chro-
mophores 1 or 2, respectively, at elevated temperatures for 3
days under N, in glass pressure tubes. The resulting films are
robust and strongly adhere to the substrate surfaces (Scheme
S1, Supporting Information). DFT optimized molecular struc-
tures of T1 and T2 are shown in Figure 3.

High-resolution XPS measurements of the functionalized
silicon substrates reveal the formation of pyridinium salts by
quarternization of only one pyridyl moiety of chromophores 1
or 2. The pyridinium and pyridyl N 1s signals were observed
for both templates at 402.2 and 399.8 eV, respectively,?’~%°
with elemental ratios N*/N of 0.5 (1) and 0.3 (2) (Figure 4A,B).
This remarkable selectivity is most probably the result of the
relatively rigid and planar molecular structures. It is known that
variations of porphyrin ring substituents and other chromophores
allow control over the molecular orientation on the surface and
the degree of quarternization.?”*° The thickness of the films
was obtained by ellipsometry (1: 1.7 nm, 2: 1.9 nm) and by
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Figure 1. Computationally (PM6) optimized structures. (Left) Cyclic hexamer of chromophore 1 and PdCl,. (Right) Cyclic tetrameric structure of chromophore

2 and PdCls,.
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Figure 2. Computationally predicted extended networks formed from chromophores 1 (left) or 2 (right) with PdCl,. The cross-ring Pd—Pd distances are 3.5
nm (1) and 1.7 and 2.2 nm (2).

Figure 3. DFT optimized molecular structures of the pyridinium salts of chromophores 1 and 2 as calculated at the M06-L/pc-1/DFBS level of theory. A
(MeO);Si unit was used in these models of template layers T1 and T2. Atomic color scheme: O, red; C, orange; N, light blue, H, white. The bend angles
(defined as the angle between the Ph(C)—CH,—PyN) are ~112°. Assuming that the SiPh unit is perpendicular to the surface, then the systems are tilted
~22° to the surface. The estimated thicknesses are 1.4 nm (T1) and 1.5 nm (T2).

A N B N
N-l-
N+
404 402 400 398 404 402 400 398
Binding Energy (eV) Binding Energy (eV)

Figure 4. (A and B) XPS data of template layers T1 and T2 (Scheme S1, Supporting Information), respectively. The high-resolution XPS spectra shows
the two N 1s signals. The black line represents the experimental data, while the blue line is the accumulative calculated spectrum for both nitrogen signals
using a Gaussian fit. On the basis of the deconvolution of the spectrum, the red and green traces represent the unreacted pyridine group (N) and the pyridinium
unit (N™), respectively. (C) AFM data of the template layer T1 on a silicon substrate. The representative tapping mode AFM image is for a 500 nm x 500
nm scan area with a Ry 0f ~0.2 nm. The scale bar represents 100 nm. AFM data for template layer T2 are included in the Sl (Figure S3, Supporting
Information).
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Table 1. Elemental Pd/N Ratios Derived from Angle-Resolved
XPS Measurements at Various Take-off Angles for MON1 and
MON2

5° 15° 30° 45° 80°
MON1 0.49 0.57 0.57 0.51 0.54
MON2 0.46 0.44 0.47 0.47 0.44

synchrotron XRR measurements (1: 1.9 nm, 2: 2.1 nm) (Figure
S1, Supporting Information). These values are in good agree-
ment with the molecular dimensions (Figure 3). The chloroben-
zyl-terminated layer is ~0.8 nm thick, and the calculated length
of chromophores 1 and 2 are ~1.3 nm and ~1.6 nm,
respectively. The films are densely packed with XRR-derived
chromophore densities of ~3 molecules/nm?, whereas the
molecular density for the coupling layer is ~3.8 molecules/
nm?. The estimated yield of the quaternization process is high
(~79%). A quantitative reaction is not expected because of the
relatively large molecular dimensions of the surface-bound
chromophores versus the smaller chlorobenzyl units. A template
layer with a high density of coordination sites is necessary to
prevent dendritic growth.! Tapping mode AFM measurements
showed homogenously covered silicon surfaces with a root-
mean-square roughness (Ryys) of ~0.2 nm for 500 nm x 500
nm scan areas (Figures 4C, S2, and S3 (Supporting Informa-
tion)), which is comparable to the low XRR-derived roughness
of 0.5 nm (1) and 0.3 nm (2).

Functionalized silicon and glass substrates (with the films of
the pyridinium salts T1 or T2) were fully immersed in a THF
solution of PdCI,(PhCN), (1.0 mM) for 15 min at room
temperature. Subsequently, the samples were immersed in a THF
solution containing chromophore 1 or 2 (1.0 mM) for 15 min.
The samples were washed and sonicated in organic solvents
and dried under a stream of N, between each treatment. This
two-step assembly process was repeated five times, conveniently
in air, to generate the chromophore-terminated MONs (M ON1
and MON2).

0.074

0.06+

Absorbance
o o
(=] (=]
o

0.034

0.02

1 2 3 4
Deposition Cycles

-
L. T

3.6
T 3.2
£
0 23
2
X 2.4
F 2.0

1.6-

1 2 3 4
Deposition Cycles

-] = >
4

Figure 5. UV/vis maximum absorption (left) and ellipsometry-derived
thickness (right) vs the number of deposition cycles for MON1 (335 nm,
) and MONZ2 (353 nm, 4). All lines are linear fits with R? = 0.99. The
data of the template layers (T: 1, B (green), and 2, a (green)) were excluded
from these fits. The UV/vis spectra are shown in Figure S5 (Supporting
Information).
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Figure 6. Representative XRR spectra of MON1 (A) and MON2 (B).
The red traces are fits of the experimental data (black dots).>® Figure C
shows the electron density profiles of MONL1 (red trace) and MON2 (blue
trace) as functions of the distance from the substrate surface.

The generation of the MONs was revealed by high-resolution
angle-resolved XPS (AR-XPS) measurements showing average
elemental ratios of Pd/N of 0.54 (MON1) and 0.46 (MON2).
Similar Pd/N values are obtained for takeoff angles in the range
5°—80° (Table 1) and indicate the formation of homogeneous
assemblies. The experimental data is in very good agreement
with the expected Pd/N value of 0.50 and demonstrate that the
MON formation is based on nearly quantitative pyridine—
metal—pyridine coordination.

For both assemblies, the uniform growth is evident from the
linear increase of the UV/vis absorption and ellipsometrically
determined film thickness with each deposition cycle. The
positions of the absorption maxima remain nearly constant at
Amax & 335 nm (1) and 353 nm (2), which demonstrates that
these two assemblies do not undergo significant structural or
conjugational changes with MON expansion. The thicknesses
of MON1 and MONZ2 are 3.1 and 3.7 nm, respectively, after
five deposition cycles (Figure 5). Interestingly, the average increase
in the thickness of the MONSs with each deposition cycle seems
low (MONZL: 0.3 nm and MON2: 0.4 nm), indicating that the
overall orientation of the chromophores is almost parallel to the
substrate surface. Such a growth model is to some extent supported
by the relatively large XRR-derived average footprint of 1.1 nm?
and 1.2 nm? for each subunit 1-1%,PdCl, or 2-2PdCl, of the
assembly, respectively. The footprints based on the computational
model above are 1.0 nm? and 1.6 nm?, respectively, determined
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Figure 7. Representative tapping mode AFM image of MONL1 on a silicon
substrate. The 500 nm x 500 nm scan area has an Ryms of ~0.5 nm. The
white scale bar represents 100 nm. The AFM image of MON2 is shown in
Figure S6 (Supporting Information).

from the area of the ring and the bending angle in the template
layers of 22° (T1) and 23° (T2) (Figure 3). This is in reasonable
agreement taking into consideration the experimental uncertainties
and the coarse models used to fit the data. A fully branched
polymeric structure without (significant) cross-linking between
individual sheets seems to be a realistic possibility. The footprints
would indicate that the MONSs are porous. This can be demonstrated
by an electrochemical (cyclic voltammetry) experiment where
oxidation/reduction is observed for 2,6-di-tert-butylcyclohexa-2,5-
diene-1,4-dione in an acetonitrile solution with indium—tin-oxide
(ITO) electrodes, both bare and coated with MONL1 (Figure S4,
Supporting Information). Apparently, the redox probe can interact
with the functionalized electrode surface.®?

The thicknesses obtained by XRR (Figure 6) and AR-XPS
(MONZ2: 3.9 and 3.4 nm; and MON2: 4.4 and 4.0 nm) for the
same assemblies are somewhat higher than those derived by
ellipsometry, but the thickness of MONZ2 is always larger than
for MONL. The 0.5 nm difference between the thicknesses of
the two assemblies is likely due to the dimensions of the
chromophores and is an example of how molecular structures
can be expressed in the properties of much larger assemblies.
The XRR-derived roughness for both structures is only 0.7 nm,
which is comparable with the XRR-derived values for the
template layers and provides additional evidence for the presence
of an organized assembly. Moreover, no distinctive electron
density variations were observed (Figure 6C). The uniform
electron density profiles corroborate very well with the XPS,
UV/is, and ellipsometry data.

A representative semicontact AFM image of MONL1 after five
deposition cycles is shown in Figure 7. The roughnesses of
MONZ1 and MON2 are similar to the XRR data (Ryns = 0.5
nm for 500 nm x 500 nm scan areas). Both the MONs and the
template layers have to some extent similar homogeneous,

Scheme 2. Formation of a Model of the 1-Based MON

PACI,(PhCN),
THF, it

Figure 8. The X-ray-determined packing structure for complex 3, indicating
w—z interactions (dashed lines) between the pyridine units (purple) and
the central aromatic rings (orange). Hydrogen atoms and solvent molecules
are excluded for clarity. Colors: gray - carbon, blue - nitrogen, pink -
palladium, green - chloride. See the Experimental Section and the Supporting
Information for details (Figure S7).

grainy surfaces. Some gaps, however, are observable in the
MONSs with diameters of ~15 nm and depths of ~1.5 nm, which
might reflect defects in the underlying template layers. Such
features are not uncommon.®

To provide additional support for our observations, a model
complex (3) was prepared in solution. Complex 3 was formed
quantitatively by the room temperature reaction between ligand
4 and PdCI,(PhCN), in THF in a 2:1 ratio. Ligand 4 is
structurally related to chromophore 1 but contains only one
pyridine unit (Scheme 2 and Figure 8).

This new compound was structurally characterized by *H
and *C{*H} NMR spectroscopy, elemental analysis, powder
XPS, and single-crystal X-ray diffraction. The *H NMR data
shows that the pyridine protons adjacent to the N atom are
shifted downfield by 0.2 ppm, indicative of metal coordina-
tion to the pyridine moiety. Powder XPS measurements
revealed a Pd/N ratio of 0.49, demonstrating that our MONs
can be accurately validated by this method. Furthermore, the
crystal structure analysis of complex 3 unambiguously reveals
the square-planar ligand arrangement around the d® metal
center with the two pyridyl units in a mutually trans
configuration. In fact, the two ligands (4) coordinated to the
metal center are essentially aligned in one plane and are tilted
by 44.6(3)° to the chloride ligands, in good agreement with
the 41.7° in the calculated structure (Figure 1). These facts
lend support to our proposed stepwise-grown structures. The
distance of 3.6 A between the pyridyl ring of one complex
and the central benzene ring of the adjacent complex is typical
of w—u stacking. The intermolecular distance between the
planes of two pyridyl rings is 4.2 A. The electron density of
the crystal structure is 0.38 e-A~3, which is lower than the
XRR-derived electron density for MON1 (0.43—0.45 e-A~3).
The crystal packing of complex 3 is obviously different than
the structure of the MONSs as it contains fewer PdCl, units/
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chromophore. Nevertheless, these results give a clear indica-
tion that the molecular density of the surface-bound network
is high.

Summary and Conclusions

The multibranching chromophores 1 and 2 are both
excellent materials for the assembly of uniform MONs in a
stepwise approach. Formation of supramolecular architectures
often involves a fine balance between rigidity and flexibility
of the individual components.®* Despite the relatively rigid
structures of these two compounds, the formation of fully
coordinated networks is still possible. In fact, these chro-
mophores have optimal geometries well suited for network
formation, as suggested by computation and supported by
experiments. AR-XPS measurements give Pd/N ratios ap-
propriate for such a system. However, the modeled structures
do not necessarily have to resemble the experimental ones.
For instance, we cannot exclude the formation of intertwined
rings or other defects. The optical data indicates that network
formation does not extend the conjugation inherent to the
constituent chromophore units. This basic study on the
controlled formation and structure of metal—organic materials
is not an assessment of their potential properties. Functional-
ity can be rationally designed on the basis of an understanding
of the structures involved, as we have demonstrated recently
with our self-propagating materials.*?> Future studies will
include the use of three-dimensional structured organic
chromophores and the here presented MONs as interlayers
for inverted bulk-heterojunction solar cells.

Experimental Section

Materials and Methods. Chemicals were purchased from
Sigma-Aldrich and Acros Organics. Solvents were reagent grade
(AR) from either Bio-Lab (Jerusalem) or Frutarom (Haifa). Pentane
and toluene were dried using an M. Braun solvent purification
system and degassed before being introduced into an M. Braun
glovebox. Acetonitrile (anhydrous, 99.98%) was purchased from
Aldrich. Compounds 1, 2, 4, PdCI,(PhCN),, and the chlorobenzyl-
terminated layer were prepared as reported.?*27-*® Reaction tubes
were washed with deionized (DI) water followed by acetone and
then oven-dried overnight at 130 °C. All glassware and Teflon
holders for film formation were cleaned by immersion in a piranha
solution (7:3 v/v H,S0,4/30% H,0,) for 10 min and then DI water.
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Caution: piranha is an extremely dangerous oxidizing agent and
should be handled with care using appropriate personal protection.
Single-crystal silicon (100) substrates, purchased from Wafernet
(San Jose, CA), were cleaned by sonication for 8 min sequentially
in n-hexane, acetone, and ethanol and dried under a stream of N,.
Then the slides were treated with a UVOCS cleaning system
(Montgomery, PA), washed with isopropanol, dried under a stream
of N,, and heated overnight at 130 °C in an oven. Glass slides
having a size 2.5 cm x 0.8 cm x 0.1 cm (Chase Scientific Glass,
Rockwood, TN) were rinsed with DI water and cleaned by
immersion in a piranha solution for 1 h. The substrates were then
rinsed with DI water followed by the RCA cleaning protocol: a
1:5:1 (v/v) solution of NH3-H,0/H,0/30% H,O, at room temper-
ature for 1 h. The substrates were subsequently washed with DI
water and isopropanol, dried under an N, stream, and heated
overnight at 130 °C in an oven.

The *H and “*C{*H} NMR spectra were obtained in CDCl; using
a Bruker AMX 400 NMR spectrometer. All chemical shifts ()
are reported in ppm relative to tetramethylsilane, and the coupling
constants (J) are in Hz. Elemental Analyses were performed by H.
Kolbe, Mikroanalytisches Laboratorium, Milheim an der Ruhr,
Germany. UV/vis spectra were recorded on glass slides with a Cary
100 spectrophotometer with the double beam mode. Atomic force
microscopy (AFM) images were recorded using a Solver P47
(NT-MDT, Russia) operated in the semicontact/tapping scanning
mode. Silicon cantilevers (~100 um) were used with a resonant
frequency of 70—90 kHz. The roughness values, Rms, were obtained
from 500 nm x 500 nm images using silicon substrates. Several
areas with different scanning size were analyzed (3 um and 500
nm). Film thicknesses were estimated using a J.A. Woollam
(Lincoln, NB) model M-2000 V variable angle spectroscopic
ellipsometer with VASE32 software. Measurements were performed
on silicon for each 5° in a range of 50°—80° over wavelengths of
399—1000 nm. Parameters A, B, and C were 1.45, 0.01, and 0.00,
respectively, with MSE < 10 for a Cauchy model. The SiO, layer
was calibrated to be 17 A.

Angle resolved X-ray photoelectron spectroscopy (AR-XPS)
measurements were performed at the University of Catania, Italy.
Films on silicon and quartz substrates were measured at five
different takeoff angles relative to the surface plane (5°, 15°, 30°,
45°, 80°) with a PHI 5600 MultiTechnique System (base pressure
of the main chamber 2 x 107%° Torr). The acceptance angle of the
analyzer and the precision of the sample holder concerning the
takeoff angle are +3° and +1°, respectively. Samples were mounted
on Mo stubs and were excited with Al Ko radiation. The silicon
slides were radiated using a monochromator. High-resolution spectra
of C(1s), O(1s), Si(2p), N(1s), Pd(3d), and CI(2p) were collected
with 5.85 eV pass energy and resolutions of better than 0.3 and
0.5 eV for silicon and quartz, respectively.® The structure due to
satellite Ko, radiation was subtracted from the spectra of quartz
slides, radiated with the unmonochromatized source, before data
processing. The XPS peak intensities were obtained after Shirley
background removal, and the curves were fit to Gaussians. The
C(1s) line at 285.0 eV was used for calibration.

X-ray reflectivity (XRR) measurements were performed at
beamline X6B of the National Synchotron Light Source,
Brookhaven (U.S.A.) using a four-circle Huber diffractometer
in the specular reflection mode (i.e., incident angle | was equal
to the exit angle). X-rays with an energy of E = 10.0 keV (1 =
1.240 A) were used. The beam size was 0.40 mm vertically and
1.2 mm horizontally. The samples were held under a helium
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atmosphere during the measurements to reduce radiation damage
and the background scattering from the ambient gas. The off-
specular background was measured and subtracted from the
specular counts.

Template Layer Formation (T1, T2) with Chromophores 1
or 2. Chromophore 1 (5.8 mg, 0.015 mmol) or 2 (7.4 mg, 0.015
mmol) was dissolved in dry toluene (30 mL) by heating to 40
°C, and in dry toluene/acetonitrile (1:1, v/v) (30 mL) at 80 °C,
respectively, for 30 min. These 0.5 mM solutions were degassed
under argon and loaded together with chlorobenzyl-functional-
ized glass and silicon substrates in glass pressure tubes under
N,. The sealed tubes were heated at 100 °C (1) and 87 °C (2)
for 72 h with exclusion of light. Subsequently, the slides were
sonicated consecutively in toluene, CH,Cl,, isopropanol for 6
min, cleaned with Kimwipes, wetted with ethanol, sonicated
again, and dried under a stream of N, (Scheme S1, Supporting
Information).

Stepwise Formation of the Coordination-Based Networks
(MON1 and MONZ2). The glass and silicon substrates, function-
alized with a 1- or 2-based template layer, were rinsed with THF
and then immersed for 15 min in a THF solution (20 mL) of
PdCI,(PhCN), (7.7 mg, 1.0 mM) at room temperature. The
samples were then sonicated in THF (x2) and in acetone (x1)
for 3 min each. The substrates were rinsed with THF and then
immersed in 1.0 mM chromophore solutions (1: 7.7 mg in 20
mL THF or 2: 14.7 mg in 30 mL THF/DMF = 8:2, v/v) for 15
min at room temperature. The samples were then sonicated in
THF (x2) and in acetone (x 1) for 3 min each. Five chromophore
layers were grown using this stepwise deposition procedure. The
PdCI,(PhCN), and chromophore solutions remained clear during
the multilayer formation. Similar results were obtained by reusing
or discarding the solutions after each deposition step. The slides
were rinsed with ethanol and dried under a stream of N..

Formation of Complex 3. A solution of ligand 4 (41 mg, 0.11
mmol) in THF (5 mL) was added slowly to a stirred solution of
PdCI,(PhCN), (20 mg, 0.05 mmol) in THF (5 mL). The resulting
yellow solution was dried under vacuum. The powder was then
washed with pentane (x3) and dried again under vacuum to yield
a yellow powder. X-ray quality crystals were obtained from a
solution of toluene/CH,CIl,/THF (1:1:1, v/v/v) at room temperature.
H NMR (CDCly): 6 8.75 (d, PyrH, 3Jyy = 6.7 Hz, 4Jyy = 1.2
Hz), 7.66 (br, ArH), 7.58 (m, 6H, ArH), 7.41 (m, ArH), 7.31 (m,
ArH), 7.28 (s, ArH), 7.23 (d, CH=CH, Juy = 16.4 Hz) 7.16 (d,
CH=CH, Jyy = 16.3 Hz), 7.10 (d, CH=CH, Jyy = 16.2 Hz).
BC{*H} NMR (CDCly): 6 152.65, 147.28 (C,), 138.18 (Cg), 136.72
(Cy), 136.10 (Cy), 135.10, 129.64, 128.54, 127.75, 127.49, 126.40,
125.45, 124.42, 124.42, 121.75. UV/vis (THF) A = 317 nm (¢ =
52 x 10* M7t cm™). Elemental Analysis (%) calcd. for
CsgH1ClN,Pd: C, 73.46; H, 4.89; found: C, 73.04; H, 5.11.

X-ray Analysis of Complex 3. Crystal data: CgH4eCINoPd,
prism, 0.12 x 0.07 x 0.04 mmd, Monoclinic, P2/c, a = 17.8217(13)
A, b =6.8370(5) A, c = 26.0357(16) A, B = 124.977(4)°, from
20 degrees of data, T = 100(2) K, V = 2599.4(3) A3, Z = 2, Fw
=987.34, D, = 1.261 Mg-m3, u = 0.499 mm™*. Data collection
and processing: Bruker Kappa ApexIl CCD diffractometer, Mo Ko
2 =0.71073 A, graphite monochromator, MiraCol optics, —19 <
h=<21,-6<k=<8, —31 <1| =31, 20 = 51.36°, frame scan
width = 0.5°, scan speed 1.0° per 60 s, typical peak mosaicity 1.10°,
19665 reflections collected, 4928 independent reflections (Riq
=0.055). The data were processed with Bruker Apex2. Solution
and refinement: structure solved by direct methods with SHELXS-

97.%” Full matrix least-squares refinement based on F? with
SHELXL-97,%" 310 parameters with 0 restraints, final R, = 0.0589
(based on F?) for data with | > 2¢(l) and R; = 0.0985 on 4928
reflections, goodness-of-fit on F? = 1.033, largest electron density
peak = 1.125 e-A=3 and hole = 0.355 e+ A3,

Computational Details. All structures were optimized using
the semiempircal method Parametric Method number 6 (PM6)
using either Gaussian09%® or MOPAC2007.2°3° The systems
under investigation are simply far too large to optimize with
DFT. For example, the Cs-symmetric structure of the hexamer
of 1PdC1,was optimized at the PBE*°/SDD(Pd)**+D95(H,C,N,Cl)*?/
DFBS*? (density fitting basis sets, specifically the automatic
DFBS generation algorithm implemented in Gaussian09) level
of theory, but this required several weeks of wall time running
on eight processors. The models of the template layer (T1 and
T2, Figure 3) were optimized at the M06-L/pc-1/DFBS level of
theory, where MO06-L** is Truhlar’s local (i.e., nonhybrid)
member of the M06 family of DFT functionals,*® and pc-1 is
Jensen’s double-¢ polarization-consistent basis set.*® All calcula-
tions were carried out using Gaussian09 except for PM6
calculation with periodic boundary conditions (PBC), which were
performed with MOPAC2007.
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