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ABSTRACT: The behavior of compound 2 [1,3,5-tri(2,2'-
bipyridin-S-yl)benzene] with three bipyridine units arranged in
a star geometry is investigated in the presence and absence of
Ni(ClO,),. Its properties at the air—water interface as well as
after transfer onto a solid substrate are studied by several
techniques including Brewster angle microscopy, X-ray
reflectivity, neutron reflectivity, X-ray photoelectron spectros-
copy, Rutherford backscattering spectrometry, and atomic
force microscopy combined with optical microscopy. It is
found that compound 2 within the monolayers formed stays
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almost vertical at the interface and that at high Ni**/2 (Ni**/2 = 4000, 20'000) ratios two of the three bipyridine units of 2 are
complexed, resulting in supramolecular sheets that are likely composed of arrays of linear metal—organic complexation polymers.

1. INTRODUCTION

Starting with the work by Gee et al. in 1936, chemists have
been interested in the creation of infinitely large monolayer
(ML) sheets and whether they can be provided with long-range
internal order (periodicity, crystallinity).” Mild methods to
synthesize monolayer sheets with strong internal bonds are
attractive because they in principle allow for rational structure
design and the placement of functional groups on the sheets at
predetermined sites." "' We and others have therefore started
to explore the accessibility of ML sheets including two-
dimensional polymers (2DP) both in single crystals'' ~'* and at
the air/water interface.””~>° Attempts in solution have also
been reported.”"** Although the single-crystal approach has in
fact led to the proven 2DPs, the air/water interface approach
offers access to ML sheets with macroscopic size at the expense,
however, of a more complex structure elucidation on the
molecular level. Nevertheless, both metal—organic and covalent
ML sheets exhibiting mechanical coherence and considerable
mechanical stability were realized.">~>°
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Metal—organic sheets were obtained using terpyridine (tpy)-
based monomers such as hexafunctional compound 1 (Figure
1). Metal cations Fe*, Co**, Ni*, and Zn** served as
connectors and were provided from the subphase to the spread
and compressed monomer ML lying flat at the air/water
interface.">'® Within minutes to hours, mechanically stable
sheets formed with [Met(tpy),]** (Met = metal) complexes as
the netpoints. Motivated by this particularly easy and mild
access to robust and free-standing sheets, we started a program
exploring other types of monomers for network formation and
concentrated first on compounds that carry peripheral 4,4'-
bipyridine (bpy) for possible metal complexation. Figure 1
shows the first studied example, trifunctional compound 2. The
choice of bpy as a ligand was in part motivated by the
consideration that a square planar complexation of bpy

its">** at net points could have advantages over the
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Figure 1. Chemical structures of monomers 1 and 2. Monomer 1
carries six terpyridine units, and monomer 2 carries three bipyridine
units intended to serve as ligands for metal ion complexation when
spread at an air/water interface.

rectangular complexation typical for tpy’s when analyzing the
molecular structure by STM. At first, however, we were curious
to see whether the novel bpy-based compounds would lie flat
on the water surface or assume other arrangements that could
open access to novel kinds of ML sheets complementing the
now existing ones. In particular, porphyrin and phthalocyanine
derivates often stand up on water, assuming different tilt angles
to the surface normal,”” >’ though there are also excep-
tions.” !

Here we describe the spreading behavior of 2 at the air/water
interface into the corresponding monolayers ML2 as observed
by the surface pressure/mean molecular area (MMA) isotherms
and by Brewster’s angle microscopy (BAM). The ML2
thickness is determined before transfer by X-ray reflectivity
(XRR) and after transfer onto a solid substrate by AFM (Si/
SiO,) and neutron reflectivity (NR, Si wafer). Together with
the MMA values, this led us to propose that compound 2 does
not lie flat on the water surface. Next we describe the exposure
of ML2 to varying ratios of Ni(ClO,), to see whether a planar
conformation of the monomers can be enforced through
complexation or an alternative complexation mode is favored in
which the vertically standing constituents are stitched together
by complexation of the bpy units pointing downward. After this
exposure, ML2 is referred to as sheets, S2y; whereby the
subscript denotes the Ni**/2-ratio used for sheet synthesis.
Finally, we report the results of X-ray reflectivity (XRR),
neutron reflectivity (NR), Rutherford backscattering spectros-
copy (RBS), and X-ray photoelectron spectroscopy (XPS) to
arrive at an estimation of the stoichiometry between monomer
2 and Ni** in the sheets, S2y;. XPS is further used to prove
whether the Ni** ions are actually complexed to the bpy units
of 2 and to which degree this is the case for the different Ni**/2
ratios applied. Despite the fact that the full characterization of
MLs is experimentally challenging, the combination of these
four experimental tools provides valuable insights into this
stoichiometric structural information, which led us to propose a
provisory model for S2y;.

2. MATERIALS AND METHODS

2.A. Monomer Synthesis and Monomer Size. The key
compound for synthesis is bipyridine 3, which was synthesized on
the 5 g scale according to known Negishi coupling procedures.””*>
Bromide 3 was directly coupled with 1,3,5-benzene trisboronic ester
4** to monomer 2 using standard Suzuki Miyaura cross-coupling
conditions (Figure 2). Monomer 2 was recrystallized from acetonitrile
and obtained on the 100 mg scale. Its proton NMR spectrum showed
a singlet for the aromatic protons of the central ring at § = 7.95 ppm,

1647

Na,CO3
[Pd(PPh3)q)
—_—
N DMF/H,0

80°C

Br

A

18.4A

18.4A 34A

Figure 2. (a) Synthesis sequence to obtain monomer 2. Estimation of
the size of monomer 2 in A: (b) top view and (c) simplified side view.
The sizes include the relevant hydrogen atoms, which are not shown

for clarity.

proving the symmetry. The size of monomer 2 was estimated by
simple geometric considerations (Figure 2). Assuming the monomer
to be a disc, the diameter D of this disc will be on the order of D ~ 21
A, and the area A will be ~300 A% Assuming the monomer to stand
upright with two of its bpy units pointing downward, the height h will
be ~16 A and the projected area on the surface will be 18.4 X 3.4 A* ~
63 A2, assuming a molecule thickness resembling that of graphene (3.4
A).

2.B. Monolayer Formation and Exposure to Ni(ClO,),. A
dilute chloroform solution (0.5 mg/mL) of compound 2 was spread at
an air/water interface, and the formation of monolayer ML2 was
observed with BAM. After an equilibration time of 30 min at 8 mN
m™!, ML2 was exposed to concentrated Ni(ClO,), solutions (0.5—5
mL) that were injected into the subphase beneath the spread ML. The
following ratios of total Ni(ClO,), in the subphase to monomer 2 at
the interface were applied: Ni**/2 = 400, 4000, and 20’000, resulting
in sheets $249 S240000 and 82,00 respectively. Not for all
measurements were these three Ni**/2 ratios applied. To guarantee
that the system reaches the saturation level of complexation, the
exposure time was set to 15 h if not otherwise noted.

2.C. X-ray Reflectivity. XRR experiments were carried out at
beamline ID10B of the European Synchrotron Radiation Facility
(ESRF, Grenoble). The monolayers were irradiated with a
monochromatic synchrotron beam with energy of 8 keV correspond-
ing to a wavelength of 4 = 1.55 A. The XRR curves were recorded at
angles of incidence of @ = 0 to 4.6° giving a range of momentum
transfer from 0 to 0.65 A™'. The reflectivity was normalized to the
incident beam and analyzed using the Parratt formalism® with a
genetic minimization algorithm implemented in the MOTOFIT
software package.”® The incident angle 6 was transformed into the
scattering vector component normal to the interface, q, = 47 sin(6)/A.

2.D. Monolayer and Sheet Transfer. Monolayers ML2 and Ni-
exposed monolayers, sheets $2,00_»0000, Were horizontally transferred
onto various substrates depending on the intended analytical method
used for characterization. As substrates, Si/SiO, (280 nm) for AFM
and RBS, silicon wafers with an oxide layer of approximately 1 nm for
NR, and Si/SiO, (280 nm) covered with an Au layer (200 nm) for
XPS were used. The sheets were dried for 3 h after transfer under
ambient conditions and investigated as obtained.

The sheet heights were determined (among other methods; see
later) by tapping-mode AFM (TM-AFM) after transfer onto silicon
wafers (Discussion section), whereby the necessary edges were created
by removing a piece of mica that had been deposited on the substrate
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prior to transfer (for details, see SI). This resulted in sheet rupturing.
Typical images are contained in Figure 4d—f; and the height values are
collected in Table 1.

Table 1. Thickness d, Scattering Length Density SLD, and
Root-Mean-Square Roughness 6 of ML2 and $2,499.50000 S
Determined by X-ray Reflectivity (XRR) at the Air/Water
Interface and Atomic Force Microscopy (AFM) as Well as
Neutron Reflectivity (NR) on a Si/SiO,” Substrate

d (A) SLD (107¢ A?) o (A)
XRRb
ML2 172 + 0.1 11.73 + 0.11 3.1+01
824000 19.6 + 0.2 12.04 + 0.06 31401
solution 9.45 3+0.1
d (A) SLD (107¢ A=) o (A)°
NR
ML2 153 £ 0.5 2.86 + 0.04 3
§2,400 157 £ 0.5 3.04 + 0.04 3
$2,4000 16.6 + 0.5 3.51 + 0.04 3
d (A)
AFM
$2.400 <1
$2,4000 19
S2’20’000 25

“For the AFM measurements Si/SiO, (280 nm) was used, and the NR
experiments were carried out on a Si wafer with a native oxide layer of
~1 nm. %2 of the fit remained below 0.03. “ is the rms roughness of
the monolayer—air interface.

2.E. Neutron Reflectivity. Specular neutron reflectivity experi-
ments were carried out on time-of-flight reflectometer G3bis in the
ORPHEE reactor (Laboratoire Léon Brillouin, CEA-Saclay, France).
Each sample was measured at two angles of incidence, & = 0.8 and
2.5°, using a polychromatic beam with a range of wavelength 1 = 2.0
to 25 A. The vertical slit openings were adjusted so that the angular
resolution for both angles of incidence was 66/6 = 5%. These two
configurations give a total range of momentum transfer, q, = 4«
sin(0)/4, of about 0.007 to 0.27 A™". The acquisition times for the
reflectivity spectra were 2 h at 0.8° and 1S5 h at 2.5°.

2.F. X-ray Photoelectron Spectroscopy. XPS is a quantitative
surface analysis method. X-rays excite electrons in elements. The
kinetic energy of the electrons is linked to the excitation energy and
their original binding energy in the element and is thus a fingerprint of
that element. Although core electrons mainly feel the Coulomb
potential of the nucleus and the neighboring (core-level) electrons,
chemical interactions cause small changes in the binding energy of the
core levels as well. Thus, the binding energy of XPS electrons also
reveals the chemical state of the element. As electrons can travel only a
few angstroms in most materials, only electrons from near the surface
can leave the materials and are later detected by the electron analyzer.
In calibrating the system by considering the transmission factor of the
spectrometer, the elementary photoemission yield, and the mean free
path, the number of electrons assigned to a certain element allows us
to measure element concentration with a detection limit of 0.1 to 1
atom %.”

2.G. Rutherford Backscattering. The samples were characterized
by Rutherford backscattering spectrometry (RBS)*® at the ETH
Laboratory of Ion Beam Physics. Measurements were performed on
monolayers of 824, $24000, @and $2,000 0n Si/SiO, using a 2 MeV
*He beam and a silicon PIN diode detector under 168°. The collected
RBS data was analyzed using the RUMP code.” The area density of
Ni atoms at the surface was normalized to the substrate signal height.
The small Ni signal is sitting on a flat background caused by event pile-
up from the sample substrate. On the one hand, this background has
been simulated by the RUMP code. On the other hand, it was
removed by the subtraction of a linear background level. Both data
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analysis techniques lead to results that agree within statistical
uncertainty that amounts to approximately 15%. The systematic
uncertainty is around 5% and is mainly caused by the calculation of the
substrate signal height. RBS measures a higher Ni ratio than the other
techniques. Because all of the samples measured by RBS have also
been investigated by AFM, it can be excluded that the sheets were
partially folded. RBS has a depth resolution of a few tens of
nanometers. The technique can therefore not distinguish between
complexed Ni and residual Ni that might be directly below the
molecular monolayer or might have diffused into the substrate.

Because this method is not often used in the analysis of organic
monolayers, a brief explanation can be found in the Supporting
Information.

3. RESULTS
3.A. BAM. After the spreading of monomer 2, the isotherm

was recorded. Figure 3 shows the corresponding surface

s S
mean molecular area (A7)

500 um

Figure 3. (a—c) Monomer 2 at the air/water interface. (a) Isotherm of
monomer 2 used to determine the mean molecular area A = 52 A at
an SP of 7 = 8 mN/m. BAM images at SP = 8 mN/m before salt
injection (b) and 8 h after injection (c). The darker appearance in the
lower part of the image is a consequence of water evaporation.

pressure (SP)/mean molecular area (MMA) curves and some
BAM images. At pressures higher than approximately 8 mN
m~!, the isotherm indicates processes beyond simple
monolayer formation until the final collapse pressure of ~32
mN m™! is reached. The MMA for 2 from the well-behaved
part of the isotherm at 8 mN/m is 52 A% This value is used
throughout for the determination of the Ni**/2 ratio. The BAM
images, after the typical formation of islands (not shown),
indicate irregularities in the ML (Figure 3b). These
irregularities remain even after an equilibration period of 13
h. The microscope was moved to a few other sites on the
interface where similar images were obtained. Thus, the
disorder probably concerns the entire monolayer on the 20 X
50 cm*-sized trough. Interestingly, virtually independent of the
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Figure 4. Analysis of 82,0, 24000, and S255000 by XRR (a), NR (b), XPS (c), TM-AFM (d—f), and RBS (g) of ML2 and various S2y;. (a) X-ray
reflectivity of monolayers at the air/water interface. Solid lines are best-fit curves: ML2 (blue circles) and $2,44y (green circles). The corresponding
sld profiles are shown in the inset. (b) Neutron reflectivity of transferred monolayers on a Si wafer. Solid lines are best-fit curves: ML2 (blue
squares), $2,9, (green triangles), and $2,0q, (red circles). The sld profiles are shown in the inset. (c) XP spectra of the N 1s (left) and Ni 2p (right)
states for various S2y;. For comparison, the spectra of metallic Ni and monomer 2 are included. The N 1s signal is deconvoluted into contributions
from N in bpy, Ni-coordinated bpy, and protonated bpy. The Ni states are solely attributed to Ni(II) coordinated with bpy. (d—f) TM-AFM images
taken on Si/SiO, (280 nm). For height profiles, see insets. (g) RBS of a monolayer sheet. The Ni peak sits on a flat background produced by event
pile up from the substrate signal. The solid red line is a simulation representing the best fit of the Ni surface coverage.

applied Ni**/2 ratios, the MLs finally become homogeneous as
judged by BAM (Figure 3c). Thus, the presence of the salt has
a direct impact on the structure of the monolayer.

3.B. XRR. Figure 4a shows the measured XRR curves of
monomer MLs before (green circles) and 7 h after Ni-salt
injection (blue circles). The red solid lines represent the best
matching fits. The obtained structure parameters corresponding
to the best matching fit are summarized in the inset of Figure 4
and Table 1. The thickness of monolayer ML2 is 17.2 A. After
the injection of Ni salt into the subphase, the thickness of
resulting sheet 2,4, increases by 2.4 A to 19.6 A. Additionally,
the thickness increase is combined with a slight increase in the
scattering-length density (Figure 4a), indicating the enrichment
of ions near the air/water interface. We therefore assign this
increase to a binding interaction between the monomers and
Ni**, This increase allows us to estimate the excess number of
electrons of 82,4, after the addition of Ni** ions as N, =

1649

An(da,, Psru, — GriaPyia), where A, is the area per monomer

2 and d is the sheet thickness. p is the electron density related
to the scattering-length density as p = SLD/r,, where r, = 2.818
X 107" m is the classical radius of the electron. By assuming
two perchlorate counterions per one Ni** ion and using the
values in Figure 4a, the number of Ni ions per monomer
molecule 2 is derived to be 0.61 + 0.18 (Table 2).

3.C. NR. For the bare silicon wafer, the reflectivity profile
indicates the presence of a native oxide layer of about 10.4 +
0.5 A; this oxide layer is taken into account when data fitting
the transferred monolayers. Thus, the reflectivity curves are
fitted with a two-layer model, with the first layer describing the
transferred monolayer and the second describing the oxide
layer. The variable parameters are the scattering-length density
Nb and thickness d of each layer plus the width of each
interface as described by an error function. To optimize the
information on the monolayer, the native oxide layer is
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Table 2. Determination of the Ni**/2 Ratio in Sheet S2y; by
XRR at the Air/Water Interface, by NR and RBS on the Si
Wafer, and by XPS on Au

method 2 Ni(11)/2

XRR $2,4000 0.6 + 024"

NR 82,400 <0.5?
$24000 11%f

RBS $2400 Ni below detection limit
$24000 1.7°
230000 18"

XPS Ni 2p $24000 0.6 + 0.5
$250000 1.0 £ 0.5

“Assuming 2 perchlorate counterions per Ni(Il). “Assuming MMA =
52 A as suggested by the isotherm.

assumed to be unchanged. Moreover, the lowest interfacial
roughnesses are fixed at 3 A to complementarily unite the XRR
and NR analyses. This enables one to refine the fitting of the
scattering-length density Nb and thickness d of the monolayer.

For monolayer ML2, the best-fit values to the reflectivity
curve (shown in Figure 4b) are d = 15.3 + 0.5 A and Nb =
(2.86 + 0.04) X 107° A=2; for sheet $2,4, d = 15.7 + 0.5 A and
Nb = (3.04 + 0.04) X 107% A% and for sheet 82,999, d = 16.6 +
0.5 A and Nb = (3.51 + 0.04) X 107 A% The significant
increase in the scattering-length density after injection with
Ni** indicates the accumulation of Ni** (and its counterion
perchlorate) in the monolayer, with an accompanying small
increase in thickness. If this increase in Nb is attributed only to
the presence of Ni** and its counterion ClO,”, then it is
possible to estimate the amount of Ni** and ClO,” from
DiNb(Ni) + peior Nb(CIO;) = ANb = 0.18 X 107 A2 for
$2,00 and 0.65 X 107 A2 for S2,500. ¢y and Pior are the
volume fractions of the species in the sheet, and Nb(Ni) =
9.406 X 107° A2 and Nb(CIO;) = 4.00 X 107 A2 the
theoretical estimates of their scattering-length densities with
corresponding molecular volumes of vy; = 11 A* and v 05 = 82
A3 For the dry transferred layer, it is reasonable to consider
the condition of electroneutrality where each Ni** is associated
with two ClO,” ions.

From mass balance in the monolayer ¢y; + @cior + P, = 1
where ¢, is the volume fraction of monomer 2, the
concentration of each species can be estimated. These results
give <0.5 Ni per monomer 2 for $2,, and ~1 Ni per monomer
2 for 82,59 (Table 2).

3.D. XPS. The qualitative analysis of monolayer-thick
membranes by XPS is straightforward. Figure 4c shows a series
of N 1s and Ni 2p spectra taken from monolayer ML2 and
sheets 82,00 and 82,y as well as from Ni metal. We focus on
the peaks from N 1s and Ni 2p orbitals. We note that the
binding energy of the Ni 2p electrons matches that of literature
values for Ni. Then we see that the observed binding energy of
Ni 2p electrons is clearly different from that of Ni 2p in
Ni(ClO,),, which justifies their assignment as Ni**(bpy),,.
This is evidence that Ni** has reacted with monomer 2. The
result is supported by the corresponding changes in the N 1s
peaks. Comparing the measured binding energies to those of
monomer 2, the three contributions to the N 1s peak are
interpreted as the nitrogen atoms in the bpy’s, which are not
coordinated to Ni**, protonated nitrogen atoms, and nitrogen
atoms coordinated to Ni**. The amount of Ni-coordinated bpy
increases with the Ni salt concentration applied during
polymerization.
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A quantitative analysis by XPS requires a structural model
because the thickness of the membrane (approximately 1.9 nm)
is similar to the excitation length of photoelectrons. Electrons
from atoms at the bottom of the membrane contribute
differently to the signal than those from the top. In
homogeneous samples, this is implemented in the calibration
factor (sensitivity factor). However, the structural character-
izations of the films by AFM, XRR, and NR as well as by MMA
hint at a structure of the polymer in which the monomers are
standing more or less upright with two bpy units and their Ni
ions at the bottom (pointing toward the water interface). In
this case, the Ni intensity is reduced by the factor e ™%, where x
is the membrane thickness and 4 is the excitation depth of the
Ni photoelectrons. With 4 = 2 nm (for Ni 2p electrons in
organic matter)* and x = 1.9 nm, the Ni concentration is thus
underestimated by a factor of 2.6. The thus-derived Ni content
is 2.2 atom % for 2,4, which corresponds to approximately
1 + 0.5 Ni atoms per monomer 2. We mention that this
number is error prone. On one hand, we have the typical error
of 0.5 atom % due to intrinsic measurement uncertainties and
data fitting; on the other hand, there is an uncertainty regarding
sheet thickness. Furthermore, any other molecules sticking to
the surface (water, CO,, residue from the polymerization
reaction) will falsify the result. Apart from the absolute amount,
the Ni contents clearly show a trend, which is in agreement
with the changes in the N 1s indicating a varying nitrogen/
nickel interaction: the ratio of noncomplexed bpy to Ni**-
complexed bpy depends on the feed concentration. This aspect
has a bearing on the question of whether S2y; sheets have a
preferred Ni**/2 ratio or, in other words, whether they have a
defined stoichiometry between their constituents (monomer 2
and Ni**). It seems that this can be the case only for high Ni**/
2 ratios, if at all.

3.E. AFM. Attempts to measure the ML2 by AFM on mica
and on silicon failed. The edges were created as described (SI),
but the features observed were ill-defined, indicating substantial
positional freedom of the monomer (Figure S1) and also
including the option to lie flat on the solid substrate. Instead,
AFM heights were successfully determined for $2,,, S24000,
and 82,49, and Table 1 provides the corresponding height
values.

4. DISCUSSION

If one assumes that the monomer lies flat on the interface, then
a simple hexagonal structure model based on ChemDraw using
disclike objects of the same dimensions as 2 suggests an upper
threshold for the MMA of 300 A* (Figure 2). Despite the fact
that the BAM images showed the monolayer not to be
macroscopically homogeneous, hinting toward a larger-than-
observed MMA, the small value of 52 A’ suggests that the
monomer almost takes an upright orientation. For such a
geometry, the same model suggests MMA = 63 A’ for
monomer 2, which is in reasonable agreement with the
experiment given the uncertainties mentioned.

Next, the thickness of the ML was investigated. The
expectation value for a vertical arrangement was hqq & 16
A (Figure 2). This seems to explain the thickness of an ML2
monolayer obtained by XRR, hy, = 172 A for ML2.
Comparing the thickness values obtained for ML2 and $2,49,
by XRR, a clearly larger §2,, thickness (g 4000(xrr) = 19-6 A)
indicates the binding of ML2 and Ni*'. The same tendency was
observed by NR and AFM (Table 1). This seems to reflect the
change in the molecular tilt angle with respect to the direction
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Figure $. Top view of idealized molecular models (a) and (b) for the complexation between monomer 2 and Ni**. The monomer is represented as a
line with the two bpy’s pointing downward, shown as pairs of black dots and disregarding the bpy unit pointing upward, away from the interface. The
tilt angle is set to be 90°. The gray spheres represent Ni**. Linear chains with the director axis perpendicular (a) and tilted to the monomer
orientation (b). Both models involve weak complexes that should allow for metal ion exchange processes to occur. This model disregards the actual

complexation geometry, which ideally should be square planar.

normal to the surface and the change in water level due to Ni**
binding. Moreover, the fact that the thickness of $24p4
obtained by AFM (g, 4000(arm) = 19 A) is comparable to that
on the water surface implies that the transfer of S2 films to a
solid substrates does not alter the molecular orientation
drastically. It is noted that the edges of $2,y, used for the
height determination appear to be brittle, which, interestingly,
suggests the sheet to be a cohesive entity. It is further noted
that the thickness values obtained by NR were slightly lower
compared to those obtained from the other techniques (Table
1). This can be attributed to hydrogen atoms that are
incoherent scatterers and have a low SLD contrast with air.
Therefore, these atoms contribute only to the background level
but not to structural information, as reported for other organic
thin films.**~*® When the molar ratio of Ni>* was low ($2,q,),
AFM suggested fuzzy features near the film periphery, which
are reminiscent of fluidlike behavior (Figure 4d). This makes it
difficult to determine the film thickness (Table 1), suggesting
that the degree of Ni complexation is very poor, if there is any.
In fact, there is no sizable effect on the mechanical coherence
by clamping monomers together by intermolecular Ni(bpy),
complexes. Consequently, §2,, is not a cohesive sheet such as
82,4000- This argumentation is in line with the NR data on $2,,
which show only a very small increase in thickness. According
to the increase in the Ni** molar ratio to $2,9, (Figure 4e), the
film thickness measured by AFM (19 A) shows very good
agreement with those determined by XRR and NR. However,
at a high Ni** molar ratio (S2y000, Figure 4f), the thickness of
the transferred S2 monolayer obtained by AFM (25 A) is much
greater than what one can imagine from the molecular size,
suggesting an artifact from excess salts. Thus, our results convey
a clear message that the complexation does not drive a pulling
down of the monomers to lie flat on the interface.

In the next step, the incorporation of Ni** into S2 sheets was
determined. In addition, RBS (Figure 4g) was measured for S2
sheets prepared at different molar ratios. There it first needs to
be clarified that the ratios obtained by XRR, NR, and RBS refer
to the ones between the total number of Ni** and the total
number of monomers and thus disregard whether Ni*' is
engaged in complexation. The binding stoichiometry values
calculated from the experimental data are compiled in Table 2.
Despite the technical limit of each technique and various
assumptions made (Materials and Methods section), the values
in Table 2 are in reasonable agreement, which allows us to draw
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the following two conclusions: (i) Ni** is unequivocally part of
all S2 sheets and (ii) the Ni**/2 ratio is on the order of unity.

The RBS and XPS measurements deserve further comment.
The RBS values for 82,550 and $2,00go Suggest a higher Ni**/2
ratio than for the other methods. While we do not yet fully
understand where this difference comes from, it is mentioned
that the RBS signal is relatively broad and may convolute
contributions from Ni or other neighboring elements (in
particular Fe) contained in the substrate, resulting in somewhat
higher ratios than those measured by the surface-sensitive
techniques. This may also explain why the two ratios obtained
for the two samples differ only slightly.

The spectral analysis of the XPS N 1s signal (Figure 4c, left
panel) allows for the discrimination of N in noncoordinated
bpy (blue), protonated N (green), and N coordinated to Ni
(red). First, as presented in the figure, the signal from the
protonated bpy (green) is close to the baseline. Second, the
ratio between Ni-complexed bpy and noncomplexed bpy
(bpyni/bpy) monotonically increases with the feed ratio of
Ni*', reaching ~2 for 82,500 This seems reasonable from the
orientation of the monolayer suggested from XRR and NR,
where one-third of bipyridine moieties stick out to the air phase
and thus cannot form complexes with Ni**. However, it should
be noted that it is not possible to discriminate Ni(bpy)** vs
Ni(bpy),™".

XPS results are not only in qualitative agreement with the
ratio estimates given in Table 2 but also suggest that there is no
stable complex between Ni** and the bpy units of compound 2
in 82y; sheets, which would cause a fixed ratio between these
two components representative of an energetic minimum. This
aspect needs to be accounted for in a molecular model for sheet
S2 (see below).

The analysis of the Ni 2p signals supports the increasing
complexation of the bpy units with increasing Ni** in the feed.
As Figure 4c (right panel) shows, the intensity of the Ni 2p
signal due to complex formation increases when going from
$2,4000 10 $250000- Thus, XPS independently confirms the Ni**/
2 ratio of unity as given in Table 2, which is consistent with the
conclusions drawn from the analysis of the N 1s signals.

Figure S schematically represents the lateral assembly of the
$2,0000 Sheet (sheet at saturation). It is assumed that each
metal center is engaged in [Ni(bpy),]*" complexes as suggested
by the XPS results. It is also considered reasonable to assume
that bpy’s do not bridge two Ni*". Consequently, only linear
chains of a novel metal—organic polymer can form; networks
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are not accessible. The mechanical cohesiveness of the sheet, as
indicated by the sharp edges visible in the AFM images
(Figures 4e,f), is a result of monomer/monomer contacts and
of this complexation. When going to lower ratios, an increasing
number of Ni sites remain empty (e.g., approximately one-half
for $24400), which in turn increasingly reduces the mechanical
integrity of the sheet all the way to $2,o, where the film edges
appear liquidlike (Figure 4d, hpy in Table 1). Further
experiments with grazing incidence X-ray diffraction would
help us gain a more precise picture of intermolecular
coordination at the interface.*”*!

5. CONCLUSIONS

Monomer 2 spread at the air/water interface and a Ni2* salt
provided in the subphase react with one another. The
molecular-scale encounters associated with this were inves-
tigated by XRR, NR, RBS, XPS, and AFM both at the interface
and after transfer of the different entity formed at the interface
onto solid substrates. This study sheds light on what happens to
the monomer at the interface before it is exposed to the metal
ion. What does the metal ion do to the initial monomer
arrangement, and what is the final situation for extreme Ni?t/2
ratios for an extreme excess of Ni** 2

The key findings are the following: (a) Compound 2 stands
up at the interface and cannot be pulled down to lie flat on the
water by complexation irrespective of the Ni**/2 ratio applied
to the system. (b) The Ni**/2 ratio in 82,4, is approximately
unity, although XPS gives a somewhat smaller value and RBS
gives a somewhat larger value. (c) $24, is not a good sheet.
Not only are its thickness and the Ni**/2 ratio too low but also
AFM shows liquidlike edges, suggesting mobility within the
sheet. (d) S24000 appears to be a good yet not perfect sheet.
The thickness values from XRR and AFM agree well with the
expected ones assuming an upright orientation. The NR
thickness value is somewhat lower but still in an acceptable
range. The Ni**/2 ratio of this sheet from NR is 1.1, which
supports the molecular model proposed in Figure S; however,
we note that this method as well as XRR does not allow us to
differentiate between Ni ions that are complexed to the bpy
units of compound 2 and those that are not. The corresponding
ratio from XPS and XRR is lower (0.6), which, particularly in
regard to the XPS result, may suggest that not all Ni positions
in this model are occupied. () $2,000 Was investigated by XPS
mainly with the intention to determine whether the nickel
complexation can be pushed to the required Ni**/2 ratio of
unity. This in fact was found to further support the model in
Figure 5. (f) There is no defined chemical entity of monomer 2
and Ni** to which a fixed stoichiometry could be assigned that
would represent a sizable energy minimum. Rather, the
seemingly stoichiometric situation in $2,y4p in which all of
the bpy units pointing toward the interface are actually engaged
in complex formation is enforced by the huge excess of Ni** to
monomer.

We present two related molecular models accounting for this.
They invoke metal—organic chain polymers that also explain
part of the increasing mechanical coherence with the Ni**/2
ratio. While we have failed the initial goal to use monomer 2 for
the creation of 2D networks, the present work shows a simple
method of how to create mechanically coherent sheets between
monomer 2 and Ni** (in particular for $2,4). These sheets
suggest stunning opportunities resulting from (i) the weakness
of the complexes involved and (ii) the molecular model
suggesting an unused bpy unit (a spectator) that each
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monomer presents on the side of the sheet opposite to the
Ni complexes. Because the complexes that undoubtedly form
between the bpy units and Ni** do not represent a strong,
persistent complex, the sheets may be used to exchange some
of the Ni** ions by other transition-metal ions resulting in a
dense array of different metal ions held together in a sheet.
Such a scenario could be of interest in catalysis.”” The other
opportunity is to use the unused bpy units for the complexation
of a different metal ion resulting in a nanosheet, the two sides
of which carry rather dense arrays of (at least) two different
metals, which appear to be an unprecedented array. Finally, we
note that the sheets described here expand the range of

supramolecular sheets reported by various groups.*™>*
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