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Abstract: Bottom-up fabrication of 3D
organic nanostructures on Si(100) sur-
faces has been achieved by a two-step
procedure. Tetradentate cavitand 1 was

rived from cavitand § bearing a fluores-
cence marker, led to the formation of
coordination cages on Si(100). Forma-
tion, quantification, and distribution of

1 Marco Montalti,'! Luca Prodi,'! and

the nanoscale molecular containers on
a silicon surface was assessed by using
three complementary analytical tech-
niques (AFM, XPS, and fluorescence)

grafted on the Si surface together with
1-octene (Oct) as a spatial spectator by
photochemical hydrosilylation. Ligand
exchange between grafted cavitand 1
and self-assembled homocage 2, de-

Introduction

Self-assembly is the most promising approach to build or-
ganic nanostructures on surfaces, leading to hybrid organic—
inorganic materials.!! The idea behind this approach is to
exploit the thermodynamic control and reversibility of self-
assembly for the error-free generation of 3D architectures
directly on surfaces, which is one of the key requirements
for the development of nanotechnology® and molecular
electronics.”! So far, most of the activity has been concen-
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and validated by control experiments
on cavitand-free silicon surfaces. Inter-
estingly, the fluorescence of pyrene at
~4 nm above the Si(100) surface can
be clearly observed.

cages

trated on gold surfaces, due to the easy access to SAMs
(self-assembled monolayers)“ as substrates for further deri-
vatizations.”® As most of the devices are Si-based, the abili-
ty to generate 3D nanoscopic structures on silicon repre-
sents an important step forward in the direction of Si-inte-
grated hybrid organic-inorganic materials. Surface hydrosi-
lylation of H-terminated silicon wafers has emerged as a
promising strategy for grafting organic molecules onto inor-
ganic surfaces!”! for the development of molecular devices
able to perform specific functions. The two major obstacles
hindering the development of Si-based hybrid materials are:
1) the lack of self-assembly protocols of 3D objects operat-
ing on Si surfaces and 2)the precise characterization of
these hybrid materials, which can only be approached by
using several complementary techniques. As a first step in
this direction, we report the coordination cage self-assembly
(CSA) on Si and the thorough characterization of the result-
ing surfaces by using a combination of XPS (X-ray photo-
electron spectroscopy), AFM (atomic force microscopy),
and fluorescence spectroscopy. Coordination cages are ap-
pealing molecular containers® because of their peculiar
properties, comprising stabilization of reactive intermedi-
ates,”) catalysis'” and reversibility, which allows guest
uptake and release under controlled conditions.!!! For cavi-
tand-based coordination cages the transfer of the self-assem-
bly protocol from solution to gold surfaces has already
been worked out.™
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Results and Discussion

The Si-surface functionalization required a two-step proce-
dure (Scheme 1): 1) grafting the cavitand 1/1-octene (Oct)
mixture on a Si—H surface by photochemical hydrosilyla-
tion™ and 2) CSA of cages 3 by ligand exchange on this sur-
face by using a solution of preformed homocage 2. The
“capping” cavitand forming the grafted heterocage 3 has
been designed to add a powerful and sensitive technique,
namely fluorescence spectroscopy, to AFM and XPS to
prove the effectiveness of the self-assembly on silicon proto-
col. A pyrene derivative was chosen as a fluorescent unit be-
cause of its high emission efficiency and its ability to give
both monomeric and excimeric emission bands and, as a
consequence, to signal the presence of other pyrenes to its
closeness on surfaces.""! The functionalization with only one
pyrene molecule for each cavitand was carried out to avoid
the formation of intramolecular excimers so that the eventu-
al presence of an excimer band in the fluorescence emission
could be attributed to intermolecular interactions.

Synthesis of grafting cavitand 1: This cavitand is a tetraden-
tate ligand, presenting four tolylpyridine derivatives at the
upper rim for metal coordination and four terminal double
bonds at the lower rim for grafting on silicon wafers. The
presence of four outwardly oriented rigid groups is pivotal
for the self-assembly of the coordination cage. The synthesis
of cavitand 1 is outlined in Scheme 2. The reaction of resor-
cinarene 4 with 4-4’-(a,a-dibromo)tolylpyridine led to the
exclusive formation of the outward (0oo0o0) isomer in 25 %
yield.

Cavitand 1 grafting on a Si(100) surface: The cavitand graft-
ing procedure was performed by means of photochemical
hydrosilylation on a H-terminated Si(100) surface. The etch-
ing procedure of the bare silicon wafer and the photochemi-
cal reaction variables were optimized according to a previ-
ous work.™ The use of Oct as a spatial spectator in the
mixed monolayers with cavitand 1 satisfies two require-
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Scheme 2. Synthesis of cavitand 1 used for the grafting on silicon wafers.

ments. The first was to reach an optimal coverage of the Si
surface, thus minimizing the oxidation of the substrate after
the grafting”” and the second was to dilute the cavitand
presence on the surface to avoid interdigitation of the tolyl-
pyridine groups in nearby cavitands, which jeopardizes
CSA.™1 A 1:4 molar ratio between cavitand 1 and Oct
turned out to be the maximum cavitand concentration al-
lowed in the starting grafting solution to fulfill the two re-
quirements.

Synthesis of capping cavitand 5: Cavitand S is also a tetra-
dentate ligand, presenting four outwardly oriented tolylpyri-
dine groups for the self-assembly and a single fluorophore
unit appended at the lower rim. The synthesis consists of
two steps (Scheme 3), the bridging of the resorcinarene 6
phenolic OHs with 4-4'-(a,a-dibromo)tolylpyridine, fol-
lowed by the esterification of the terminal alcohol at the
lower rim of the cavitand 7 with 1-carboxypyrene acid.

Self-assembly of the homocage 2: Self-assembly of the ho-
mocage 2 in solution was performed to see if the fluores-
cence emission of the pyrene unit is retained after CSA.
The self-assembly procedure consisted of the addition of
two [Pt(dppp)(OTf),] complex equivalents to a cavitand 5
solution dissolved in [

D,]dichloromethane (Scheme 4). Fluo-

[si si si s si]

[si si si s si|

Scheme 1. i) Grafting on the etched Si surface of a cavitand 1/Oct mixed monolayer from a mesitylene solution of the organic compounds, ii) CSA of
cage 3 on a Si surface by ligand exchange with homocage 2 dissolved in a CH,Cl, solution.
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CHBr,

Scheme 3. Synthetic pathway to fluorescent cavitand 5. i) DMA dry, K,CO;, 80°C, 16 h, ii) CH,Cl,, DMAP,

DCC, RT, 3 d.

rescence spectra of cavitand 5 and homocage 2 (Figure 4a)
in aerated dichloromethane showed a typical monomeric
band of pyrene with a very high fluorescence quantum yield
(©=0.43 for 5 and @=0.44 for 2) and an excited-state life-
time 7 of 4.9 (5) and 4.8 ns (2), indicating that the formation
of the four Pt complexes has no influence on the photophys-
ical properties of the pyrene chromophore.

Self-assembly of the heterocage 3 on a silicon surface: The
silicon substrate with a cavitand 1/Oct mixture-grafted mon-
olayer was dipped into a solution of homocage 2, formed by
the addition of cavitand 5 and [Pt(dppp)(OTf),], in di-
chloromethane (2.2107*m). The formation of the grafted
heterocage 3 requires ligand exchange between homocage 2
in solution and grafted cavitand 1 (Scheme 1). Ligand ex-
change between cages, already verified in solution,!® led to
the smooth and clean formation of heterocage 3 directly on
the surface. After 3 h at 25°C, the substrate was taken out
of solution, and rinsed thoroughly with ethanol and di-
chloromethane to eliminate any physisorbed species on the
surface. As a control experiment, the same procedure was
performed also on a pure Oct-grafted silicon substrate. Sur-
face XPS and AFM characterizations were performed after
each step.

XPS: The elemental compositions of the alternate prepared

samples are summarized in Table 1. XPS analyses of the
grafted cavitand 1/Oct layer showed the presence of all ex-
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pected elements. The observa-
tion of the N 1s band, mainly
centered at 399.9 eV, is diagnos-
tic of cavitand 1 grafting. The
experimental N/C atomic ratio
is consistent with the atomic N/
C ratio calculated for the molar
composition of the initial cavi-
tand 1/Oct grafting solution.
After CSA, XPS analysis
showed the presence of new el-
ements, namely Pt, F, and S
(Table 1 and Figure S2 in the
Supporting Information). The
formation of cage 3 is support-
ed by the presence of a signal
in the Pt 4f region. In particu-
lar, the 4f 7/2 component cen-
tered at 73.0 eV is diagnostic of
a Pt species (Figure 1a).l"! In
order to verify that the pres-
ence of the Pt signal was associ-
ated to cage 3 formation, a
pure Oct-grafted substrate un-
derwent the same treatment. In
this case, no signal was detected
in the Pt region (Figure 1b). In
addition, the F/Pt and S/Pt
ratios are about 6 and 2, as ex-
pected for octacationic cage 3 surrounded by eight OTf"
counterions. Note that the N/Pt atomic ratio (28) is much
higher than the value (2) expected for a self-assembling pro-
cess occurring on an all-grafted cavitand 1, thus indicating
that CSA on the surface occurs in low yield (about 4%, see
the Experimental Section for calculation).'¥! No angular de-
pendence of the Pt signals has been observed, ruling out at-
tenuation effects due to the presence of the capping cavi-
tand 5. This is reasonable, assuming that the coordination
cages are isolated. Partial success of the capping reaction is
not surprising considering the dilute conditions employed
and that not all cavitands on the Si surface are grafted in
the correct orientation for CSA. Moreover, partial self-as-
sembly is useful for a proper section analysis of the silicon
surface by AFM (see the next section), by evidencing the
height differences between the two species (cavitands and
cages) on the same substrate.

AFM: AFM characterizations were performed in a high-am-
plitude mode (tapping mode) to avoid any possible modifi-
cation of the grafted organic layer on the surfaces caused by
the interactions with the tip. First, to support the experimen-
tal AFM data, Spartan!”! MMFF force-field calculations of
single cavitand 1 and grafted heterocage 3 with respect to
the Oct-grafted layer were performed with the purpose of
evaluating the dimensions of the objects. The lowest-energy
conformer of each structure is shown in Figure 2a,b. All the
substrate characterizations were performed after cleaning
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www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

E. Dalcanale et al.

A EUROPEAN JOURNAL

4 [P(dppp)(OTH).]
CD,Cl,

Scheme 4. Self-assembly of fluorescent homocage 2.

procedures, which consisted of rinsing with ethanol and di-
chloromethane, followed by drying with a nitrogen flux. At
least four topographies of 4 um?® areas in different positions

Table 1. Elemental composition of a) cavitand 1/Oct 1:4 decorated silicon surface, b) cavitand 1/Oct decorated
surface after CSA and c) control sample constituted of Oct decorated surface after CSA (take-off angle 45°).

a)
U v U v L) v J v 1
85 80 75 70 65
BE (eV)
b)
I 1 1 T 1
85 80 75 70 65
BE (eV)

Figure 1. High resolution Pt 4f XPS spectra of Si substrates after the
CSA on a)20% cavitand 1-grafted monolayer and b) pure Oct-grafted
monolayer.

were recorded for all surfaces (Figure 3). For the 20% cavi-
tand 1 grafted silicon surface (Figure 3a) several topogra-
phies on different areas showed the presence of reproduci-
ble peaks that protrude from the Oct-grafted layer. The
height of those peaks is compatible with the dimension cal-
culated in Figure 2a. After the CSA protocol and the rinsing
procedure, reproducible peaks with a height compatible
with the dimensions of the heterocage 3 (Figure 2b) ap-
peared on the substrate (Figure 3b, peaks A, B, and C), in
addition to the cavitands already found before the self-as-
sembly (peaks D and E). No peaks ascribable to cavitands
or cages were found on the pure Oct-grafted Si substrate ex-
posed to the same CSA treatments (Figure 3c). The AFM
topographies of the control experiment with the pure Oct-
grafted layer shows both the effectiveness of the rinsing pro-
cedure after the CSA protocol aimed to remove all the
physisorbed species on the substrate and the impossibility to
generate any kind of supramolecular structure on a cavi-
tand-free surface. Region analy-
ses on the 4 um’® topographies

Atomic fractions [% ]!
Si o C N Pt F S

of Figure 3 showed the absence

Atomic ratios K
of peaks protruding from the

a) 39.4 16.0 42.1 1.1 - - -

b) 23.4 32.1 42.7 1.4 0.05 0.32 ~0.08

c) 36.3 31.5 31.8 ~0.2 - - -

N/C F/Pt N/Pt
0.026 _ ~ surface more than 4 nm for wa-
0.033 6.4 28 fers a) and c) (Figures S3-S5 in

the Supporting Information),

[a] The presence of P cannot be determined as the P 2s peak is hidden by the more intense plasmon loss band

of Si
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Figure 2. Molecular modeling and dimensions of the grafted cavitand 1 a) and the heterocage 3 b) with respect

to grafted Oct.

this value (grafted heterocage 3, Figure 2b) is about 4.5%.
This value is close to the 4% estimate obtained by XPS
analysis. The fact that two independent and complementary
techniques converge toward similar values validates the esti-
mate of a 4% cage formation on silicon under the reported
conditions.['¥

Fluorescence emission: Fluorescence measurement in reflec-
tance on the silicon substrates before and after the self-as-
sembles were carried out. The relatively efficient emission
of the pyrene excimeric form with respect to the monomeric
one is useful to indicate the distribution of the pyrene mole-
cules present on the surface. In order to visualize a low
number of fluorophore molecules on the surface, a powerful
source, namely a He-Cd laser with a 325 nm emission was
used. To check the reproducibility of the fluorescence emis-
sion spectra recorded, many measurements at different sur-
face areas were performed for the analyzed substrates. The
resulting spectra are shown in Figure 4. Fluorescence spectra
of physisorbed homocages 2, obtained by solvent evapora-
tion of the solution used for the surface CSA on a pure Oct-
grafted substrate showed both the presence of the structured
monomer band and of a strong excimer pyrene band (Fig-
ure 4d), while pure Oct-grafted substrates, exposed to CSA
and rinsing procedures, did not show any fluorescence emis-
sion (Figure 4b) for all the investigated areas. The cage 3
decorated Si surface showed instead (Figure 4c) a structured
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fluorescence band, similar to
the one typical of the pyrene
monomer, although slightly red-
shifted. The red shift of the
fluorescence band of pyrene
with respect to the measure-
ment in solution represented in
Figure 4a can be attributed to
long-range electronic perturba-
tions associated with the elec-
tric field of the silicon surfaces,
as observed for the same chro-
mophore when bound to gold
nanoparticles.'***!  To  our
knowledge, this is the first ex-
ample of the observation of
fluorescence of a dye covalently
linked on a Si(100) surface. The
absence of the excimeric band
in Figure 4c indicates that the
anchored heterocages 3 are iso-
lated and not clustered on the
surface, in agreement with
AFM measurements.

-

b)

Conclusion

A new route to Si-integrated

hybrid organic-inorganic mate-
rials has been demonstrated through the self-assembly of
3D nanosize coordination cages on Si(100) surfaces. The for-
mation of these 3D supramolecular structures on surfaces
by a self-assembly protocol is fully demonstrated by three
independent analytical techniques (AFM, XPS, and fluores-
cence) and verified by the absence of self-assembled cages
on a cavitand-free-grafted silicon surface as a control experi-
ment. This methodology offers the advantages of an easy,
high fidelity access to complex 3D structures associated with
the possibility of introducing specific probes to test the pres-
ence and distribution of the obtained species on silicon. In
the specific case examined, pyrene turned out to be an effi-
cient probe, as its fluorescence can still be observed at
~4nm from the Si(100) surface. As no clustering of the
supramolecular structures was observed, this methodology is
amenable to be employed with a single-molecule addressing
of encapsulated guests. Work is in progress to adapt the self-
assembly procedure towards the inclusion of large guests,
such as single-molecule magnets.*!]

Experimental Section

General: All commercial reagents were ACS reagent grade and used as
received. For the syntheses, all solvents were dried over 3 and 4 A molec-
ular sieves. For the surface procedures, all the solvents used were HPLC
grade microfiltrated on 0.45 pm pore membranes, the glassware was

— 6895
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Figure 3. TM-AFM images, 3D view and cross-section analysis of a) mixed cavitand 1/Oct-grafted monolayer, b) heterocage 3/cavitand 1-grafted sub-
strate after CSA and rinsing procedure, c) pure Oct-grafted substrate after CSA and rinsing procedure.

treated with piranha solution (concentrated H,SO,/H,0, 2:1 v/v) and
washed with bidistillate water Millipore grade. '"H NMR spectra were re-
corded on Bruker AVANCE (300 MHz) spectrometers and all chemical
shifts (0) were reported in parts per million (ppm) relative to the proton
resonances resulting from incomplete deuteration of the NMR solvents.
ESIMS experiments were performed on a Waters ZMD spectrometer
equipped with an electrospray interface. MALDI-TOF MS spectra were
obtained on a PerSpective Biosystems Voyager DE-RP spectrometer
equipped with delayed extraction. Column chromatography was per-
formed by using silica gel 60 (Merck 70-230 mesh). Absorption spectra
in solution were recorded on a Perkin—Elmer Lambda 40 spectrophotom-
eter. Fluorescence spectra in solution were obtained with a 450 W Xe
lamp and excited-state lifetimes in solutions were obtained with a modu-
lar UV/visible NIR spectrofluorimeter, Edinbourg, equipped with a
single-photon counting apparatus. Corrections for instrumental response,
inner filter effects and phototube sensitivity were performed.”? Quinine
sulfate in H,SO, 0.5M (@=0.55) was used as a standard for fluorescence
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quantum yields.” Fluorescence spectroscopy on Si surfaces were ob-
tained with a spectrofluorimeter ISA FLUOROLOG 3 by using a He—
Cd continuum laser at 325 nm with a 50 mW power. Atomic force micro-
scopy (AFM) characterization was performed on a Thermomicroscopes
(VEECO) Autoprobe CP research instrument, equipped with a 5 pum
high-resolution scanner in high amplitude mode (tapping mode). The
used tips were the NSG 11 model of the NT-MDT. Computational analy-
ses of the substrates topography were performed with Image Processing
and Data Analyses v. 2.1.15 software. X-ray photoelectron spectroscopy
(XPS) spectra of the substrates were run with a PHI 5600 ESCA/SAM
multitechnique spectrometer equipped with a Mg standard and a mono-
chromated Al Ko X-ray source. The analyses were carried out at a 10—
45° photoelectron angle (relative to the sample surface) with an accept-
ance angle of £7°. XPS B.E. scale was calibrated by centering the C 1s
peak due to hydrocarbon moieties at 285.0 e V.2
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Figure 4. Emission fluorescence spectra (4., =325 nm) of: a) Aerated di-
chloromethane solution of homocage 2, b) pure Oct-grafted on the silicon
substrate after CSA, c) Self-assembled heterocages 3 on the Si substrate
surface, d) thin layer of physisorbed fluorescent homocages 2 deposited
on an Oct-grafted substrate.

Resorcinarene 4,%! resorcinarene 6, 4-4'-(a,a-dibromo)tolylpyridine,™!
and [Pt(dppp)(OTf),] ¥"! (dppp = 1.3-bis(diphenylphosphino)propane and
OTf =CF;S0;") were prepared according to literature procedures.
Cavitand 1: 44'-(a,a-Dibromo)tolylpyridine (4.00 g, 12.2 mmol) and
K,CO; (4.04 g , 29.0 mmol) were added, under nitrogen, to a solution of
resorcinarene 4 (2.54 g, 2.44 mmol) in dry DMA (DMA =dimethylaceti-
mide; 30 mL). The mixture was stirred in a sealed tube at 80°C for 16 h.
The reaction was quenched by the addition of water and the resulting
mixture was extracted with CH,Cl,. The organic layer was washed with
water (3x15mL), dried on Na,SO,, and evaporated. The crude product
was purified by column chromatography on silica gel by using CH,Cl,/
ethanol (9:1 v/v) as eluant to give compound 1 as pale-yellow solid
(1.02 g, 0.60 mmol, 25%). 'H NMR (300 MHz, CDCl;, 23°C, TMS): 6=
8.68 (d, *J=5.3Hz, 8H), 7.83 (d, *J=8.4 Hz, 8H), 7.72 (d, /=84 Hz,
8H), 7.51 (d, *J=5.9 Hz, 8H), 7.31 (s, 4H), 6.74 (s, 4H), 5.87-5.77 (m,
4H), 5.56 (s, 4H), 5.03-4.92 (m, 12H), 2.37-2.34 (m, 8H), 2.07-2.04 (m,
8H), 1.50-1.25 ppm (m, 48H); MS (MALDI-TOF): m/z (%): caled for
Cy16H 124N, Og: 1701.9 [M+H]*; found: 1701.8 (100).

Cavitand 7: 4,4'-(a,0-Dibromo)tolylpyridine (2.34 g, 7.15 mmol) and
K,CO; (2.59 g, 18.7 mmol) were added, under nitrogen, to a solution of
resorcinarene 6 (1.10 g, 1.37 mmol) in dry DMA (30 mL). The mixture
was stirred in a sealed tube at 80°C for 16 h. The reaction was quenched
by the addition of water and the resulting mixture was extracted with
CH,Cl,. The organic layer was washed with water (3x15 mL), dried on
Na,SO,, and evaporated. The crude product was purified by column
chromatography on silica gel by using CH,Cl,/ethanol (9:1 v/v) as eluant
to give compound 7 as pale-yellow solid (0.34 g, 0.23 mmol, 17%).
"HNMR (300 MHz, CDCl;, 23°C, TMS): 6=8.67 (d, */=5.1 Hz, 8H),
7.83 (d, *J=8.1Hz, 8H), 7.72 (d, */=8.4 Hz, 8H), 7.52 (d, *J=6.0 Hz,
8H), 7.36 (s, 2H), 7.30 (s, 2H), 6.74 (s, 4H), 5.57 (s, 4H), 4.98 (t, *J=
8.4 Hz, 4H), 3.85 (t, *J=6.0 Hz, 2H), 2.54-2.48 (m, 2H), 2.41-2.31 (m,
6H), 1.76-1.71 (m, 2H,), 1.48-1.26 (m, 18H), 0.93 ppm (m, 9H); MS
(MALDI-TOF): m/z (%): caled for Co;Ho,N,Oy: 1459.7 [M+H]™; found:
1459.4 (100).

Cavitand 5: 1-Pyrenecarboxilic acid (0.025 g, 0.103 mmol), DCC (DCC=
1,3-dicyclohexylcarbodiimide; 0.021g, 0.103 mmol), and DMAP
(DMAP =4-dimethylaminopyridine; 0.012 g, 0.103 mmol) were stirred at
0°C for 30 minutes in 15 mL of dry CH,Cl, and three drops of dry DMA.
The mixture was stirred at room temperature for 30 min under argon and
cavitand 7 (0.1 g, 6.851072 mmol) were added. The mixture was stirred at
room temperature for 3 d. The reaction was quenched by the addition of
water, and the resulting mixture was extracted with CH,Cl,. The organic
layer was evaporated and dried to give a pale-yellow solid. This solid was
then sonicated in methanol, filtered, and dried. The crude product was
purified by column chromatography on silica gel by using CH,Cl,/ethanol
(9:1 v/v) as eluant to give compound 5 as pale-yellow solid (0.069 g,
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4.85107> mmol, 17%). '"H NMR (300 MHz, CDCl,, 23°C, TMS): §=9.33
(d, 37=9.6 Hz, 1H), 8.66 (brd, 8H), 8.26-8.05 (m, 8H), 7.81 (d, /=
6.9 Hz, 8H), 7.73 (d, *J=5.7 Hz, 8H), 7.52 (d, *J=5.7 Hz, 8H), 7.38 (s,
2H), 7.33 (s, 2H), 6.74 (s, 4H), 5.56 (s, 4H), 5.18 (t, *J=8.1 Hz, 1 H), 4.99
(t, %/=8.1 Hz, 3H), 4.70 (t, >J=6.3 Hz, 2H), 2.66 (m, 2H), 2.36 (m, 6 H),
1.42-1.23 (m, 20H), 0.89 ppm (m, 9H); MS (ESI): m/z (%): calculated
for Cy14H;0N,Oy0: 1689.8 [M+H]"; found: 1688.8 (100).

Self-assembly of homocage 2 in solution: The cage formation was moni-
tored by 'H NMR spectroscopy whilst gradually adding [Pt(dppp)(OTHf),]
(1.55 mg, 1.7107° mmol) dissolved in CD,Cl, to a solution of cavitand 5
(1.45 mg, 8.610~* mmol). '"H NMR (300 MHz, CD,Cl,, 23°C, TMS): §=
9.23 (brd, 2H), 9.01 (brd, 8H), 8.63 (brd, 2H), 8.31-8.01 (m, 16H), 7.77—
7.12 (m, 136 H), 6.68 (s, 8H), 5.05 (m, 2H), 4.86 (m, 4H), 4.63 (m, 2H),
3.33 (m, 16H), 2.93 (m, 8H), 2.63 (m, 4H), 233 (m, 12H), 1.62 (m,
52H), 0.90-0.81 ppm (m, 18H); *'P NMR (162 MHz, CD,Cl,, 23°C,
H;PO,): 6=-15.02 ppm (t, *J(Pt,P) =3136 Hz; 8P); MS (ESI): m/z (%):
caled for CyuyHs0,04NgPt,PSeF,,: 6998.8 [M]+, 33503 [M—2OTI(]**,
2183.9 [M-3OT{]**, 1600.6 [M—4OTf]**; found: 3348.7 (80), 2183.5
(60), 1600.3 (30).

Monolayer preparation: Cavitand 1/1-octene mixtures with 0.2 cavitand
mole fraction were dissolved in mesitylene (solution concn=0.05m) for
grafting of the monolayer. Cavitand solution (2mL) was placed in a
quartz cell and was deoxygenated by stirring in a dry box for at least 1 h.
Subsequently, a Si(100) substrate was etched in 2.5% hydrofluoric acid
for 2 min, quickly rinsed in water, and immediately placed in the solu-
tion. The cell remained under UV irradiation (254 nm) for 2 h. The
sample was then removed from the solution and sonicated in CH,Cl, for
10 min.

Preparation of the cavitand 1 and pure 1-octene-grafted silicon substrates
for AFM analyses: All the cavitands grafted and pure Oct-Si wafers
were cleaned with an ultrasound bath in dichloromethane for 2 min, then
rinsed with ethanol, dichloromethane, and dried with a nitrogen flux
before AFM characterization.

Self-assembly of coordination heterocages 3 on silicon substrates: The Si
wafers with 20 % grafted cavitands 1 were soaked in a 2.2x107*m solu-
tion of homocages 2 obtained by mixing cavitand 5 (3.7 mg, 2.19 mmol)
and [Pt(dppp)(OTf),] complex (4.5 mg, 4.94 mmol) in CH,Cl, (5 mL) for
3 h at 25°C. Removed from the solution, the substrates were rinsed with
ethanol, dichloromethane, and dried with a nitrogen flux. As a control
experiment, the substrate with only pure Oct grafted underwent the
same self-assembly and rinsing protocol (Figure 4d). The same solution
of self-assembled homocages 2 was used for the deposition of a thin layer
(50 L, 1.1107° mmol) of physisorbed cages by solvent evaporation on
Oct-grafted substrate for the fluorescence characterization.

Assessment of the CSA on silicon: The yield of cage formation is given
by the percentage of the reacted cavitand 1 (% cav 1) on the Si surface:

07
/UNcav 5
0

%Neav1

reacted cav 5 molecules

ocav 1= total cav 1 molecules 100 =

x 100 (1)

The atomic percentage of nitrogen (%N) on the surface after CSA is
due to nitrogen atoms of the total cavitand 1 (%N,,,;) and reacted cavi-
tand 5 (%N, s) in self-assembled cages:

%N = %News + HNeays 2)

As self-assembly of cavitand 5 requires a Pt atom for each cavitand nitro-
gen, the value for %N,,,s must be equal to the observed atomic percent-
age of Pt. Therefore, %N,;=%N—%Pt can be derived from Equa-
tion (2) and Equation (1) can be rewritten as follows:

Pt
%cavl:ﬁx 100 (3)

From Equation (3) and the data in Table 1, the amount of self-assembled
cavitand 1 can be deduced as about 4%. The estimated error is about
1%, deriving from a set of six different measurements.
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