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Abstract: A synthetic strategy to con-
trol the density of Mn,, clusters an-
chored on silicon(100) was investigated.
Diluted monolayers suitable for Mn;,
anchoring were prepared by Si-grafting
mixtures of the methyl 10-undecyl-

sequent exchange with the [Mn;,O,,-
(OAC¢),4(H,0),]-4H,0-2 AcOH cluster.
Modified surfaces were analyzed by at-
tenuated total reflection (ATR)-FTIR
spectroscopy, X-ray photoemission
spectroscopy (XPS), and AFM imag-

ing. Results of XPS and ATR-FTIR
spectroscopy show that the surface
mole ratio between grafted ester and
decene is higher than in the source so-
lution. The surface density of the Mn,,
cluster is, in turn, strictly proportional

enoate precursor ligand with 1-decene
spectator spacers. Different ratios of
these mixtures were tested. The grafted
surfaces were hydrolyzed to reveal the
carboxylic groups available for the sub-

manganese -

Introduction

Recent years have witnessed a progressive development in
bottom-up technologies as alternative routes to top-down
approaches for microelectronic applications. In fact, the con-
tinuous scaling down of the size of integrated circuits (IC)
has had considerable limitations (lithographics, physics, or
economics) for top-down technologies, whereas the bottom-
up approach using molecules as single data-handling devices
represents an enormous challenge in terms of storage and
data-handling density. There are, thus, reports on molecular
wires, switches, rectifiers, and storage elements that, in prin-
ciple, might represent the basis of future molecular electron-
ics."! The most promising architecture for molecular elec-
tronics is found in hybrid systems, in which a dense array of
molecular devices is hosted on a silicon surface.”’ Monolay-
er formation, by self-assembling processes, on silicon surfa-
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to the ester mole fraction. Well-re-
solved and isolated clusters were ob-
served by AFM, using a diluted ester/
decene 1:1 solution.

compounds

ces certainly represents the most suitable route to develop-
ing hybrid systems."!

Some molecules can be used to store magnetic informa-
tion. The most studied, prototypical molecule of this kind,
referred to as a single molecular magnet (SMM), is a
dodecamanganese(111/1v) cluster, [Mn;,0,(OACc) -
(H,0),]-4H,0-2 AcOH (1-4H,0-2 AcOH)." A recent paper
has shown the possibility of anchoring a thiol-substituted
Mn,, cluster on gold substrate.”) Patterned Mn,, aggregates
have also been deposited from solution onto native silicon
oxide, even though no clear-cut indication of a suitable
bonding between the Si surface and the Mn,, cluster was
provided.”! The possibility of anchoring the Mn,, cluster on
a surface of technological importance, such as Si(100), has
been unambiguously demonstrated” in our laboratory by
using ligand exchange with the bridging 10-undecylenic car-
boxylic acid grafted onto the Si surface through a strong Si—
C bond (Figure 1).

Moreover, an important goal for the development of the
Mn,, clusters in silicon technology as building blocks for
magnetic-information storage relies upon the control of
both the density and orientation of clusters on the silicon
surface. Recently, a reproducible method to drive the orien-
tation of thiol-substituted Mn;, clusters anchored on a gold
substrate!® and a possible approach to anchor oriented Mn,,
on silicon® have been proposed.

In this paper, the possible control of the density of Mn,
clusters on silicon(100) is investigated. The adopted strategy
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Figure 1. Three-step process for SMM anchoring on Si(100).

tunes the density of bridging functional carboxylate ligands
on surfaces by using 1-decene as a spectator spacer. There
is, in fact, evidence that negligible cluster sticking occurs on
Si-grafted 1-decene monolayers.””! Therefore, appropriate di-
lution of the exchangeable coordinating carboxylate bridge
with spectator spacers represents a viable route to control
the cluster density on the silicon surfaces. Modified surfaces
were analyzed by X-ray photoemission spectroscopy (XPS),
AFM imaging, and IR spectroscopy.

Results and Discussion

Diluted monolayers suitable for Mn;, anchoring were pre-
pared by Si-grafting mixtures of different mole fractions of
methyl 10-undecylenoate diluted with 1-decene: yqe(soln) =
0.0, 0.2, 0.5, 0.8, 1.0. The grafted surfaces were hydrolyzed
and further treated by following an improved (relative to
our earlier studies”’) ligand-exchange strategy to anchor
Mn,, clusters (Figure 1). Structures and compositional data
of grafted monolayers before and after the Mn;, anchoring
were analyzed by XPS and attenuated total reflection
(ATR)-FTIR spectroscopy. AFM imaging provided further
morphological information regarding the treated silicon sur-
faces.

X-ray photoemission spectroscopy: The XPS binding energy
(BE) scale was calibrated by centering the Si 2p** peak at
99.0 eV, Figure 2 shows the Si signal of a fresh, HF-
etched surface (a), of a pure decene monolayer (b), and of a
pure ester monolayer before (c) and after (d) the Mn-an-
choring step.

Following the monolayer grafting, the Si signal remains
similar to that of the fresh, HF-etched Si surface for all j.,
(soln) values. There is evidence of the well-resolved Si
2p**12 spin-orbit doublet of elemental silicon. The absence
of any signal (at around 103 eV BE)! due to oxidized Si,
even after some days of air exposure, points unequivocally
(for all ester/decene ratios) to an efficient passivation of sur-
faces by the organic overlayer.

The relative intensity of the C 1s feature in the grafted
samples is strongly enhanced in all cases, compared to the
freshly HF-etched surface (Figure 2a—c). This accounts for
the increased amount of carbon due to the organic layer. C
1s spectra of the pure ester, as well as of the diluted ester/
decene samples, show rich structures, clearly due to several
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bonding states (Figure 2) at 287.3 (the methyl ester group
—O—CH;), 289.5 (the > C=0 carboxylic groups), 283.8 (the
carbide Si—C bond), and 285.0eV (the aliphatic back-
bone)."! For the pure decene (Figure 2b), there are only
two main components, centered at 283.8 and 285.0 eV.I'"l A
further component is always present at 286.0 eV, due to
slightly oxidized carbon surface contaminants. This feature
is ubiquitous in the present spectra and represents an arti-
fact of chemical manipulations.

Similar to the C 1s features, the intensity of the O 1s en-
velope is markedly higher compared to the Si(100) freshly
HF-etched surface (Figure2) in the grafted layers for all
samples. In all cases, the O 1s spectra show a component
centered at 532.0 eV attributable to the oxidized silicon.!'”)
For the pure ester, as well as for the diluted surfaces, the O
1s band consists of two more components centered at 533.1
and 534.2 eV, which are assigned to the >C=0 and =C-O—
R groups, respectively, even though slightly higher BE
values than those typically reported for polymers are ob-
served (Figure 2c and d)."' These bands are, of course, not
present in the case of pure 1-decene (Figure 2b).

Table 1 and Figure 3 show the dependence of the intensi-
ties of the various C 1s and O 1s components upon the ester
mole fraction yq.(soln). The relative (%) contributions f<
or fO to the total intensities of either C 1s or O 1s features
can be represented by the following equations;

£€ = IS/I€ x 100
£O=19/1° x 100

in which I° and I° are the total spectral intensities and <
and I? denote intensities of the particular x component. The
intensity ratios between the 289.5 and 287.3 eV carbon com-
ponents are always 1:1, as expected for the grafted ester
(Table 1). A similar trend is observed for the intensity ratio
between the 534.2 and 533.1 eV oxygen components.

The relative intensities £, 5 and £, , VS Yeer(s0IN) are re-
ported in Figure 3. There is evidence that increased ester
concentrations parallel the growth of relative intensities of
the related O 1s and C 1s components centered at 289.5 and
534.2 eV, respectively.

In this context, the same 5 and f5,, values become in-
dicators of the surface ester concentrations y.q.(surf), once
normalized to homologous values of the pure ester (Yeger
(soln) =1.0). Figure 3b shows that surface concentrations of
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Figure 2. High-resolution XPS spectra of a) HF-etched Si(100) substrate, b) Si(100) substrates after grafting of the pure 1-decene, c) Si(100) substrates
after grafting of the pure methyl 10-undecylenoate, d) Si(100) substrates after Mn,, anchoring. Left: Si 2pls; center: C 1s; right: O 1s. The intensities are

normalized to the total Si 2p intensity.

the grafting ester are greater than those in the precursor
binary solutions.

Anchoring of the Mn clusters (after the ester hydrolysis)
causes remarkable changes to the XPS spectral regions rela-
tive to simpler grafted ester/decene layers (Figure 2d). Thus,
the Si 2p region shows two distinct features: a well-defined
2p**2 doublet (at 99.0 and 99.6 eV, respectively) associated
with the elemental silicon (Si’), and a weak, broad band at
102.5 eV, representing oxidized silicon species (SiO,), due to
either hydrolysis or the ligand-exchange step. The C 1s fea-
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tures (Figure 2d) have increased relative intensities and
show a clear shift of the carboxylic component (289.5 eV)!!l
toward lower binding energies (288.8 V), as expected for
the carboxylate —COO™~ groups!" present in both the bridg-
ing acetate ligands in Mn;, and in the 10-undecyl grafted
carboxylate. Note, however, that the broadening of this
band may hide any low-intensity component at 289.5 eV
that is still present because of a possible partial ligand ex-
change. Finally, the shoulder at 283.8 ¢V is no longer visible,
due to the increased thickness of the grafted layer. These
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Table 1. Distribution of carbon and oxygen (%) over their components vs ester/decene ratios. (at 532.8 eV) remains associat-
Yester(50IN) C 1s components O 1s components ed with oxidized silicon. The
Fa0s far3 fasso Frss fa60 fouz B s20  fourth component (at 534.1 eV)

0.0 0.0 0.0 717.6 6.0 16.4 0.0 0.0 100.0 represents unreacted  ester
02 35 35 72.9 3.6 16.4 115 115 770 groups in accordance with the
08 & 6 &3 a1 1as 3 a3 4 Droadening of the carbon com-
10 7.8 7.8 66.9 2.1 15.3 340 340 320 ponent centered at 289.5eV. In
the case of the pure decene sur-

face, no sizeable change in the

W O 1s signal can be observed

after the Mn-anchoring step.
The Mn valence state in the
SMM layer was investigated by
exploiting the peculiarities of
the XPS features of Mn 3s. The
Mn 3s band splitting, due to ex-
change coupling between the 3s
hole and the 3d electrons, is the
best indicator of the Mn va-
lence state.' Thus, the ob-
{ served value (5.1 eV) is consis-

T T T T T T T

T T T T
294 292 290 288 286 284 28 536 534 532 530 528

BE oV e BE eV tent with a formal valence rang-
ing from 34+ to 3.34, as ex-
pected for Mn,,.

Table 2 and Figure 4 show

» 8 35 1 that, upon increasing the ester

. o 20 ‘ j1.0 mole fraction, parallel increases

64 L 0.8 25 * Jos in relative intensities of the

. o e ° _‘06 e oxygen components centert.ed at

Vé 4 ’ i.. c§ 207 I ;L 530.4 and 532.3 eV associated

= ‘ 0.4 E o151 . H0.4 é with the Mn,, cluster are ob-

24 10 1 served. A similar trend is also

02 54 192 visible for the carbon compo-

0d o 0.0 0d :0_0 nent centered at 288.8 eV, asso-

—— T —— ciated with the carboxylate

00 02 04 06 08 10 00 02 04 06 08 10 —COO- groups present in both
Hester(s0IN) Zester(SOIN)

acetate and 10-undecyl bridging

Figure 3.2) C 1s and O 1s band regions for the grafted surfaces at different ester/decene mole fractions. ~carboxylate ligands (see above).
b) Plots of fS,5 and f9,, vs mole fraction of methyl 10-undecylenoate in the binary precursor deposition solu- Similarly, the P intensity of

tions. The right axes represent the corresponding surface mole fractions y.q.(surf). the Mn 2p3/2 feature relative to

that of Si 2p increases in paral-
lel with the increase in the ester

considerations, of course, do not apply to pure decene over- mole fraction in the grafting solution and, hence, in parallel
layers, because Mn,, anchoring is precluded.” with the surface concentration of carboxylic groups

In the SMM layer, the O 1s features have increased inten- (Figure 5). This trend accords well with a greater Mn,, sur-
sities and, both for pure ester and for ester/decene diluted face concentration.

surfaces, are resolved into four components (Figure 2d). The

bands centered at 530.4 and

532.3 eV have been assigned to

the. ManOlZ core and to the re- Table 2. /P intensity ratio and distribution of carbon and oxygen (%) over their components vs ester/
maining 36 oxygen atoms of the  decene ratios, after the Mn-anchoring step.

: [4] ~1: n/75i ) )

Flgand. frame\.zvork. The 13 Lester(SOIN) MiP fgxs 3 fgxs.n fgxs.s .?34.1 .?32.8 .?32.3 fsos(m
intensity ratio between the

0.0 0.00 0.0 80.7 193 0.0 100.0 0.0 0.0
530.4 and 532.3 eV O 1s compo- 02 0.14 6.8 81.4 118 46 60.9 25.9 8.6
nents agrees well with the ex- 0.5 0.27 8.6 77.1 9.5 2.0 40.1 43.4 14.5
pected substitution efficiency 038 0.49 103 75.6 14.1 22 235 55.7 186

1.0 0.54 122 75.7 12.1 26 114 64.5 215

(Table 2). The third component
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as no angle dependence is ob-
served. However, as expected
for a Mn-containing overlayer
homogeneously distributed on
the substrate, the ™MYI® ratio
progressively increases as the
takeoff angle is decreased.”

Infrared absorption spectrosco-
py: ATR-FTIR spectroscopy

T T T T T T ‘1.“ T
294 292 290 288 286 284 282 528
BE/eV -4—

Figure 4. C 1s and O 1s band regions of grafted surfaces at different ester/decene mole fractions after the

Mn,-anchoring step.
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Figure 5. The M"/IS intensity ratio vs the surface mole fraction of methyl
10-undecylenoate, ¥ (surf).

This observation is not, however, consistent with a homo-
geneously mixed ester/decene monolayer. The maximum
value of the surface ester concentration is greater than that
of the Mn,, surface concentration, due to the difference in
molecular sizes. In particular, the cross-sectional area com-
monly measured for alkyl chains in packed monolayer
(20 A»™ is much lower than the estimated cross-sectional
area of the Mn,, cluster (~150 A?).'! Therefore, for a homo-
geneously mixed ester/decene monolayer, naive structural
considerations (Figure 6a) clearly indicate that Mn;, full
coverage can be obtained for both y.(surf) =0.5 and yger
(surf)=1. By contrast, in the case of a prototypical inhomo-
geneous ester/decene coverage (Figure 6b), the surface Mn,,
concentration depends on the yqe(surf).

Angle-resolved XPS measurements of diluted monolayers
are fully consistent with our earlier results.”! Thus, C 1s and
O 1s regions show a progressive increase in intensities of the
components, due to the carboxylic group and the decrease
of the Si—C component upon reduction in the takeoff angle.
These results are consistent with a grafting Si—C bond and
with an ester group atop the layer. After the Mn anchoring,
analysis of the C 1s regions indicates an isotropic distribu-
tion of the carboxylic ligands (10-undecylenate and acetate),

3562 —— www.chemeurj.org

was used to monitor the entire
Mn-anchoring process. Figure 7
shows the ATR-FTIR spectrum
in the region of interest for Si—
H surface vibrations (2000-
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Figure 6. Prototypical diagrams of Mn,, coverage on a) homogeneously
mixed ester/decene monolayers, b) inhomogeneously mixed ester/decene

monolayers.
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2200 cm™!) following the etching treatment. Three bands
centered at 2135, 2105, and 2085 cm™! (associated with the
SiH;, SiH,, and SiH stretching, respectively)!'”! are visible.
This is indication of a highly efficient etching treatment to
produce Si—H terminated surface.

After the grafting reaction, two spectral regions become
diagnostic, namely that of CH stretching between 3200 and
2700 cm™' and that of carbonyl stretching at around
1740 cm™! (for the pure ester and for the ester/decene dilut-
ed samples (Figure 8)). Of course, in the case of the pure
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Figure 7. ATR-FTIR absorption spectrum of the Si(100) surface in the

Si—H region after etching.
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Figure 8. ATR-FTIR spectra of Si(100) surfaces after grafting with pure

methyl 10-undecylenoate: a) C—H region, b) carbonyl region. In both
cases, the background due to the substrate has been subtracted.

decene overlayer, only the CH stretching region shows the
expected features.

This spectral region is, however, similar for all grafted
monolayers. Thus, the feature at 2958-2960 cm ™' represents
the CH; asymmetric in-plane CH stretching mode, due to vi-
brations of both esteric —OCH; and methyl groups of 1-
decyl chains.™® The bands at 2926-2927 and 2856-2857 cm™!

Chem. Eur. J. 2006, 12, 3558 —3566
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are assigned to the v,(CH,) and v,(CH,) stretching modes,
respectively. In the case of pure ester, as well as the diluted
overlayers, a band centered at 1740 cm ™!, unambiguously as-
signed to the C=0 stretch of ester groups, becomes visible.

After the Mn-anchoring step, the band at 1740 cm™" disap-
pears and three bands centered at 1560, 1428, and 1710 cm ™
are visible (Figure9). These bands are assigned to the

0.003

0.002
£ 0.001
2 0.

0.000

-0.001 —
1800 1700 1600 1500 1400 1300

v/ em™!

Figure 9. IR features of the grafted surface following the Mn-anchoring
process after subtraction of the SiO, background. The dotted line dis-
plays the spectrum of the free Mn complex in KBr powders used as refer-
ence.

COO~ group symmetrical stretching mode (1560 and
1428 cm™') and to unreacted acid groups (1710 cm™").l"]
Note that the spectrum is totally coincident with that of the
[Mn;,0,,(0Ac),4(H,0),]-4 H,0-2 AcOH powder.

Figure 10 shows the absorbance ratios between the bands
at 1740 and 2936 cm™' of monolayers on silicon(100), de-
pending on the ester mole fraction in the grafting (ester/
decene) agent. As expected, the intensity of the band at
1740 cm™! increases monotonically, in parallel to the increas-
ing ester mole fraction of the grafting solution.
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Figure 10. Absorbance ratios A;7/A, of diluted ester/decene monolay-
ers on silicon after grafting with mixtures of methyl 10-undecylenoate
and 1-decene. The trend vs y.q.(surf) is also reported.
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As for the XPS data described above, the surface ratio be-
tween the two grafting agents, y.q..(surf), can be safely eval-
uated by normalizing the A,;4/A,y, ratios to that of the
pure methyl 10-undecylenoate, assumed as the reference
unit (Yeqer(soln)=1.0). This reinforces our early contention
that the surface density of functional groups can be finely
tuned by simply varying the composition of the grafting sol-
ution.

Atomic force microscopy: The roughness and morphological
homogeneity of the present overlayers were evaluated by
AFM. Figure 11 shows how the surface morphologies
depend on y.(surf) values. Prototypical cases ()ege(SUrf) =
0.0, 0.7, 1.0) are displayed to show the most remarkable
differences.

morphological Consideration of images

a) nm Rcan 0.16 nm

R.M.S. 0.05 nm
100

50

b)  nm Roean 1.0 nm
100 R.M.S. 0.21 nm
1
% 100
60 |
40
20
0
0 20 40 60 80 100 nm

© Rycan 1.3 nm

R.M.S. 0.30 nm_

50 100 150 nm 0

Figure 11. AFM images of a) S.A. layer before cluster anchoring, b) S.A. diluted layer (). (surf)=0.7) after

(Figure 11) and of usual statistical parameters (the mean
particle height R,..., and the surface roughness R.M.S.), in-
dicates the most relevant surface modifications due to Mn,,
cluster anchoring. The self-assembled (S.A.) layer before
cluster anchoring (Figure 11a) appears, in all cases, very flat
and homogeneous with a roughness (R.M.S.=0.05 nm) and
a R, value (0.16 nm) comparable to those of a freshly
etched Si(100) surface.

After grafting the Mn,, clusters, more structured morphol-
ogies (than that of the host S.A. surface) are observed.
There is evidence of poorly ordered particles, almost homo-
geneously distributed over the surface. In the case of diluted
S.A. host (Yeer(surf)=0.5), the Mn;, clusters are well re-
solved and isolated (Figure 11b). The typical vertical size of
the observed features (Ry,,) in this case is about 1 nm, con-
sistent with the expected height
of cluster 1.

The roughness (R.M.S.=
0.21) clearly increases relative
to the unreacted ester surface,
due to the cluster architecture.
0.15 The apparent lateral size is
about 10 nm, which is greater
than the expected value (about
0.05 1nm) for the isolated Mny,
100 —0.00 cluster. Nevertheless, this is a
50 probable artifact caused by the
limited lateral resolution of the
AFM analysis.

Surfaces with pure esteric
S.A. layers  (Yeger(surf) =1.0)
show rather unresolved mor-
phologies after Mn;, grafting,
possibly due to formation of
cluster aggregates (Figure 11c).
This contention is supported by
the vertical size of related
AFM features (Re,m=1.3 nm)
and by the roughness value
(RM.S.=0.3). Cluster aggrega-
tion is similarly responsible for
the increased lateral size (20—

0.20

0.10

s 25 nm) measured in this case.
15
Conclusion
L0
The possibility of an accurate
05 control of the surface density of
Mn;, cluster on silicon(100) was
2090 p investigated by tuning the sur-

face concentration of grafting
carboxylate groups. XPS and
ATR-FTIR spectroscopy data
confirm that the surface con-

cluster anchoring, c) S.A. layer (). (surf)=1.0) after cluster anchoring. The different lateral scale is adopted

to display better the structured surface. In all cases, the 2D image is displayed on the left and the 3D image on

the right.
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centration y.ge(surf) of the
grafting methyl 10-undecylen-
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oate depends on the mole ratio y.q.(soln) of the precursor
binary solution to the 10-decene spectator. The y g (surf)
values, independently evaluated by XPS and ATR measure-
ments, indicate a sizeable (relative to the solution) enrich-
ment of surface ester concentration. XPS results taken after
the Mn,, anchoring show that the Mn/Si intensity ratio in-
creases in parallel to the increasing ester mole fraction.
AFM morphologies critically depend on the surface Mn,,
concentration. Thus, almost flat surfaces are observed for
unreacted Si(100) surfaces before Mn;, anchoring. Well-re-
solved structure, consistent with the Mn,;, dimensionality
(vertical size of the observed features (R..,) of about
1 nm), are observed for diluted (Y. (surf)=0.7) surfaces.
Overcrowded surfaces ()oq (surf)=1.0) cause poorly re-
solved nanostructuring, due to the formation of cluster ag-
gregates.

Experimental Section

All chemicals, unless otherwise noted, were commercially available and
were used as received. Solvents for substrate cleaning were distilled, 1-
decene for monolayer preparation was distilled under reduced pressure
over Na metal.

The XPS spectra were obtained by using a PHI ESCA/SAM 5600 Multi-
technique spectrometer equipped with a monochromatized Alg, X-ray
source. The analyses were carried out at various photoelectron angles
(relative to the sample surface) in the 10-80° range with an acceptance
angle of +7°.

AFM images were obtained in high-amplitude mode (tapping mode) by
using a NT-MTD instrument apparatus. The noise level before and after
each measurement was 0.01 nm.

Infrared spectra of the monolayers were recorded by using a Harrick
GATR germanium single-reflection ATR accessory. The spectra were
collected with 800 scans at 2 cm ™' resolution.

[Mn,,0,,(0Ac),,(H,0),]-4 H,0-2 AcOH was synthesized according to the
literature;® "H NMR (500 MHz, CD;CN, 25°C, TMS): 6 =47 (12H; axial
Mn""-Mn"), 40 (24H; equatorial Mn"-Mn""), 14 ppm (12H; axial
Mn""-Mn'"); elemental analysis calcd (%) for C;sH7,05sMn,,: C 20.97, H
3.52; found: C 21.01, H 3.24.

Methyl 10-undecylenoate was synthesized according to the method re-
ported by Sieval et al.”” Briefly, a mixture of 10-undecylenic acid (10 g,
54 mmol), methanol (65 mL), and sulfuric acid (0.14 mL) was refluxed
for 3 h. The excess methanol was removed in vacuum, and the resulting
material was dissolved in ether. The product was distilled under vacuum
to obtain a transparent liquid. '"H NMR (500 MHz, CDCl;, 25°C, TMS):
0=5.83-5.78 (m, 1H), 5.00-4.91 (m, 2H), 3.66 (s, 3H), 3.31-2.84 (m,
2H), 2.06-2.01 (m, 2H), 1.63-1.9 (m, 2H), 1.38-1.29 ppm (m, 10H).

Monolayer preparation: The alkene solution, methyl 10-undecylenoate/1-
decene (10 mL), was placed in a small, three-necked flask fitted with a
nitrogen inlet and a condenser. The solution was deoxygenated with dry
nitrogen for at least 1 h. Subsequently, a Si(100) substrate was treated in
a piranha solution for 12 min, rinsed in water for 2 min, and etched in
1.0% hydrofluoric acid for 90s, then immediately placed in the alkene
solution. The solution was then refluxed at 200°C for 2 h, under slow N,
bubbling to prevent bumping. After cooling to RT, the sample was re-
moved from the flask and sonicated in dichloromethane for 10 min.

Hydrolysis of methyl 10-undecylenoate was performed by treatment with
potassium tert-butoxide in DMSO,P! according to a method reported by
Strother et al.’?! Briefly, the grafted surfaces were dipped into a solution
of potassium tert-butoxide in DMSO (250 mm) for 30 s at RT, then rinsed
in acidified water (100 mm HCI).
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The Mn,-functionalized silicon surface was prepared by a modified
ligand-exchange method.” The silicon surface was rinsed in a slurry of
freshly-prepared [Mn;,0,(OAc)(H,0),]-4H,0-2AcOH in anhydrous
toluene blown dry with nitrogen. The reaction was performed in a glove
box for 2 h at RT. The modified substrate was removed from the solution
and sonicated in acetonitrile and dichloromethane for 10 min to remove
unreacted Mn,, clusters.
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