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Introduction

Molecular surface functionalization is an area under rapid
development that extends into advanced fields of research,
such as nanoelectronics, nanosensing, and biological interfa-
ces at the nanoscale. Many efforts have been devoted to de-
positing monolayers of organic molecules on silicon-oriented
surfaces.[1–11] The advantages of silicon as a substrate are nu-
merous and its chemical reactivity has been widely explored.
Silicon can operate as a semiconductor electrode, which fa-
cilitates applications of its functionalized surfaces in, for ex-
ample, sensors and biosensors or, in the case of electroactive
surfaces, charge-storage devices.[9–11]

Notably, few papers have addressed the issue of immobili-
zation on SiACHTUNGTRENNUNG(100) and Si ACHTUNGTRENNUNG(111) of molecules displaying any
kind of function.[12–15] Grafting reactions of organic ligands
have also been rarely reported.[16–18] So far, the rich redox,
sensing, and switching chemistry offered by transition-metal
complexes in solution appears almost completely unexploit-
ed in relation to the Si surface. Although the number of

Abstract: Three distinct wet chemistry
recipes were applied to hydrogen-ter-
minated n- and p-Si ACHTUNGTRENNUNG(100) surfaces in a
comparative study of the covalent
grafting of two differently substituted
2,2’-bipyridines. The applied reactions
require the use of heat, or visible light
under a controlled atmosphere, or a
suitable potential in an electrochemical
cell. In this last case, hydrogen-termi-
nated silicon is the working electrode
in a cathodic electrografting (CEG) re-
action, in which it is kept under reduc-
tion conditions. The resulting Si�C
bound hybrids were characterized by a
combination of AFM, dynamic contact-
angle, and XPS analysis, with the help
of theoretical calculations. The three

distinct approaches were found to be
suitable for obtaining ligand-function-
alized Si surfaces. CEG resulted in the
most satisfactory anchoring procedure,
because of its better correlation be-
tween high coverage and preservation
of the Si surface from both oxidation
and contamination. The corresponding
Si–bipyridine hybrid was reacted in a
solution of CH3CN containing CuI ions
coordinatively bound to the anchored
ligands, as evidenced from the XPS

binding-energy shift of the N atom
donor functions. The reaction gave a
1:2 Cu–bipyridine surface complex, in
which two ligands couple to a single
CuI ion. The surface complex was char-
acterized by the Cu Auger parameter
and Cu/N XPS atomic-ratio values co-
incident with those for pure, unsup-
ported CuI complex with the same 2,2’-
bipyridine. Further support for such a
specific metal–ligand interaction at the
functionalized Si surface came from
the distinct values of Cu2p binding
energy and the Cu Auger parameter,
which were obtained for the species re-
sulting from CuI ion uptake on hydro-
gen-terminated Si ACHTUNGTRENNUNG(100).
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such studies is surely limited because of the known reactivi-
ty of silicon towards oxidation in water, it does not explain
the present lack of reports, even for less-reactive and less-
widely investigated metal surfaces, such as Au ACHTUNGTRENNUNG(111).
The establishment of a carbosilane linkage (RC�Si),

which is more robust than the alkoxysilane (RO�Si) anchor-
ing group towards degradation in aqueous media under
either acidic or basic conditions, is a surface modification
with organic monolayers that is actively sought, because of
the implied technological applications and also because it
enables the study of chemical and electronic processes at
the semiconductor surface. The methods reported make use
of Grignard reagents (both on preliminarily halogenated Si
surfaces and through anodic electrografting),[19,20] aryldiazo-
nium salts,[21,22] Lewis acids,[23] diacyl peroxides,[24,25] alkyl
halides,[26] alkenes,[4,12, 25,27–30] and alkynes.[25,31–38] Although, in
principle, each of the above precursors and methods are suit-
able for academic research, some are far indeed from what
industry could be willing to adopt. A comparative evalua-
tion of the pros and cons of specific routes should be con-
ducted on suitable molecules, or even on different functional
groups.
We recently explored three distinct series of functional

molecules as test reagents for the comparison and optimiza-
tion of wet chemistry anchoring procedures on Si. These
series differ in the presence of specific terminal groups that
are able, upon further reaction, to 1) generate new covalent
bonds, 2) produce electroactive surfaces, 3) form surface-co-
ordination complexes.
Series 1 is represented by COOH-terminated organic

monolayers on SiACHTUNGTRENNUNG(100), which can act as the substrate for
the anchoring of protein,[39] oligonucleotides,[40] and, as re-
cently demonstrated by some of us, magnetic nanoparti-
cles[41] and fluorescent probes.[35] This last system was pro-
duced by heat- or visible-light-promoted functionalization
and through a cathodic electrografting (CEG) reaction.[42]

CEG provided the better procedure, in which both a larger
surface coverage and a smaller impact on Si surface oxida-
tion were obtained.[35]

Monolayers of substituted ferrocenes are examples of
series 2. For selected derivatized ferrocenes, anchored
through Si�C or Si�O bonds, a photochemical reaction with
visible light from low-melting-point precursors was shown to
be superior to thermal initiation, both for its much reduced
impact on the initial H–Si surface and for the better electri-
cal characteristics of the redox-active hybrid.[4,14]

Series 3, the least-explored one, is the object of the pres-
ent report, in which the preparation and coordination prop-
erties of covalently bound monolayers of 2,2’-bipyridine li-
gands on Si were studied. These very popular ligands[43]

belong to a series of polybidentate species with sp2-hybri-
dized N atom donors, and have demonstrated both electro-
chemical bistability and hysteresis upon coordinating Cu
ions in solution.[44] These properties suggest their possible
use for data storage at a molecular level. Further investiga-
tions of the surface-coordination properties on Si of pH-
switchable polyamino–polyamido ligands, which are able to

uptake/release and translocate one or two Cu2+ cations, are
underway.[45]

Experimental Section

General : Functionalization experiments on the surface-activated samples
were carried out in a N2(g)-purged dry-box (Braun) or by using standard
preparative Schlenk-line procedures. An AMEL system (Model 550 Po-
tentiostat and Model 721 Integrator) was used for the electrochemical ex-
periments. Si ACHTUNGTRENNUNG(100) wafers of ~400 mm thickness, p-Si (boron-doped,
single-side polished, 1–10 Wcm resistivity) and n-Si (phosphorus-doped,
single-side polished, 0.007–0.013 Wcm resistivity) were purchased from
Si-Mat. 5-Vinyl-2,2’-bipyridine and 5-bromomethyl-2,2’-bipyridine were
prepared according to literature procedures.[46] Commercial (Fluka) tet-
raethylammonium perchlorate (TEAP) was dried at 65 8C under vacuum.
Acetonitrile (CH3CN) was carefully dried and freshly distilled over CaH2

before use. Copper(I) tetrakis-acetonitrile perchlorate, [Cu-
ACHTUNGTRENNUNG(CH3CN)4]ClO4, was prepared as reported in the literature.

[47]

Preparation of hydrogenated silicon : Si ACHTUNGTRENNUNG(100) wafers with areas of about
1 cm2 were initially washed in boiling 1,1,2-trichlorethane for 10 min and
subsequently in methanol at RT, with sonication for 5 min. They were
then oxidized in H2O2/HCl/H2O (2:1:8) at 353 K for 15 min, rinsed copi-
ously with water, etched with 10% aqueous HF for 10 min, rinsed with
water again, dried under a stream of N2, and immediately used in the
functionalization process in a dry-box. The main steps of the procedure
were taken from the literature.[48]

Monolayer preparation on silicon : Several samples were prepared, ac-
cording to the different routes described below. Freshly etched Si samples
were used throughout. After functionalization, all samples were subjected
to the same cleaning procedure, consisting of four sonication cycles,
5 min each, with different solvents (toluene, acetonitrile), then dried in a
stream of N2.

Photoimmobilization (hn): A hydrogen-terminated Si ACHTUNGTRENNUNG(100) wafer was
placed in a levelled Petri dish inside the dry-box, covered with neat 5-
vinyl-2,2’-bipyridine, and then subjected to irradiation with visible light at
35 mWcm�2 for 1 h from a quartz/iodine lamp, while being heated slight-
ly above the melting point of 5-vinyl-2,2’-bipyridine (~50 8C).
Thermal immobilization (D): Neat 5-vinyl-2,2’-bipyridine was placed on
the surface of a hydrogen-terminated Si ACHTUNGTRENNUNG(100) wafer in a stoppered tube
under N2, heated to above its melting point, and then allowed to react at
this temperature for 1 h.

Electrografting (CEG): The electrografting preparation route, derived in
part from the literature,[26] was carried out at a constant cathodic-current
density of 10 mAcm�2 for 2 min, without illumination, in a two-compart-
ment polyethylene cell, placed inside the dry-box. The working electrode
was a hydrogenated n-Si wafer with a diameter of 2.54 cm, exposing a
1.5 cm2 area, in a solution of the reactant (5-bromomethyl-2,2’-bipyridine,
0.1m) and the supporting electrolyte (TEAP, 0.1m) in CH3CN (3.5 cm3).
A similar procedure was used for the electrografting functionalization of
p-Si ACHTUNGTRENNUNG(100). In both cases, an ohmic contact on the rear side of the silicon
wafer was obtained with an In/Ga eutectic mixture. The counterelectrode
was a Pt wire immersed in a solution of TEAP (0.1m) in CH3CN (3 cm3)
filling a glass tube, separated from the working compartment by a glass
sintered disc (porosity 3).

Preparation of the CuI complex with a bipyridine-functionalized Si ACHTUNGTRENNUNG(100)
surface : A Si ACHTUNGTRENNUNG(100) wafer, immediately after electrochemical grafting with
5-bromomethyl-2,2’-bipyridine, was soaked with ethanolic or acetonitrile
solutions (0.1m) of Cu ACHTUNGTRENNUNG(CF3SO3)2 or [CuACHTUNGTRENNUNG(CH3CN)4]ClO4, respectively, for
2 min, inside the dry-box. The sample was eventually removed from the
dry-box and then thoroughly washed in air by using the cleaning proce-
dure described above.

AFM : A needle-sensor atomic force microscope (VT-AFM, Omicron
NanoTechnology) was used. The silicon nitride microfabricated tips, with
a nominal curvature radius of ~10 nm, showed a resonance frequency of
997.500 Hz. Rms roughness (defined as the standard deviation with re-
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spect to the average height) and average height values were calculated
by using the Scala Pro routines (Omicron NanoTechnology). The images
were processed by WSxM 3.0 Beta 2.3 scanning probe microscopy, free
software available from Nanotec Electronica SL. The height distributions
were calculated by using Gwyddion1.12, a free software covered by
GNU General Public Licence. All images are shown with their associated
maximum and minimum z values, reported in the corresponding look-up
tables.

X-ray photoelectron spectroscopy : XPS results were obtained by using
an experimental apparatus in ultrahigh vacuum (UHV) consisting of a
modified Omicron NanoTechnology MXPS system, with an XPS chamber
equipped with a dual X-ray anode source (Omicron DAR 400) and an
Omicron EA-127 energy analyzer, and an attached VT-atomic force and
scanning tunneling microscope. Sample transfer between the various ex-
perimental areas was conducted by means of linear magnetic transfer
rods or manipulators. All measurements were recorded as soon as possi-
ble after sample preparation. Samples were produced and mounted on
sample holders in a dry-box, transferred from the dry-box to the XPS fa-
cility in Schlenk tubes, under N2. They were then introduced into the
XPS chamber after being exposed to air for about 1 min. No significant
sample degradation under extended acquisition times under the X-rays
was observed. MgKa and AlKa photons were employed (hn=1253.6 and
1486.6 eV, respectively), and the anode was operated at 14–15 kV, 10–
20 mA. No charging was experienced by the hybrid species, as can be in-
ferred from the coincidence of the binding energy (BE) for the Si2p3/2
bulk component peak position with the value of 99.7 eV, taken from the
literature.[49] BE values were derived from experimentally determined ki-
netic energies (KE) from the relation: BE=hn�KE, after spectrometer
energy calibration with metal standards. XPS atomic ratios for the bipyri-
dine-functionalized hybrids were estimated from experimentally deter-
mined area ratios of the relevant core lines, corrected for the correspond-
ing theoretical atomic cross-sections and for a square-root depen ACHTUNGTRENNUNGdence of
the photoelectron kinetic energies. The effects on quantitative analysis
possibly generated by XPS measurements from oriented Si wafers be-
cause of photoelectron diffraction at preferential directions of electron
collection[50] were minimized by mounting the Si ACHTUNGTRENNUNG(100) wafers always with
the same orientation with respect to the analyzer axis. All reported spec-
tra were acquired at a photoelectron take-off angle of 118, measured
from the surface normal.

Theoretical investigations : The large dimensions of the systems under in-
vestigation suggested the use of a monohydride-type surface termination
for Si ACHTUNGTRENNUNG(100), even if a mixture of mono-, di- and trihydride was experi-
mentally found for similarly obtained surfaces. All calculations were per-
formed by using the Gaussian98 package.[51] The bonding of 5-methyl-
2,2’-bipyridine to the monohydrogenated Si ACHTUNGTRENNUNG(100) surface was simulated
by using the model cluster Si13H18, in which dangling bonds were saturat-
ed by hydrogen atoms. Because of the relevant dimensions of such sys-
tems, geometry optimizations were performed at the HF/3-21G level. All
optimized structures were vibrationally characterized to check for the ab-
sence of imaginary frequencies in the minima and to compute zero-point
energy (ZPE). ZPE values calculated at the HF/3-21G level were scaled
by a factor of 0.91, which is commonly employed to correct harmonic fre-
quencies computed at the HF-level.[52,53] Single-point calculations at the
B3LYP/6-31G*//HF/3-21G level were performed to derive the relative
energy of isomeric structures and for electronic-structure analysis. Mul-
liken analysis[54] was not very reliable for the system under investigation
and the fraction of electronic charge located on each atom was derived
instead by distributed multipole analysis (DMA).[55,56] The latter method
is implemented in the molecular visualization MOLDEN[57] program.

Dynamic contact angles (DCA): Contact angles were measured by using
the Wilhelmy method with a microbalance CAHN 322 thermostated at
20�0.5 8C. The immersion speed was 20 mmsec�1. The different solvents
used were MilliQ-grade water, ethylene glycol (99%), and 1-bromonaph-
thalene (97%) (Sigma). Electrochemical grafting does not give double-
sided functionalization. All measurements were performed by cutting
each original sample into two equal halves and suitably gluing them to
leave the functionalized surface outside. The surface free energy, gtotal,
and components g+ , g�, and gLW, were calculated by using literature

methods,[58, 59] with the help of an in-house-developed program, which can
be freely accessed (http://www.ing.unitn.it/~devol). Details of the
method have been reported elsewhere.[60]

Results

The characterization of H–Si ACHTUNGTRENNUNG(100) surfaces is reported
below, followed by the XPS and AFM results from covalent
grafting on H–Si ACHTUNGTRENNUNG(100) of the substituted 2,2’-bipyridines.
The anchoring reactions were conducted by using visible
light (hn) or heat (D), or through cathodic electrografting
(CEG), and two different precursors were used, 5-vinyl-2,2’-
bipyridine and 5-bromomethyl-2,2’-bipyridine, depending on
the recipe used for grafting (Figure 1, paths a–c). On the
hybrid of choice, the experimental and theoretical character-
ization of the species resulting from its reaction with CuI

ions from a CH3CN solution are presented.

Hydrogen-terminated surfaces : The average values found
for advancing/receding contact angles of H–Si ACHTUNGTRENNUNG(100) surfaces
in water were 80/408, with a notable hysteresis in all three

Figure 1. Different synthetic approaches used for hydrogen-terminated
Si ACHTUNGTRENNUNG(100) functionalization with bipyridines, and their resulting species:
path a: photochemical reaction of 5-vinyl-2,2’-bipyridine; path b: thermal
reaction of 5-vinyl-2,2’-bipyridine; path c: wet chemistry synthesis
through cathodic electrografting of 5-bromomethyl-2,2’-bipyridine.
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solvents used, as evidenced in Table 1. The advancing angles
in all cases decrease as the liquid surface tension decreases.
The receding angles approach zero for ethylene glycol,

which has an intermediate value of surface tension, probably
indicating a specific interaction. With 1-bromonaphthalene,
the closely comparable values for advancing and receding
angles indicate the formation of a stable film of solvent mol-
ecules on the surface. Table 2 shows the advancing/receding

free energies that were calculated by using the dynamic con-
tact angles presented in Table 1.
Application of in situ AFM allowed the assessment of the

surface morphology at the various reaction steps. AFM
images taken from n- and p-doped hydrogen-terminated Si-
ACHTUNGTRENNUNG(100) surfaces are reported in Figure 2a and b, respectively.
They are representative of the total area explored. Very low
and comparable values of rms roughness were found for
both n- and p-doped samples.
XPS results from the relevant core regions of Si, C, and O

revealed the absence, within the present experimental limits,
of silicon oxide and the presence of some residual C and O
contamination. The latter could have resulted from the
short exposure to air, which was necessary to transport the
samples from a dry-box, in which the preparation was con-
ducted, to the UHV apparatus. Si2p generates a complex
peak, from which a distinct component, at a binding energy
(BE) 0.4 eV larger than the main spin-orbit doublet at
99.7 eV, can be assigned to the reacted Si surface atoms. The
relative shift of the components to the main peak is fully
compatible with the expected silicon dihydride termination,
although minor contributions from mono- or trihydrides can
easily escape detection. Some residual intensity on the low-
BE side, barely visible in the XPS spectrum, was attributed
to surface defects.[4]

Functionalized Si surfaces : A detailed comparison of the
three recipes for bipyridine grafting on hydrogen-terminated
SiACHTUNGTRENNUNG(100) was conducted by XPS, which allows the simultane-
ous elucidation of both the state of the surface, in terms of
the presence of oxide and/or contaminants, and the extent
of functionalization, through relative quantitative measure-
ments from intensity ratios of core lines.
Percent-coverage values for the hybrids, inferred from

XPS, are plotted against silicon oxide thicknesses in
Figure 3, and the experimental and curve-fitted core lines
are collected in Figure 4 (see also Table S1 of the Support-
ing Information).
Experimental determination of the SiO2 thickness was

achieved by using a surface quantitative model taken from
the literature,[48,49,61] which leads to Equation (1):

dox ¼ LSiO2
ðESiÞ cosq lnð1þ Rexp=RoÞ ð1Þ

Table 1. Average advancing/receding dynamic contact angles in different
solvents [8]. The associated standard deviations are within �1–28. The
CEG sample was obtained from cathodic electrografting of 5-methyl-2,2’-
bipyridine to hydrogenated p-Si ACHTUNGTRENNUNG(100). CEG sample+CuI is the sample
resulting from exposure of a CEG sample to a solution of CuI ions in
CH3CN.

Water Ethylene glycol 1-Bromonaphthalene

H-terminated Si ACHTUNGTRENNUNG(100) 80/40 51/0 31/21
CEG sample 73/17 49/12 24/17
CEG sample+CuI 83/43 56/24 51/51

Table 2. Advancing/receding surface free energies (gtotal) and distinct
components [mJm�2] calculated from the values for advancing/receding
dynamic contact angles and estimated by using the acid–base approach.
Standard deviations are within �1–3 mJm�2.

gtotal gLW g+ g�

H-terminated Si ACHTUNGTRENNUNG(100) 40/50 39/41 0/0 7/36
CEG sample 42/46 41/43 0/0 11/61
CEG sample+CuI 33/44 29/30 0.5/1.4 6/39

Figure 2. Top: AFM images (500R500 nm2) from a) n-SiACHTUNGTRENNUNG(100)–H and
b) p-SiACHTUNGTRENNUNG(100)–H clean substrates. Bottom: corresponding linear cross-sec-
tion profiles taken along the segments marked by the white lines (top).
The rms roughness values are 0.06 and 0.05 nm, respectively.

Figure 3. Plot of the percentage coverage values versus SiO2 thickness for
n- and p-SiACHTUNGTRENNUNG(100) surfaces functionalized with substituted bipyridines by
different routes. CEG, hn, and D have the same meanings as in Figure 1.
The solid lines are traced to guide the eye.
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in which dox is the total oxide thickness (nm) due to the four
different SixOy species, LSiO2

ACHTUNGTRENNUNG(ESi) is the attenuation length of
Si2p photoelectrons from SiO2, q is the collection angle of
the photoelectrons taken from the surface normal, Rexp is
the measured Isilica/Isilicon ratio, and Ro is the Isilica/Isilicon ratio
for the pure species. The product LSiO2

ACHTUNGTRENNUNG(ESi) cosq is the inelas-
tic mean-free-path of Si2p photoelectrons. It is recalled
here, as a reference, that one monolayer of silica grown on
silicon is 0.35 nm thick. The total oxide thickness is obtained
from the application of Equation (1) and is a quantitative
estimate of a continuous overlayer. Very small values
(<0.35 nm) indicate that the surface oxidation is limited to
very small areas. The values in Figure 3 allow for a clear dis-
tinction to be made between the preparation routes.
In the modified substrates, the appearance of the charac-

teristic N1s peak in the XPS spectra indicates the presence
of the molecular moiety. The coverage values, reported in
Figure 3, were calculated from the ratio of the normalized
peak intensities of N1s, IN1s, to Si2p, ISi2p, according to Equa-
tion (2):[62]

F ¼ ðIN1s=nsN1sÞðsSi2p=ISi2pÞðAFml=IFSið100ÞÞ ð2Þ

in which AFml is the attenuation factor associated with the
presence of a surface monolayer (AFml=exp ACHTUNGTRENNUNG[�dml/Lml-
ACHTUNGTRENNUNG(Eml) cosq]), IFSi(100) is the intensity factor for unattenuated
silicon, IFSi(100)=1�exp ACHTUNGTRENNUNG[�dSi/LSiACHTUNGTRENNUNG(ESi) cosq], and n is the
number of nitrogen atoms of the molecule. The layer spac-
ing, dSi(100), and the inelastic mean-free-path values for both
silicon, LSiACHTUNGTRENNUNG(ESi), and the monolayer, Lml ACHTUNGTRENNUNG(Eml), were taken
from the literature.[63–65] The monolayer thickness, dml, was
deduced from DFT calculations; the cross-section values, s,
for N1s and Si2p were taken from Scofield.[66]

The ionization region for N1s presents different compo-
nents in the corresponding three series. In all cases, the
curve-fitting of N1s shows an intense component at a BE of
399.8 eV, which can be confidently assigned to the N atom
functions in the neutral 2,2’-bipyridine moiety, on the basis
of closely comparable literature BE values for differently
substituted pyridines.[67, 68] A second common feature, locat-
ed at ~401 eV, was assigned with the help of results from
theoretical calculations, as discussed in the next section.
In the CEG samples, the C1s/N1s XPS atomic ratio was

close to the theoretical value of 5.5. More-extensive carbon
contamination was detected for samples obtained from ther-
mal and photochemical treatments. Analogously, some
oxygen-related contamination was inferred from the O1s/
Si2p ratio, higher than the value expected on the basis of
the amount of silica.
The formation of a stable Si�C covalent bond was indi-

rectly confirmed in the three series of samples by treating
the hybrids in aqueous NaOH (0.1m) solution for 2 min.
XPS analysis of the resulting surface proved that the rele-
vant molecular ionization peaks survived the treatment.
AFM images were recorded from the hybrids resulting

from all three treatments. CEG sample surfaces revealed a
homogeneous morphology, consisting of globular assemblies.
Figure 5 shows AFM images of the CEG sample at different
frame enlargements, and linear cross-section profiles taken
from a measured area of 7.1R7.1 mm2. Structures resembling
elongated grains, distributed without a long-range order, are
clearly visible. In the enlarged views, reported in Figure 5b
and c, the ~20R30 nm2 grains appear with regular shapes
and are laterally separated by 20–30 nm. The rms roughness
value obtained from these images is 0.56 nm. The height dis-
tribution evaluated from statistical analysis of AFM images
shows that the average height of the grains is 0.822�
0.003 nm, however, for the samples resulting from thermal
and photochemical procedures, a broader distribution re-
sults, peaking at ~3.2 nm, with an rms roughness value of
~1.2 nm (see Figure S1 of Supporting Information).
Dynamic contact-angle values of the CEG sample were

analyzed, and the average values for advancing/receding
angles are summarized in Table 1. An hysteresis between
advancing and receding curves was identified and was attrib-
uted to surface reactivity because of Si oxidation. This was
further confirmed by observing a decrease in the values
upon subsequent immersions of the same sample. Relative
to the hydrogen-terminated surface, the CEG sample shows
lower values of contact angle (73/178), which is in accord

Figure 4. N1s and Si2p XPS spectra for hydrogen-terminated n-Si ACHTUNGTRENNUNG(100)
after the following treatments: a) photochemical grafting of 5-vinyl-2,2’-
bipyridine (consistently similar spectra are obtained from thermal an-
choring); b) thermochemical grafting of 5-vinyl-2,2’-bipyridine;
c) cathodic electrografting of 5-bromomethyl-2,2’-bipyridine; d) cathodic
electrografting of 5-bromomethyl-2,2’-bipyridine, followed by immersion
in a 0.1m solution of [Cu ACHTUNGTRENNUNG(CH3CN)4]ClO4 in acetonitrile.
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with the presence of electron donor or basic portion intro-
duced on the surface by the bipyridine moiety.[69]

Theoretical calculations were undertaken to elucidate the
main experimental findings and to model the surface-bound
ligand and the CuI complex. Preliminary calculations were
performed to define the molecular properties of the free bi-
pyridines, which mainly exist as syn and anti rotamers, with
reference to the reciprocal N atom position. The relative
ring orientation is conventionally indicated by the f (N1’-
C2’-C2-N1) dihedral angle. At the B3LYP/6-31G* level, the
anti rotamer (f=1808) is favored over the syn rotamer (f~
358) by ~6.7 kcalmol�1 in free bipyridine. Protonation of

one of the ligand N functions inverts the relative stability,
with the syn rotamer (f=08) being favored by ~7.4 kcal
mol�1, the added stability coming from the NH+ ···N interac-
tion. The introduction of a SiH3�CH2� anchoring arm in the
bipyridine frame does not modify the above order. Further
calculations, giving the data reported in Table 3 and
Figure 6, were aimed at modelling bipyridine anchored to
SiACHTUNGTRENNUNG(100) through a CH2 group in the ring position 5.
Structure 1 in Table 3 (Figure 6a) represents the anti rota-

mer of 5-methyl-2,2’-bipyridine bonded to the SiACHTUNGTRENNUNG(100) sur-
face. Structures 2 and 3 represent the syn rotamers, which
differ from each other in the orientation of the distal pyri-
dine ring with respect to the proximal one (f=�358). The
structures indicated as 4–7 represent monoprotonated 5-
methyl-2,2’-bipyridine bonded on the SiACHTUNGTRENNUNG(100) surface. In all
cases, the relative stability order (Table 3) is closely consis-
tent with that calculated for the isolated analogues, and the
angle between the plane of the proximal pyridine ring and
the surface is nearly 488. The distance between the farthest
carbon atom of 2,2’-bipyridine and the Si ACHTUNGTRENNUNG(100) surface is
about 0.83–0.84 nm.
Further calculations were undertaken in which the oxi-

dized Si ACHTUNGTRENNUNG(100) surface was simulated by using the Si13H18

cluster with one of the hydrogen atoms replaced by an OH
group. In structure 8, the OH group and 5-methyl-2,2’-bipyr-
idine (the anti rotamer is considered here) are both bonded
to the Si atoms of the central dimer in the cluster. In this
case, only a relatively long (0.24 nm) and weak OH···N hy-
drogen bond is formed, which does not change the orienta-
tion of 2,2’-bipyridine with respect to the surface. In 9–11,
the OH group is bonded to a Si atom of the nearest Si–Si
dimer. The hydrogen bond between Si�OH and the nitrogen
atom of anti-2,2’-bipyridine involves the proximal ring in 9
(Figure 6b) and the distal ring in 10. In 11, the OH group is
hydrogen bonded to the N atom of the distal ring of syn-
2,2’-bipyridine. The latter structure was also obtained if ge-
ometry optimization began with the OH group that is hy-
drogen bonded to the N atom of the proximal ring.
A common feature of 9–11 is that, in all cases, 5-methyl-

2,2’-bipyridine is side-bent on the surface, suggesting that
the presence of a methylenic group in the 5 position adds
sufficient flexibility to the bipyridine moiety. Hydrogen
bonding to silanol groups, however, reduces the distance to
the surface of the farthest carbon atom to ~0.70 nm. The 9–
11 structures show stronger hydrogen bonds than 8, with
shorter OH···N distances (0.183–0.188 nm).
The order of stability of the above structures reflects the

higher stability of isolated anti-2,2’-bipyridine. However, 11
is less stable than 9 by only 3.4 kcalmol�1. Comparison of
such a value with the energy difference between anti and
syn rotamers of isolated 2,2’-bipyridine shows that 11 is the
structure with the strongest hydrogen bond.
The net atomic charges are also reported in Table 3. Sur-

face binding (structures 1–3) does not result in any differ-
ence between the charges on the N atoms of 2,2’-bipyridine.
For monoprotonated 2,2’-bipyridine, the difference between
the charges of N atoms is 0.3–0.4 for the anti rotamers

Figure 5. a) AFM image (500R500 nm2) of a freshly prepared CEG
sample on p-SiACHTUNGTRENNUNG(100) obtained from cathodic electrografting of 5-bromo-
methyl-2,2’-bipyridine on p-Si ACHTUNGTRENNUNG(100) (left), and a cross-section profile from
the same area (right); b) and c) close-up views (200R200 and 100R
100 nm2, respectively) (left), and linear cross-section profiles (right) of
the area shown in the AFM image in Figure 5a; d) AFM image (500R
500 nm2) from a freshly prepared CEG sample on p-Si ACHTUNGTRENNUNG(100) and coordi-
nated with CuI (left), and a cross-section profile from the same area
(right).
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(structures 6 and 7) and 0.6 for the syn rotamers (structures
4 and 5). Hydrogen bonding in 9–11 results in charge differ-
ences on the N atoms in the range of 0.19–0.38.
The structures 12–14 (Figure 6) were optimized to investi-

gate how 5-ethyl-2,2’-bipyridine is bonded to the SiACHTUNGTRENNUNG(100) sur-
face. The ethyl group in 12 is bonded to the Si surface by
only the proximal C atom, whereas in 13 both C atoms of
the ethyl group are bonded to a surface Si dimer. In the
latter structure, the Si�Si bond is broken and both Si atoms
are hydrogenated. The structure of 14, in which the molecu-
lar moiety is 5-ethenyl-2,2’-bipyridine, can be obtained by
dehydrogenation of 13 and implies the formation of a C=C
double bond. As shown in Table 3, 12 is more stable than 13
and 14 by 9.4 and 25.2 kcalmol�1, respectively, indicating
that the preferential bonding of 5-ethyl-2,2’-bipyridine with
the SiACHTUNGTRENNUNG(100) surface occurs with only one C atom and pre-
serves the dimeric structure of the surface.

Coordination reaction with CuI ions : Contact-angle determi-
nations can be used, in an ideal approximation, to estimate
the surface free energy, gtotal, and its distinct components
(the apolar Lifshitz–van der Waals, gLW, the Lewis electron
acceptor or acid, g+ , and the electron donor or basic, g�,
components). Surface-energy values are collected in Table 2.
On H�SiACHTUNGTRENNUNG(100), the presence of a basic component is expect-
ed upon partial reoxidation of the substrate. The electron-
acceptor portion of surface energy appears in all cases lower

than its experimental error and should be considered to be
negligible. The gtotal values strongly decrease upon Cu

I coor-
dination to the CEG sample, mainly driven by gLW, whereas
g� shows a relative maximum for the CEG sample.
After coordination of the CEG sample with CuI, statistical

analysis of the AFM images from the related surface did not
reveal a significant change in rms roughness (Figure 5d).
XPS results on the same sample are reported in Figure 7a.
A narrow Cu2p line shape is obtained, typical of CuI,[48] as-
sociated with a N:Cu atomic ratio of 4.0. These results were
obtained for six independent samples. Two effects were
found on the N1s peak after coordination: a narrowing of
the peak width and a positive chemical shift of 0.5 eV
(Figure 4). Reaction with CuI leaves the Si surface still low
in oxide (Figure 4d).
In a reference experiment conducted by exposing hydro-

gen-terminated SiACHTUNGTRENNUNG(100) to CuI ions dissolved in CH3CN,
copper uptake from the solution was evidenced, consistent
with the literature.[70] However, the resulting energy posi-
tions for Cu2p and CuL3M4,5M4,5 Auger lines are sizeably
different from the CEG sample. The distinct cases repre-
sented by reaction of CuI with either hydrogen-terminated
SiACHTUNGTRENNUNG(100) or with the CEG sample are definitely confirmed by
the corresponding values found for the Cu Auger parameter,
which amount to 1849.3 and 1847.3 eV, respectively. Note
that the analogous value for the unsupported [Cu(5-methyl-
2,2’-bipyridine)2]ClO4 complex is 1847.6 eV, which coincides,

Table 3. Computational results obtained for 5-methyl-2,2’-bipyridine (bp) bonded on a Si ACHTUNGTRENNUNG(100) cluster (CL):[a] B3LYP/6-31G*//HF/3-21G electronic
energy (Eel/a.u.), zero-point energy (ZPE/a.u.), relative energy (Erel/kcal

�1mol�1), electronic charge fraction (qi/a.u.) located on N1 and (see text and
Figure 6) calculated according to Mulliken[53] or by distributed multipole analysis (DMA),[54,55] and DMA charge difference (Dqi/a.u.) between the nitro-
gen atoms of 5-methyl-2,2’-bipyridine.

System Eel ZPE Erel qi
ACHTUNGTRENNUNG(Mulliken)[b]

qi
ACHTUNGTRENNUNG(DMA)[b]

Dqi
ACHTUNGTRENNUNG(DMA)[c]

N1 N1’ N1 N1’

pyridine[d] �0.41 �0.62
pyridinium ion[d] �0.45 �0.09

1 CL�CH2bp (anti) �4307.86024 0.32185 0.00 �0.50 �0.50 �0.55 �0.56 0.01
2 CL�CH2bp (syn)

[e] �4307.84994 0.32126 6.09 �0.45 �0.45 �0.64 �0.62 0.02
3 CL�CH2bp (syn)

[f] �4307.85000 0.32126 6.05 �0.45 �0.45 �0.63 �0.65 0.02

4 CL�CH2bpH
+ (syn) �4308.25915 0.33570 0.00 �0.62 �0.55 0.03 �0.55 0.58

5 CL�CH2bpH
+ (syn) �4308.25695 0.33564 1.34 �0.55 �0.61 �0.56 0.08 0.64

6 CL�CH2bpH
+ (anti) �4308.24744 0.33557 7.26 �0.65 �0.49 �0.20 �0.53 0.33

7 CL�CH2bpH
+ (anti) �4308.24519 0.33548 8.63 �0.50 �0.65 �0.51 �0.10 0.41

8 CL�CH2bpOH (anti) �4383.12475 0.32798 2.53 �0.51 �0.50 �0.51 �0.56 0.05
9 CL�CH2bpOH (anti) �4383.13089 0.33009 0.00 �0.57 �0.50 �0.29 �0.58 0.29
10 CL�CH2bpOH (anti) �4383.12710 0.32931 1.89 �0.48 �0.55 �0.57 �0.38 0.19
11 CL�CH2bpOH (syn) �4383.12463 0.32923 3.39 �0.47 �0.52 �0.56 �0.18 0.38

12 CL�CH2CH2bp (anti) �4347.17446 0.38444 0.0
13 CL�CH2CHbp (anti) �4347.15688 0.38182 9.4
14 CL�CH=Cbp (anti) �4345.94163 0.35668

}25.2
H2 �1.17544 0.01060

15 CL�CuI(5-methyl-2,2’-bipyridine)2 �2630.98749 0.31824 – 0.72 (Cu) �0.64 (N) �1.05 (Cu) 0.33 (N)

[a] CL = Si13H17 cluster for 1–7, 12, 15 ; Si13H18 for 13–14, and Si13H16OH for 8–11. [b] The qi charge located on protonated or hydrogen-bonded N atoms
is reported in italics. [c] Dqi= jqN1�qN1’ j . [d] Geometry optimization at the B3LYP/6-31G* level. [e] (N1’-C2’-C2-N1) dihedral angle=�34.48. [f] (N1’-
C2’-C2-N1) dihedral angle=34.48.
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within the experimental error (�0.2 eV), with the value for
the CEG sample.
Figure 6f shows the optimized structure for [Cu(Si-CH2-

2,2’-bipyridine)2]
+ bonded to the monohydrogenated SiACHTUNGTRENNUNG(100)

surface. Surface coordination results in a slightly distorted
tetrahedral geometry of CuI�N bonds, with nearly perpen-
dicular 2,2’-bipyridine planes and Cu–N distances
(0.195 nm) very close to those calculated for the free
[Cu(2,2’-bipyridine)2]

+ complex. Although the resulting tet-
rahedral coordination is reasonable for a CuI–N4 unit, the
net atomic-charge analysis, performed by both Mulliken and

DMA analysis, did not provide conclusive results upon CuI

addition to the ligand.

Discussion

Clean, oxide-free, and flat hydrogen-terminated n- and p-Si-
ACHTUNGTRENNUNG(100) surfaces result from the preparation, as inferred from
the AFM, contact-angle, and XPS results. On these surfaces
2,2’-bipyridine derivatives were successfully anchored by
using the three different routes briefly summarized in
Figure 1, although with distinctive features.
A quantitative comparison of the three series of samples

can be made by taking into account molecular coverage,
extent of Si oxidation, and level of contamination at the sur-
face. The better compromise between higher extent of func-
tionalization and lower Si oxidation can be clearly assessed
from the results reported in Figure 3. For both n- and p-Si-
ACHTUNGTRENNUNG(100), an almost linearly decreasing trend in surface cover-
age as Si oxidation increases can be noted, the former series
being more oxidized.[71] XPS Si intensity, however, does not
differentiate between the surface being covered with silicon
oxide or bipyridine. Therefore, the coverage values at high
oxidation levels, deduced from XPS N/Si atomic ratios, are
the more overestimated ones. In the region of the plot at
which the coverage values are least affected by the forma-
tion of oxide, the CEG sample results as the better hybrid,
which is also consistent with its C/N XPS atomic ratio,
closer to the nominal value for the molecular moiety. In the
comparison, the thermal approach leads to the formation of
a greater amount of silicon oxide, probably because of the
higher temperature of treatment, which activates the surface
sites. Notice, however, that on porous Si, pyridine can cata-
lyze the reaction of water to form silica.[72] This could justify
the presence of silica in the three series of samples, probably
induced by residual traces of water. The minimum amount
of silica found for the CEG sample is consistent with the
cathodic conditions applied, which renders it less susceptible
to nucleophilic attack in water.[3]

An independent check for the quality of the CEG mono-
layer comes from its contact-angle values (Table 1), closely
comparable to those for H�Si both before and, more re-
markably, after CuI complexation. The modification induced
by the stable presence of bipyridine at the surface in the
CEG sample and the availability of its lone pairs is testified
by the increase in surface hydrophilicity in water with re-
spect to H�Si.[69] This is evidenced by the decrease in con-
tact angle and the increase in the basic portion of the sur-
face free energy with respect to H�Si. The resultant surface
after complexation is more hydrophobic because nitrogen
lone pairs are involved with CuI ions in the complex and do
not interact with the solvent.
The notable hysteresis in advancing and receding contact

angles exhibited by all monolayers in different solvents
could indicate disorder because surface roughness and heter-
ogeneity are not very relevant.[73] A major cause for disorder
could be the different orientation of surface domains, which

Figure 6. HF/3-21G optimized structures for: a) 5-methyl-2,2’-bipyridine
bonded to monohydrogenated Si ACHTUNGTRENNUNG(100) (structure 1, Table 3); b) 5-methyl-
2,2’-bipyridine bound to monohydrogenated Si ACHTUNGTRENNUNG(100), in which a surface
H atom is replaced by an OH group (structure 9, Table 3); c) 5-ethyl-2,2’-
bipyridine bonded to monohydrogenated SiACHTUNGTRENNUNG(100) by the terminal ethyl C
atom (structure 12, Table 3); d) 5-ethyl-2,2’-bipyridine bound to monohy-
drogenated Si ACHTUNGTRENNUNG(100) by both ethyl C atoms (structure 13, Table 3); e) 5-
ethenyl-2,2’-bipyridine bonded to monohydrogenated Si ACHTUNGTRENNUNG(100) by both
ethenyl C atoms and obtained by dehydrogenation of 13 (structure 14,
Table 3); f) [CuI(SiCH2-2,2’-bipyridine)2]

+ complex bonded to monohy-
drogenated SiACHTUNGTRENNUNG(100) (structure 15, Table 3).

Figure 7. ACHTUNGTRENNUNG(Left) Cu2p3/2,1/2 XPS spectra and (right) Cu Auger XPS spectra
for hydrogen-terminated Si ACHTUNGTRENNUNG(100) samples after: a) electrografting of 5-
bromomethyl-2,2’-bipyridine, followed by immersion in a 0.1m solution
of [Cu ACHTUNGTRENNUNG(CH3CN)4]ClO4 in acetonitrile; b) immersion in a 0.1m solution of
[Cu ACHTUNGTRENNUNG(CH3CN)4]ClO4 in acetonitrile.
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prevents a two-dimensional dense packing of the molecules,
allowing water to penetrate into the layer. The greater hys-
teresis found in polar versus apolar liquids could be assigned
to a preferential interaction of polar liquids with silicon,
and/or to the ability of the top layer to interact with polar
groups through specific acid–base Lewis interactions.
The morphology of the CEG sample is inferred from

analysis of AFM images, which show a submonolayer depo-
sition pattern, with large (20R30 nm2) assemblies. The mean
value of height deduced from statistical analysis (0.82 nm) is
practically coincident with the theoretical value for 5-
methyl-2,2’-bipyridine grafted on a silicon surface (0.83 nm),
as deduced from calculations and reported in Figure 6.
These values are consistent with a monolayer deposition,
and their distance from the average oxide thickness, de-
duced from XPS, excludes an assignment to patches of SiO2.
XPS analysis, coupled with DFT calculations, allows the

steps of surface functionalization and subsequent Cu com-
plexation to be monitored.
The assignment of the secondary peak at ~401 eV, which

accompanies the main pyridinic N1s component in the three
series of samples, can be given on the basis of the following
two main points:

1) In principle, a positive N1s chemical shift measured from
the energy position of a neutral pyridinic N atom could
be related to a monoprotonated bipyridine. A reference
value of chemical shift that can assist in the assignment
in the case of 2,2’-bypiridines is the energy distance be-
tween N1s in pyridinium and pyridine,[74] which amounts
to 2 eV and parallels the theoretical difference in net
charges of 0.5–0.6 a.u. found for the two species
(Table 3). On this sole basis, the existence of protonated
quaternary N atoms should be discarded in the present
case.[75]

2) The presence of silanol groups from partial surface oxi-
dation of Si is common, even in controlled conditions,
because of the high reactivity of H�SiACHTUNGTRENNUNG(100) with H2O
(Figure 6b). Hydrogen bonding between 2,2’-bipyridine
and surface Si�OH groups (structures 9–11) renders the
interacting N atom more positive than the noninteracting
one by 0.2–0.4 a.u. Such a charge difference is fully com-
patible with the (moderate) chemical shift of 1 eV.

On the basis of the above two points, the secondary N1s
peak can be assigned to N atoms engaged in such hydrogen
bonding.
The reaction of CuI with the CEG sample results in a CuI

coordination complex with N-donor functions. On the basis
of traditional solution chemistry of CuI with the bipyridine
ligand, a 1:2 metal/ligand complex with tetrahedral geome-
try is expected. This is also found on the surface, as indicat-
ed by the 1:4 Cu/N atomic ratio given by XPS. The positive
chemical shifts of the N1s peak related to N-ligand functions
upon reaction with CuI strongly suggest the coordination of
the N atoms to CuI ions. Furthermore, a tetrahedral

[CuI(bipyridine)2]
+ geometry for the complex on the SiACHTUNGTRENNUNG(100)

surface is supported by calculations (Figure 6f).
Notably, within the surface sensitivity of XPS, ~0.1

atomic%, all N atoms are engaged in the coordination bond
to the CuI atom, in spite of their surface confinement. This
may indicate that bipyridines are homogeneously bound and
distributed on Si, and oriented in a way that allows the
facile coupling of two ligands to a single CuI atom, with the
correct tetrahedral geometry required by the cation. A pos-
sible contribution of acetonitrile in the coordination cannot
be excluded, although the associated N1s binding energy
cannot be confidently extracted from the literature. A parti-
al participation of acetonitrile could account for the slight
broadening of the N1s full width found upon coordination.
Results from AFM and dynamic contact-angle analysis

give further, although less-direct, support to the extent of
the surface-complexation reaction. In fact, in the CEG
sample after coordination to CuI, a statistical analysis of
AFM images indicates no sizeable change in rms roughness
(Figure 5d). The good extent of surface-CuI complexation is
also consistent with the much higher hydrophobicity of the
complexed CEG hybrid, experimentally evidenced by dy-
namic contact angles greater than for the unreacted ana-
logue.
Finally, Figure 6f shows a tentative structure for the sur-

face complex formed by CuI with the CEG sample. The op-
timized geometry shows a slightly distorted-tetrahedral coor-
dination of CuI, with nearly perpendicular 2,2’-bipyridine
planes, and Cu–N distances (0.195 nm) very close to those
calculated for the free [CuI(2,2’-bipyridine)2]

+ complex.
Further FTIR investigations are in progress to investigate

the adsorption configurations in more detail.

Conclusion

A comparison study of the anchoring behavior of differently
substituted 2,2’-bipyridine ligands was conducted on hydro-
gen-terminated Si ACHTUNGTRENNUNG(100). The formation of a covalent C�Si
bond was evidenced by the characterization of the hybrids
resulting from three different wet chemistry routes, employ-
ing thermal, photochemical, and electrochemical (CEG) ap-
proaches. Significant differences were observed in the corre-
sponding hybrids, both in surface coverage and for the
extent of silicon surface oxidation and contamination. The
CEG route is the method of choice, because it represents
the best compromise between the extent of Si functionaliza-
tion, protection from substrate-oxidation reaction, and a low
level of contamination. Additionally, it was shown that anch-
ored bipyridine ligands, although confined on the surface,
retain the same reactivity as a bidentate ligand towards CuI,
as demonstrated by the formation of a 1:2 Cu–bipyridine
complex on the surface, paralleling the known behavior in
solution.
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