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Abstract Stober silica nanoparticles with a diame-
ter of approximately 800 nm are covalently modified
by redox-active ferrocene or (diamine)(diphosphine)
ruthenium(II) units attached to a spacer. The particles
are characterized by NMR spectroscopic and chemical
techniques. Two variants of modification by condensa-
tion are compared. Besides an estimation of the size
and the particle porosity, the agglomeration behavior
in solvents of different polarity is investigated. The
adsorption of the particles to an electrode surface is
followed.
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Introduction

Small, submicroscopic structures such as particles of
nanometric sizes or dendrimers have attracted much
scientific interest [2-13]. Objects in the “meso” world
between the molecular and continuous domains [11]
often exhibit properties that cannot be directly de-
duced from the bulk material’s behavior. Applications
in catalysis [4, 6], energy storage and conversion [14,
15], life sciences [2, 16-18], and many more have been
discussed.

In order to tailor such nanoparticles to specific needs,
they were modified by using them as scaffolds [5] for
molecular reactions. Covering particles with polymeric
materials (core-shell structures [19]) also provided a
high variability of properties.

In particular, various types of nano-objects (see,
e.g., [14, 18, 19]) were based on silica preparations.
While aerogels exhibit high surface areas due to their
porous structure [15], other silica materials are charac-
terized by low porosity. Among the latter, the spher-
ical, nonporous, and highly monodisperse [20] Stober
silica particles [21] could provide a unique support
for covalently bound molecular modifiers. Their struc-
ture and symmetry ensures a high homogeneity of
all surface-attached molecules in terms of environ-
ment, bonding, and accessibility. Furthermore, their
size (between 50 nm and roughly 10 um [20] depend-
ing on synthetic conditions) would allow simple sepa-
ration from reaction mixtures. Thus, modified Stober
particles are inorganic-organic hybrid materials and
could form the basis for regenerable catalysts, similar
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to those suggested in the “chemistry in interphases”
context [22].

Recently [23], we reported the synthesis and prelimi-
nary characterization of redox-actively modified Stober
silica particles, including those with catalytic proper-
ties. Shortly after (in terms of final version date) ours,
similar materials were described by another group [24].
In the present paper, we discuss in more detail experi-
ments to characterize some of our preparations.

It is a first objective of this paper to show that
our base material generated by the Stober process
(diameter d ~ 800 nm; material M0) meets the size
distribution and porosity requirements needed for re-
producible work with modified particles in the context
presented above.

The presence of silanol groups on the silica particle
surface [25] then provides one opportunity for covalent
attachment of redox and/or catalytically active species.
The present work will characterize particles modified
with ferrocene (fc, 1), and a ruthenium complex moiety
2 by spectroscopic and physicochemical methods. Fc is
regarded as a simple model example of a one-electron
redox system that is relatively stable in two oxidation
states. Ruthenium(II) complexes with a diamino and a
diphosphine ligand prove (apart from exhibiting redox
activity [26, 27]) to be efficient catalysts for the hydro-
genation of C=C and C=0 double bonds [28-32] in a
way similar to Noyori’s catalyst [33, 34].
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Covalent surface modification of Stober silica nano-
particles with a redox-active molecule XY could be
achieved by two pathways (Scheme 1): In route I, a
trialkoxysilane-substituted linker L with a reactive end
group X is condensed to the silica surface, and X reacts
with Y in a second step. Route I mimics the concept
of a stepwise “solid phase synthesis” [35]. On the other
hand, Y could be bound to L first in a homogeneous
reaction, and the resulting conjugate would then be at-

Scheme 1 Modification
pathways of Stober silica
nanoparticles used

in this work
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tached to the silica particles by condensation (route IT).
These two routes will be compared in the present work
for the attachment of 1 and 2 (Scheme 2). While route
I proceeds through aminoalkyl modified silica particles
M1 and M2, which react with ferrocene carboxylic acid
4 or the precursor complex § in an amide bond forma-
tion or a ligand exchange reaction, respectively, route 11
requires prior synthesis and isolation of conjugates 3 or
6, which are directly bonded to the bare particles MO0.
Note that we do not specify all bonds at the linker Si
atoms in M3 and M4. It is known that various bonding
patterns of a (trialkoxy)silane to a SiO, surface may be
formed (for the case of porous silica, see [36]).

Finally, the redox activity of the attached species
opens the possibility of electrochemical characteriza-
tion by means of, in particular, cyclic voltammetry
(CV) and electrochemical quartz crystal nanobalance
(EQCN) gravimetry. The importance of functionalized
organic-silica hybrid materials in electrochemistry has
recently been emphasized [37]. In our context, elec-
trochemical activation and switching of catalysts im-
mobilized on an electrode surface [38] present addi-
tional opportunities. The mobility of the surface-bound
redox-active centers is then crucial for any catalytic
application since the kinetics of the overall catalytic
process is governed by this factor [39]. Studies on den-
drimers [40-44] have emphasized the importance of
the diffusional behavior within the redox-active shell as
regards electron communication between the electrode
and the active centers. Materials M3 and M4 show
similar behavior [23], while the catalytic properties of a
ruthenium hydrogenation catalyst remain intact in M4.
As an extension, a characterization of the adsorption
processes of M3 and M4 on Pt electrodes is a fourth
objective of the present work.

Experimental section
Solvents and electrolytes

Toluene was refluxed over Na in the presence of ben-
zophenone (both Fluka, Switzerland) until the solu-
tion turned blue before distillation. Acetonitrile was

M (route 1)

j‘ OO* jSi*L*XY
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Scheme 2 Synthesis of redox-actively modified Stober silica particles

distilled from P,Os (Aldrich, USA) and, subsequently,
NaH (Fluka). Dichloromethane was distilled without
a drying agent. All distillations were performed un-
der Ar. For electrochemical purposes, dichloromethane
and acetonitrile were further dried by standing for
10-12 h over activated Al,Oj3 [45].

For the cyclic voltammetric investigations, dichloro-
methane and acetonitrile were used as the solvents with
tetra-n-butylammonium hexafluorophosphate (NBuy
PF, [46]) as the supporting electrolyte (0.1 M). The
electrolyte dichloromethane + NBu4PF¢ was degassed
by three freeze-pump-thaw cycles before transferring
it into the electrochemical cell under argon, while ace-
tonitrile + NBusPFs was degassed by bubbling with Ar
(overpressure 0.6 atm) for 30 min.

Physicochemical methods
Scanning electron microscopy

Field emission scanning electron microscope (FESEM)
images of M0 were obtained at the Institut fiir Physik
(Universitit Tiibingen, Germany) on an XL 30 Micro-
scope (Philips, Netherlands) after immobilization on a

Pt sheet electrode and Au sputtering. FESEM imaging
of M3 and M4 was performed on a S-4300 SE/N micro-
scope (Hitachi, USA) controlled by a standard program
from Hitachi. The initial energy of the electron beam
was adjusted to 5 keV. The Pt-foils for the immobiliza-
tion of M3 and M4 were polished with carbon disks
(Praktal, Norway) in decreasing grain sizes of 4, 2, 1,
0.5, and 0.05 um. After immobilization from a CH;CN
suspension of the particles (¢ = 5 g L"), the foils were
dried in air. The samples were carbon coated prior to
the scanning electron microscopy (SEM) measurement
with a Polaron CC 7650 SEM (Quorum, UK) for 5 x 8 s
at 2 kV. The diameter of the particles was estimated
from the SEM images as an average for >150 particles
for each sample.

Photon correlation spectroscopy

A Coulter N4 Plus photon correlation spectroscopy
(PCS) spectrometer (Beckman Coulter, USA) with a
10-mW He-Ne laser (632.8 nm) was used. Material
MO was suspended in water or ethanol, while ethanol
or dichloromethane (both Uvasol grade, Merck,
Germany) was used for the suspension of modified
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particles (materials M3, M4). The solvents were
taken without further purification except nanofiltration
(porosity 200 nm, Millipore, France). The values of
the viscosities and refractive indices for data evaluation
were taken from NIST data compilations [47]. The PCS
experiments were performed in quartz cuvettes (d =
1 cm) with suspensions in the concentration range 0.01-
1 g L7! at an angle of 90 degrees. The applied concen-
tration was varied to keep the intensities of the detector
signal in an appropriate range (5 x 10* —2 x 10° s71).
All experiments were performed at 20 °C using temper-
ature equilibration for 5 min before each run. The data
are the result of 10 independent scans and three differ-
ent samples for each material. The scan time was 5 min.
The data were recorded on a standard Pentium PC with
the commercial N4 Plus software (Beckman Coulter)
and deconvoluted using a size distribution processor
based on the Contin algorithm [48, 49], providing an
analysis of sizes (“31 pins analysis”).

Cyclic voltammetry

Cyclic voltammograms were recorded with a BAS
100 B/W electrochemical workstation (control pro-
gram version 2.0; Bioanalytical Systems, USA). All
electrochemical experiments were carried out at room
temperature under argon with a gastight, full-glass,
three-electrode cell. The working electrode was a Pt
disk electrode (Metrohm, Germany, electroactive area
A = 0.064 cm?). The disk was polished before each ex-
periment with «¢-Al,O3 (0.05 pm; Buehler, USA). The
counter electrode was a platinum wire (diameter 1 mm)
spiral with an outer diameter of 7 mm. As potential
reference, a Haber-Luggin double-reference electrode
[50] was used. The resulting potentials refer to the
Ag/Agt redox system (0.01 M in CH3CN with 0.1 M
NBu,PF). All potentials in this paper are reported to
an external fc/fct standard [51] and were rescaled to
E°(fc/fct) = +0.218 V (dichloromethane) or +0.095 V
(acetonitrile) vs. Ag/Ag™.

Electrochemical quartz crystal
nanobalance gravimetry

An EQCN-701 system with a potentiostat PS-305 (both
Elchema, USA) was used for EQCN/CV experiments
in a three-electrode set-up with an Elchema Ag/AgCl
reference electrode, a Pt-sputtered 5-MHz AT-cut
quartz crystal without any adhesive layer (ICM, USA)
and a Pt spiral wire (d = 1 mm). The crystals were glued
to the vertical side of an Elchema cell (V =30 ml)
with 3140 RTV coating silicon (Dow Corning, USA).
The experiment was controlled by a sweep generator
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(EG&G, USA) and connected to a PC via a built-
in A/D converter. The data were collected with the
LabView software (National Instruments, USA) and
subsequently processed with Origin 6.0. Before each
experiment, the crystal was rinsed with H,SO4/HNO;
(1:1, v/v), water, and acetone. Its electrochemically
active area was estimated from fc measurements. The
mass/frequency calibration of the crystal was per-
formed according to a procedure described by Halseid
[52].

Other physicochemical methods

Magic-angle spinning (MAS) phosphorus-31 variable-
amplitude cross-polarisation (VACP) NMR spectra of
powder samples were acquired in 4 mm o.d. zirco-
nia rotors at 10 kHz spinning frequency using Bruker
double-bearing MAS probes. Samples were measured
on a Bruker AVANCE DSX-200 spectrometer (By =
4.7 T) with 4.2 us proton pulse widths and contact
times of 2 ms, using a ramped-amplitude (2 dB) on the
phosphorus channel. Chemical shifts were referenced
with respect to external 85% aq. H;POy, by setting the
peak of external NH,H,PO, to 0.81 ppm.

The 'H, *C{'H}, 3'P{'H}, and *Si{'H]} solution or
suspension nuclear magnetic resonance spectra (NMR)
were recorded on a Bruker DRX 250 or a Bruker
DRX 400 spectrometer at 295 K. Frequencies and stan-
dards are as follows: *'P{'"H} NMR (101.26 MHz), the
signals were referenced to external 85% H;PO,, 'H
NMR (250.13 MHz and 400.13 MHz), C{'H} NMR
(62.90 MHz), and #Si{'H} (250.13 MHz). The chemical
shifts were measured relative to solvent peaks, which
are reported relative to TMS. The assignments were
supported by two-dimensional COSY, as well as DEPT
135 experiments.

IR, DRIFT, and MS were performed as standard
routine measurements. For BET experiments, we used
an ASAP 2000 instrument (Micrometrics, USA) de-
termining N, isotherms at 77 K (Center for Applied
Geosciences, Universitit Tiibingen).

Syntheses

Synthesis of bare Stéber silica particles (M0),
based on [21]

Aqueous ammonia (p =0.900 g cm~3; 45.2 ml), iso-
propanol (800 ml; Fluka), and deionized water (55.8 ml)
were mixed and heated under stirring in a cap vial
until a temperature of 40°C was reached (approxi-
mately 1 h). Then, tetraethoxysilane (TEOS; 120 ml,
Merck) was added, and the mixture was stirred for 1 h.
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Subsequently, the milk-like solution was centrifuged at
4,000 rpm for 3 min, leading to the separation of the
particles. The sediment was washed twice with water
and twice with isopropanol using ultrasonication and
centrifugation after each step, and dried subsequently.

A sample of the silica particles was then checked by
optical microscopy (Hertel & Reuss 100:1 oil, numer-
ical aperture 1.3) and SEM. Impurities on or within
the particles were controlled by solid-state CP/MAS-
NMR. The silica particles were heated in a tube oven
under atmospheric conditions to 600°C for 4 days. After
cooling down, the product was washed twice with water,
twice with isopropanol, twice with hydrochloric acid
(10%), and finally three times with water. The yield was
14.4 g (45 %). Upscaling of the reaction up to 5 1 was
possible without problems by using mechanical stirrers
made of PE.

The final shape was controlled by SEM. Amor-
phousness of the particles was proven by powder
X-ray diffraction (Stoe STADI-P, 6/20-geometry,
Cu-K,, radiation, Ge monochromator).

Reagents for surface modification

3-(Aminopropyl)-triethoxysilane, 3-(2-aminoethylami-
no)-propyl-trimethoxysilane (both ABCR, Germany),
ferrocenecarboxylic acid 4 (Aldrich), and N-(3-di-
methylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (Fluka) were used as received.

N-[(3-triethoxysilyl)-propyl]ferrocenecarboxamide 3!
Ferrocenecarboxylic acid 4 (460 mg, 2 mmol) and N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydro-
chloride (420 mg, 2.2 mmol) were suspended in 20 ml
of dichloromethane by sonication. 3-(Triethoxysilyl)-
propylamine (800 pL, 2.46 mmol) was added and the
solution was stirred for 4 h at room temperature. The
clear brown solution was concentrated to 4 ml and
separated by column chromatography with silica gel as
the stationary phase and a mixture of dichloromethane
and acetone 1/8 as the eluent. After removal of the
solvent in vacuo, an orange solid was obtained; yield:
323 mg (37%). The spectroscopic data for 3 are given
in [53].

Complex 5 was prepared according to [54].

Complex 6 Complex 5 (203 mg, 307 pmol) was dis-
solved in 10 ml of dichloromethane. A solution of [3-

IThe procedure for preparation of 3 has been described previ-
ously in [53]. Inadvertently, an essential part of the procedure
was omitted, and therefore, full details are given here.

(2-aminoethylamino)propyl]trimethoxysilane (160 pul,
724 pmol) 2 in 5 ml of dichloromethane was added
dropwise. The mixture was stirred for 2 h at room
temperature and then concentrated to 4 ml in vacuo.
The suspension formed after addition of 25 ml of pen-
tane was stirred for 30 min and then filtrated. The
solid product was washed five times with pentane, re-
sulting in the yellow product 6 (yield: 203 mg, 75%).
SIP('HJNMR (CDCls): § 35.6 (d,2Jpp = 36.45 Hz),
38.9 (d,YJpp =36.45 Hz). 'H-NMR (CDCl;): § 0.0
(2H, m, SiCH;), 1.3 (2H, m, SiCH,CH,), 2.3-3.1
(20H, m, NHCH,CH,NH,, NHCH,CH,;NH,, PCH,,
PCH,CH,, CH,OCHj3, SiCH,CH,CH,), 3.48 (9H, s,
SiOCHj;), 5.24 (1H, s, CH,NH), 7.17-7.73 (20H, m,
C¢Hs). BC{'HINMR (CDCL): § 6.4 (SiCH»), 21.6
(SiCH,CH,), 24.6, and 26.6 (d, ! Jpc = 26.95 Hz, PCH,),
42.5 (NHCH,CH,NH,), 48.9 (NHCH,CH,;NH,), 50.3
(Si(OCH3)), 54.1 (SiCH,CH,CH,), 574, 57.6 (2s,
OCH3), 68.8-69.1 (m, CH,OCH3;), 127.6, 127.7, 128,0,
1283 (4d, 3Jpc = 8.76 Hz, m-C4Hs), 128.7, 129.0
(2s, p-CsHs), 131.5, 132.01 (2d, 2Jpc = 8.1 Hz, 0-Cs
Hs), 132.00, 133.36 (2d, 'Jpc = 36.38 Hz, ipso-CsHs),
133.37 (m, 0-CsHs), 134.2 (d, 'Jpc = 32.34 Hz, ipso-
CsHs), 136.5 (d, 'Jpc = 28.97 Hz, ipso-CsHs). IR (in
KBr): v/em™! 3264-3346 (NH, NH,), 3053 (aromatic
CH), 2935 (aliphatic CH), 1433 (CH), 1191 (C-O), 1087
(Si-O). MS(FAB): m/z: 884.2 (M*), 847 (M - Cl), 660.1
(MT - diamine ligand), 393.9 (M - 2 etherphosphine
ligands), 245 (etherphosphine ligand).

Surface modification of particles

3-Aminopropyl-modified silica (M1) After activation
at 200°C for 4 h in vacuo, M0 (2 g; approximately
60 umol silanol groups on the particle surface as de-
termined from the BET surface and the silanol sur-
face concentration given in [25], see “Results and
discussion”) was suspended by sonication in 15 ml of
anhydrous toluene. 3-(Aminopropyl)-triethoxysilane
(40 ul, 123 pumol) was added and the suspension was
heated to reflux under argon for 20 h. The modified
particles were separated from the solution by centrifu-
gation and washed twice with toluene and twice with
freshly distilled n-hexane. After drying, the product
showed a positive result for the Kaiser test [55].

3-(2-Aminoethylamino)-propyl-modified silica (M2)
After activation at 200 °C for 4 h in vacuo,
MO (2 g; approximately 60 pmol silanol groups
on the particle surface) was suspended by soni-
cation in 15 ml of anhydrous toluene. Then, [3-
(2-aminoethylamino)propyl]trimethoxysilane (32 ul,
144 pumol) was added and the suspension was heated
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to reflux under argon for 20 h. The particles were sepa-
rated from the solution by centrifugation and washed
twice with toluene and twice with freshly distilled n-
hexane. After drying, the product showed a positive
result for the Kaiser test. 'H-NMR (in CDCl; suspen-
SiOl’l)Z 5§ 0.8 (SIQH2CH2CH2), 1.3 (SlCHzCHzCHz), 3-
4.5 (broad, NH, NH,, CH,).

Ferrocenecarboxamide-modified silica (M3) via route
I Ferrocenecarboxylic acid 4 (21 mg, 86 umol) and
N-(3-dimethylaminopropyl)- N'-ethylcarbodiimide hy-
drochloride (19 mg, 100 pmol) were dissolved in 10 ml
of toluene. M1 (1 g) was added and the suspension was
stirred for 72 h. The particles were then separated by
centrifugation and washed twice with toluene and five
times with dichloromethane. The Kaiser test generates
only a slightly blue color.

Ferrocenecarboxamide-modified silica (M3) via route
Il After activation at 200 °C for 4 h in vacuo, M0
(2 g approximately 60 pumol silanol groups on the
particle surface) was suspended by sonication in 20 ml
of anhydrous toluene. Then, a solution of 3 (80 mg,
180 umol) in 5 ml of toluene was added and the sus-
pension was heated to reflux under argon for 20 h.
The particles were separated from the solution by
centrifugation and washed twice with toluene and five
times with dichloromethane. *C-CP/MAS-NMR: § 7.9
(Si-CHy), 21.9 (Si-CH,-CH,), 43.4 (Si-CH,-CH,-CH,),
69.8 (CjpHoFe), 171 (weak, C=0).

(Diamine) (diphosphine) (dichloro)-ruthenium(I1)-modi-

fied silica (M4) via route I M2 (1 g) was suspended
in 15 ml of toluene by sonication. Complex 5 (50 mg,
76 umol) was added to the suspension and stirred at
40 °C overnight. The particles were then separated by
centrifugation and washed four times with toluene
and three times with n-hexane. After drying, the prod-
uct did not show a color change for the Kaiser test.
SIP-VACP/MAS-NMR: § 20-60 (br); '"H-NMR (in
CDCl; suspension): § 0.9 (SiCH,CH,CH,), 1.3 (SiCH,
CH,CH,), 3-5 (broad, NH, NH,, CH,, CHj3), 7.3-7.9
(aromatic protons).

(Diamine) (diphosphine) (dichloro)-ruthenium(I1)-modi-
fied silica (M4) via route Il ~After activation at 200 °C
for 4 h in vacuo, M0 (2 g; approximately 60 pumol
silanol groups on the particle surface) was suspended
by sonication in 20 ml of anhydrous dichloromethane.
Then, a solution of 6 (180 mg, 272 pumol) in 10 ml
of dichloromethane was added and the suspension
was stirred at room temperature for several days
under argon. The particles were then separated from
the solution by centrifugation and washed several
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times with acetone. The 'H-NMR spectrum in CDCl;
suspension is essentially identical to that of M4 via
route I.

Results and discussion
Bare Stober silica particles, material M0
The process of Stober silica nanoparticle formation is

based on the partial hydrolysis of tetraalkoxysilanes in
alcoholic media catalyzed by ammonia:

Si(OR)4 + H,O = (OR);Si(OH) + ROH pH=7
(1

followed by a condensation

(OR);Si(OH) + H,0 = SiO; + 3ROH 2)

Various parameters (e.g., temperature, stirring rate,
addition rate of TEOS, ammonia concentration) influ-
ence the quality of the resulting particles [56]. In partic-
ular, strong stirring is necessary to avoid agglomeration.
SEM images (Fig. 1) prove that careful control of the
reaction conditions reproducibly yields monodisperse
and spherical silica particles. Optical microscopy pro-
vides an estimate of their diameter, d ~ 0.8 um in the
present case.

As demonstrated by solid state *C CP/MAS-NMR,
the silica material contains significant amounts of iso-
propanol after initial isolation, despite intensive wash-
ing (“Experimental section”). Possibly, the alcohol
is incorporated into the particles during the sol-gel
process. Further weak NMR peaks can be assigned to

Fig.1 SEM image of gold sputtered material M0
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included ethanol, which is the result of TEOS hydrol-
ysis. The isopropanol and ethanol content makes the
raw material unsuitable as the basis for organic surface
modification. However, heating to 600 °C appears to
evaporate and pyrolyze all incorporated organic mater-
ial. Organic contaminations in the particles were absent
after this calcination procedure. No changes of the par-
ticle geometry by heating were detected by SEM. Pow-
der X-ray diffraction of the silica particles before and
after calcination did not indicate any phase conversion
from amorphous to crystalline SiO;. It is known, how-
ever, that calcination at the temperature indicated leads
to condensation of silanol groups inside and on the sur-
face of the particles [25]. Consequently, the molecular
structure of the particles becomes more dense. Some
remaining isolated silanol groups in our material could
be detected by 'H-NMR and DRIFT spectroscopy.
After additional treatment with hydrochloric acid, the
surface of the particles becomes rehydroxylated [25].

Ruthenium(IT) complex 6

The conjugate of 5 and 3-(2-aminoethylamino)-pro-
pyl-trimethoxysilane (6, Scheme 2) was isolated prior
to immobilization on silica and characterized. Re-
sults of the structural analysis provided by 'H- and
I3C-NMR spectroscopy are fully compatible with the
spectra obtained from a (diamine)(dichloro)(diphos-
phine)ruthenium(Il) complex with an unsymmetrical
diamine ligand [32]. Moreover, the *'P{'HJNMR spec-
trum displays an AB pattern (§ 38.9, 35.6, 2Jpp =
36.45 Hz) due to the two inequivalent phosphine
groups, which compares well (8 39.1, 38.9, 2Jpp =
36.7 Hz) with reference compounds [32].

A cyclic voltammetric study in CH,Cl, revealed
an almost uncomplicated diffusion-controlled one-
electron oxidation process without follow-up reactions
at E° = —0.062 +0.003 V. The peak potential differ-
ence in the voltammograms indicates a high electro-
chemical reversibility (fast electron transfer) similar
to other ruthenium(II) complexes with the N,P,Cl,
ligand set [27]. From the peak currents in the diffusion-
controlled experiments with dissolved 6, a diffusion co-
efficient D = 1.240.2 x 1075 cm’s~! was determined.

A deviation of the i, vs v'/? plot from linearity was
apparent only at slow scan rates (v = 0.02 V s~!). This
may be assigned to a very slow adsorption process
of 6 on the Pt electrode surface. Indeed, exposing a
clean Pt electrode to a solution of 6 overnight resulted
in a visible precipitate on the surface. The electrode
thus modified could be transferred into an electrolyte
without redox-active compound and exhibited a redox
signal of a surface-confined species (i, ~ v).

Surface modification of particles

Aminoalkyl-modified silica particles, materials
M1 and M2

The modification procedures used in this work rely
on the reactivity of the hydroxyl functions on the
Stober silica particle surface [57, 58]. The successful
immobilization of aminoalkylsilanes on M0 to form
M1 or M2 is proven by the results of Kaiser tests
[55]. A deep blue color appears in suspensions of M1
and M2, indicating the presence of primary amino
groups bound to the silica materials. M1 and M2 were
also characterized by NMR techniques. For solid-
state NMR experiments, the amount of the modifiers
on silica was too low to lead to reasonable signal-to-
noise ratios. However, suspension 'H-NMR exper-
iments provided significantly better results for M2,
and the signals can be assigned by comparison to
those observed for the 3-(2-aminoethylamino)-propyl-
trimethoxysilane modification reagent.

We conclude that the aminoalkyl modifiers are
present on the surface of M1 and M2 and are possibly
bound covalently to the particles, which allows us to use
these materials for further modification.

Ferrocenecarboxamide-modified silica particles,
material M3

Materials M3 from routes I and IT were characterized
by solid-state '*C-CP/MAS-NMR. The results were
compared to *C-NMR spectra of ferrocene derivative
3 in order to prove immobilization of the fc species.
M3 prepared via route I by the reaction of M1 with
ferrocene carboxylic acid 4 shows only weak signals,
tentatively assigned in analogy to 3 [53], indicating a
low surface concentration of the modifier on the silica
particles. Indeed, according to the Kaiser test, the
amount of residual -NH, moieties is rather high, even
if the reaction time of M1 and 4 was extended to 72 h.
Consequently, the reaction seems to proceed with only
low yield.

In contrast, the reaction of M0 with 3 (route II)
provided significantly higher yields of the immobi-
lized ferrocene species according to solid-state '*C-CP/
MAS-NMR spectra. The NMR spectra correlate well
with those of 3. The absence of signals of the ethoxy
groups originally present in 3 suggests the successful
covalent immobilization and proves that Si—-O-Si bonds
are formed between 3 and the silica surface.
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(Diamine)(diphosphine)-ruthenium(Il)-modified
silica particles, material M4

Similar to material M3, M4 can be prepared by both
synthetic routes I and II, based on the reaction of
the hemilabile etherphosphine ruthenium(II) complex
fragment in § with M2 or conjugate 6 with M0. The
common diamine component in the former reaction
was already replaced [26] by a diamino-trialkoxysilane
immobilized on a Pt-surface leading to structurally very
similar species, as obtained in the corresponding ho-
mogeneous reaction [31]. Thus, the immobilized di-
aminosiloxane linker is acting as a bidentate ligand. Its
reaction leads to a substitution product [26].

In the 3'P-VACP/MAS NMR spectrum of M4, broad
resonances in the range of 20 to 60 ppm indicate
that the metal complex has been immobilized suc-
cessfully to the silica particles. This broad chemical
shift range seems to be in contrast to the rather small
chemical shift difference of the P atoms in complex
6. Going from solution to materials like M4, how-
ever, generally, line widths of the signals increase
and fine structure is lost due to increasing dispersion
of the chemical shifts. Previous results on compara-
ble (diamine)(dichloro)(diphosphine)ruthenium com-
plexes demonstrate isomerization to all-cis-RuP,N,Cl,
or cis-cis-trans-RuP,N,Cl, structures when changing
from solution to the solid state [28, 29, 31, 32, 59].
Moreover, a detailed single-crystal diffraction analy-
sis and a comprehensive *'P solid state NMR in-
vestigation showed that, already, a simple (diamine)
(diphosphine)ruthenium complex can have a compli-
cated crystal structure and a broad range of *'P chemi-
cal shifts [59]. Complex 6 may form isomers with slight
structural differences on the silica particles. Thus, the
broad range of chemical shifts in the 3'P-VACP/MAS
NMR spectra of M4 is fully compatible with the
(diamine)(diphosphine)ruthenium complex moiety.

Direct attachment of species 6 (Scheme 2, route
IT) on silica M0, however, did not lead to satisfac-
tory yields. Although weak signals from suspension 'H
NMR experiments suggest the presence of the immo-
bilized ruthenium(II) complex, the intensities and the
very weak solid-state *'P NMR signal indicate a low
surface concentration of the complex.

Comparison of synthetic routes to M3 and M4
For the two types of modifiers used, two different
synthetic routes proved to be successful: route II for

the ferrocene and route I for the ruthenium complex
moiety. In the ferrocene case, the reactive intermediate
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for the amide bond formation in route I is the
anhydride of ferrocene carboxylic acid [53]. Possibly,
this anhydride reacts with adsorbed water on the silica
surface and the immobilized amine competitively, thus
reducing the amide yield. Such a side reaction is not
expected for route II. Material M3 synthesized via
route II with a higher surface concentration of modifier
was subsequently used for the further electrochemical
investigations presented in this paper.

The low yield of surface modification by route I in
the ruthenium complex case is a consequence of the
hindered reaction between the triethoxy groups of 6
and the hydroxyl groups of silica M0 at room tempera-
ture. On the other hand, complex 6 is thermally labile
at elevated temperatures. Such conditions could, thus,
not be employed. However, this problem is overcome
by route II, where the aminosiloxane is immobilized at
higher temperature prior to ligand substitution. There-
fore, M4 obtained by the latter procedure represents
the material further used in this work.

Size estimation

The geometrical properties of the particles that con-
stitute materials M0-M4 were characterized by means
of PCS (in suspension; Table 1) and SEM (in vacuum;
Fig. 1 and Table 1). Besides providing quantitative
information about the monodispersity of the materials,
the PCS technique allows to characterize the behav-
ior of the particles in suspension. Slight changes of
solvent properties (polarity, pH, ionic strength) can
play a crucial role for the colloidal character of the
particles [60, 61]. Consequently, the diameter and the
size distribution in different solvents provide essential
information for their further uses, e.g., their surface
modification or interaction with an electrode surface.
Thus, the PCS measurements of all materials were

Table 1 Properties of synthesized silica materials

Parameter MO M3 M4

dpcs/nm 7552/763P 763 ¢ 768¢

dsgm/nm 735 £23 748 + 37 751 £ 26

EOV 0.152 £ 0.009 —0.040 £ 0.003
N Y —0.023 —0.007

aIn water

bIn ethanol

“In dichloromethane

dShift of the formal redox potentials as compared to the freely
diffusing species (4 or bis(n'-methoxyethyldiphenylphosphine)
(ethylenediamine)dichlororuthenium(II) [26], respectively)
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carried out in water, ethanol, and dichloromethane. In
contrast, the SEM experiments characterize the parti-
cles in vacuum without such complications.

The PCS characterization of M0 revealed significant
differences in the size distribution in the solvents men-
tioned (Fig. 2a—c). While the measurements in polar
solvents (water, ethanol; Fig. 2a and b) showed a single
maximum of the particles’ size distribution close to
800 nm, the distribution in dichloromethane exhibited
several maxima spread up to 3,000 nm at multiples of
the expected particle diameter (Fig. 2c). The maxima
represent most likely agglomerates in suspension com-
posed from two or more silica particles. We assume
that the monodispersity of the particles’ suspension
in water and ethanol is a consequence of electrostatic

interactions, which predominate in polar media [62].
Most probably, the interaction of the hydrophilic parti-
cle surface with polar protic solvent molecules stabilizes
the high surface energy. This leads to a large number
of single particles in the suspension. Therefore, a single
maximum is exhibited in the PCS data. In less polar
and aprotic solvents like dichloromethane, on the other
hand, such stabilizing effects are absent, and the parti-
cles tend to decrease their overall surface by agglom-
eration. Similar results in terms of agglomeration were
observed for the amino-modified materials M1 and M2
(Fig. 2d-g).

In contrast, the redox-actively modified materials M3
and M4 showed a reverse behavior. Agglomerates of
M3 and M4 particles are formed preferably in polar
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Fig. 2 Size distribution of M0 (a—c) and modified Stober silica
particles (M1-M4) determined by PCS in different solvents; a
Mo/water, b M0/ethanol, ¢ M0/dichloromethane, d M1/water
(triangles) and ethanol (crosses), e M1/dichloromethane, f M2/

water (triangles) and ethanol (crosses), g M2/dichloromethane, h
M3 (triangles) and M4 (crosses)/water, and i M3 (triangles) and
M4 (crosses)/dichloromethane
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solvents such as water (Fig. 2h), while single particles
dominate in the dichloromethane suspension (Fig. 2i).
Thus, the surface properties of the modifiers determine
the stability of the particle suspensions [63]. In our
particular case, the hydrophobic groups of fc (cyclopen-
tadienyl rings) and the ruthenium(II) complex (phenyl
rings) induce the agglomeration in polar solvents, while
an aprotic solvent, such as CH,Cl,, does stabilize the
individual particles by solvation.

The presence of a single maximum in the size distrib-
ution of M0 in the protic solvents allows us to evaluate
the diameter of the particles (Table 1). The result
correlates well with values obtained from the SEM
experiments. It has to be noted that the determination
of a standard deviation for d from the PCS experiments
was hampered by low reproducibility. The diameters
of M3 and M4 were estimated from the maximum of
the PCS data in the monodisperse dichloromethane
suspensions (Table 1) and compared with the values
obtained from SEM. The diameter estimated from both
SEM and PCS is very close to that found for MO.
Moreover, the particle diameter is almost identical for
all materials. This is expected for the hard spherical
support in the present cases, which is covered by a thin
molecular modifying layer. In the following, the SEM
diameter is used for further interpretations.

Surface area and porosity

The porosity of particles M0 was determined by BET
measurements. The adsorption branch of the nitrogen
isotherm is characteristic of a material with a specific
surface area S = 4.12 m? g~!. Mesopores are not in-
dicated. Assuming a strictly monodisperse distribution
of solid spheres of diameter d and density p, the geo-
metrical specific surface area is calculated from Sgeom =
6/(d x p). Inserting d =748 nm and p=22 g X
cm ™ [64], Sgeom = 3.58 m? g~ is obtained. This value
is about 15% smaller than Sggr. The discrepancy is
probably due to an overestimation of p in the calcu-
lation of Sgeom. The BET isotherms indicate the pres-
ence of small (micro-)pores, which cause a reduced
particle density as compared to ideal solid spheres: The
desorption branch of the nitrogen isotherm deviates
slightly from the adsorption branch. This phenomenon
indicates an activated desorption process due to the
presence of micropores with openings smaller than
0.5 nm [65]. Such micropores are accessible for nitrogen
molecules, but the larger redox modifiers used in this
study should clearly be excluded. Therefore, the Stober
particles can, in the following context, be considered
as nonporous, and their geometrical surface area is
relevant for further calculations.
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Characteristics of the adsorption process
Cyclic voltammetry of adsorbed particle layers

The basic electrochemical features of the modified par-
ticles M3 and M4 were already described [23]. In par-
ticular, the redox potentials of the immobilized redox
species do not differ to a large extent from those of
freely diffusing model compounds. Moreover, particles
M4 are oxidized at only 22 mV less positive potentials
as compared to the modifier complex 6.

The adsorption of M3 and M4 on a metallic electrode
(Pt) was characterized by a combination of EQCN
experiments and CV, which has been widely applied
for the investigation of adsorbed layers on Pt surfaces
[66-68]. The current through the electrode and the
mass changes of the electrode as a function of the
applied potential are observed simultaneously. Thus,
we follow the formation of the adsorption layer during
a voltammetric experiment.

In a first part of the experiment, the electrode was
exposed to a particle suspension for several hours.
This guarantees spontaneous deposition of a significant
amount of particles.

Typical EQCN/CV signals on Pt-sputtered quartz
crystals after adsorption of material M3 are displayed
in Fig. 3. Based on our earlier results regarding the
CV of redox-modified Stober particles [23], the scan
rate used here corresponds to a time scale where the
current through the electrode is limited by a diffusion-
like electron hopping process [40—44] along the particle
surface.

30

4

3

, 3
< - ~~
3] 25 &
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Fig. 3 Voltammetric (solid line; not background-corrected) and
EQCN (dotted line) signals of a Pt-sputtered quartz crystal in a
suspension of M3 (c = 5.6 g L™!) after 4 h, v = 0.02 V 57!, elec-
troactive area A = 0.013 cm?, acetonitrile + NBuyPFs (0.1 M)
electrolyte at room temperature
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An increase of the mass per unit area, m, was
detected upon the oxidation of the ferrocene cen-
ters at potentials above ~(0.2 V. The mass increase
clearly coincides with the onset of the voltammetric
current. This increase was followed by a decrease of
the detected mass during the reverse (reduction) scan
for £ < 0.15 V. The mass changes during a voltam-
metric cycle are only about 1% of the mass ow-
ing to the spontaneously adsorbed layer of particles
(m ~500 ug cm™2).

The m/E behavior suggests a counter ion and
solvent molecule effect observed in a similar way
for diaminobutane-ferrocenyl dendrimers [69] and
ruthenium(IT)(tpy)» PAMAM dendrimers [70]. Oxi-
dized fc™ immobilized on the particles attached to the
electrode attract counter ions (here, PF;) from the
electrolyte. Consequently, the detected mass increases
upon oxidation, and it decreases on the reverse scan,
where the redox centers are reduced and the counter
ions are released into the electrolyte.

Spontaneous layer growth

The growth of the adsorbed M3 and M4 layers with
time are characterized by mass (m) and charge density
(o) variations during the layer growth (Fig. 4). The
charge density was evaluated by integration of the
voltammetric oxidation wave [71] at v = 0.02 V s,
The m = f(¢) and o = f(f) curves are similar for
both particle types. However, the shape of the m and o
dependencies differs. While m rises continuously with
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Fig. 4 Growth of the particle layer on a Pt-sputtered quartz
crystal in a particle suspension in acetonitrile + NBusPFg (0.1 M)
characterized by charge density o (a) and mass per unit area m

Table 2 Adsorption characteristics from EQCN/CV investiga-
tion of M3 and M4 adsorbed on a Pt-sputtered quartz crystal;
parameters, see Fig. 4, definition of symbols, see text

M3 M4
to1/h 45 6.5
op / nCem 2 11.85 8.66
m? [ ugcm™2 380 420
m®/ugcm2 1,560 1,141

#Value of m at oy
bValue of m after 16 h

time, o tends to a constant plateau value oy, (Table 2)
after a certain time (fp). After reaching this point, no
further significant changes of o were detected anymore,
although the mass of adsorbed particles continued to
increase even until 16 h had passed.

If we assume that the Stober silica particles can-
not be deformed and that they are highly monodis-
perse, a complete monolayer would cover 90.7% [72]
of the electrode surface (A = 0.013 cm? for the M3
experiments). With a particle radius r = d/2 = 374 nm,
we estimate n = 2.68 x 10° particles in a monolayer,
and (with psio, as before) the monolayer mass as
1.29 ug (corresponding to 99.2 ug cm~2). Thus, the
mass changes observed during spontaneous adsorption
experiments indicate the formation of a multilayer. In
fact, the mass after 16 h of adsorption indicates an av-
erage of 11-15 layers. On the other hand, the coverage
when the limiting charge density is reached corresponds
to three to four layers attached to the surface. Con-
sequently, only these three or four layers are affected
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(b); (plus signs) M3, ¢ =5.6 g L=!, A =0.013 cm?; (circles) M4,
c=54gL"!, A =0.0105cm?
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by the charge transfer. This result shows that redox
communication through the multilayer occurs but is
limited to about three layers, most probably governed
by the extension of the diffusion layer induced by the
electron transfer [23].

SEM imaging under conditions identical to those as
described for the EQCN/CV experiments were per-
formed with Pt foils exposed to the suspensions for 2
and 4 h. After 2 h (Fig. 5a), M3 shows the growth of
a layer on the Pt surface. Single particles or groups of
several spheres preferably form the layer of M3 in con-
trast to M4 (Fig. 5¢). In the latter case, cluster formation
prevails. Moreover, the images after 4 h (Fig. 5b, d),
where the plateau of ¢ is almost reached, confirm an
even higher ratio of clusters in both the M3 and M4
layers. In some regions of the denser M3 layer (Fig. 5b),
aregular structure with hexagonal particle arrangement
is observed. The SEM images, however, do not show a
compact multilayer after 4 h. Hence, the mass change
of the crystal determined seems to be, rather, a re-
sult of cluster formation than building of well-ordered
multilayers on the Pt surface, and the value of 34
monolayers determined above is a statistical result. The
structure of these layers and/or control of their growth
might be interesting in terms of applications of the
modified Stober particles either in sensor development
or interphase catalysis [22].

Fig. 5 SEM images of
adsorbed particles on a
Pt-foil. M3: a after 2 h; b after
4 h; M4: ¢ after 2 h; d after 4 h
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Layer growth under an applied potential

As reported for other ferrocene species [69, 73], the
adsorption process of M3 or M4 could be governed by
application of a potential near the formal potential of
the particles (electrodeposition). Based on the results
of the electrochemical characterization, electrodeposi-
tion of M3 was performed at £ =0.22 V in CH3CN.
Such a potential is ~ 30 mV more positive than E°
for M3. Voltammetric and EQCN signals after 2 h are
displayed in Fig. 6a, b.

The midpoint potential of the voltammetric wave is
essentially identical to that of a spontaneously adsorbed
M3 layer (difference in E: 4 mV). In addition, the
EQCN signal presents the same counter ion effect as
described above. The mass of M3 deposited on the
crystal (511 pg cm~2) after 2 h of electrodeposition is
higher than the mass after 4 h of spontaneous adsorp-
tion. This suggests a faster immobilization on the elec-
trode surface by electrodeposition than by spontaneous
adsorption.

The decisive influence of the electrode potential can
also be seen from two experiments, where the potential
was scanned either in the positive direction in order
to successively oxidize the electrode surface or in the
negative direction in order to reduce it. A starting po-
tential significantly more negative than E° was applied
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for the positive scan (—0.4 V). A potential scan rate of
5 mV min~! enabled to follow the growth of the elec-
trodeposited layer on the crystal. The increase of the
mass in such an experiment follows a sigmoidal curve
(Fig. 6¢). The increase slows down when the potential
reaches values positive of E°. The resulting mass is 20%
lower than that observed after 2 h of electrodeposition
at a constant potential of 0.22 V but corresponds to
that after spontaneous adsorption for 4 h. The applied
potential supports the formation of the particle layer on
the electrode surface.

The reverse behavior was observed when scanning £
in the negative direction. In this case, the electrode sur-
face was covered initially with a particle layer deposited
during 2 h at 0.22 V, and then E was scanned starting

1.0 1 .

i/ pA
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-400 -200 0 200 400
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200 1 b
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Fig. 6 Electrodeposition of M3 on a Pt-sputtered quartz crystal
(A = 0.0105 cm?). Voltammogram (a not background corrected)
and corresponding mass signal (b) of the quartz crystal exposed

at 0.6 V (5 mV min~!). A curve with a shape similar
to that during the positive-going scan was recorded
(Fig. 6d). The difference between the plateau values of
the sigmoidal curve (& 350 ug cm~2) is almost identical
during both experiments. Thus, they are controlled by
the same parameters, although in different directions.
However, the final mass during the negative scan
does not reach zero but, rather, a constant value even
at very negative potentials, indicating a rest coverage of
the particles on the electrode. This might be ascribed to
particles attached via a Si—O- linkage to the Pt surface,
which is a stable covalent bond within a range from
—1 to +1 V [74]. Such a linkage is characteristic for
siloxanes and was applied in the synthesis of chemi-
cally modified electrodes [71]. Indeed, a modification
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to a suspension of M3 in CH3CN (c =2 g L™!) at 0.22 V; mass
as a function of the potential (scan rate: 5 mV min~!) followed in
the positive (¢) or in the negative direction (d)
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analogous to the (diamine)(diphosphine) ruthenium
complex used in this work was attached to a Pt elec-
trode surface [26].

Conclusions

The controlled synthesis of Stober silica particles and
their further chemical modification by condensation of
trialkoxysilanes yields monodisperse, nonmesoporous,
spherical silica particles. The optimal modification
route is determined by the stability of the particular
molecular precursors and the necessary activation of
the condensation process.

The modifying layer on the surface of these hybrid
materials strongly influences the particle agglomeration
behavior. The redox activity of modifying molecules
accounts for the particles’ electrochemical behavior
during adsorption to a metallic electrode and (upon
potential variation) in the adsorbed state. These differ-
ences might be decisive for a controlled attachment of
modified Stober silica particles to surfaces.
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