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Abstract: In this work, the encapsulation of the transition metal complexescis-Pt(NH3)2Cl2, Ru(bpy)32+, and
Ru(phen)32+ within layers of hydroxyapatite on a porous Si/Si substrate are described. These specific complexes
were selected as a consequence of their biological activity (cis-Pt(NH3)2Cl2) or polynucleotide binding ability
(Ru(bpy)32+ and Ru(phen)32+). The complex-doped hydroxyapatite/porous Si/Si materials have been
characterized by scanning electron microscopy, energy-dispersive X-ray spectroscopy, secondary ion mass
spectrometry, and photoluminescence spectroscopy. It is possible to exercise some control of the release of
a given complex into the surrounding medium through thermal heating of the complex-doped hydroxyapatite/
porous Si/Si structure.

Introduction

The observation of efficient visible light emission from thin
porous films etched from single-crystal silicon (porous silicon)
in 19901 has stimulated extensive multidisciplinary interest in
this material, much of it from the perspective of the fundamental
mechanism of light emission as well as the fabrication of porous
Si-based optoelectronic components.2 The utility of this matrix
expanded in 1995 when it was demonstrated that layers of
hydroxyapatite could be grown onto the porous Si surface,
thereby rendering it biocompatible.3 In principle, the incorpora-
tion of selected transition metal complexes into a hydroxyapatite/
porous Si/Si framework could produce a hybrid material with
the transition metal “dopant” complex rendering molecular
recognition or biological activity to the system. While a large
number of appealing candidates exist, we describe in this paper
initial studies regarding the encapsulation of transition metal
complexes such ascis-Pt(NH3)2Cl2 (cis-platin orcis-DDP), Ru-
(bpy)32+, and Ru(phen)3

2+ within layers of hydroxyapatite on
a porous Si/Si substrate. These complexes are of pragmatic
interest due to their biological activity (anticancerscis-Pt(NH3)2-
Cl2)4 or ability to bind polynucleotides (Ru(bpy)3

2+ and Ru-
(phen)32+ ).5 In this context, one could visualize the construction
of an electrically responsive biocompatible Si device capable

of localized drug delivery for the treatment of bone cancer, for
example. We demonstrate that, through thermal heating of the
complex-doped hydroxyapatite/porous Si/Si structure, some
control of the interaction of these dopants with the surrounding
medium is possible. These materials have been characterized
using scanning electron microscopy (SEM), X-ray energy-
dispersive spectroscopy (XEDS), secondary ion mass spectrom-
etry (SIMS), and photoluminescence (PL) spectroscopy.

Experimental Section

Sample Preparation. The fabrication process for doped hydroxy-
apatite/porous Si/Si structure(s) requires two distinct steps: (1) anodic
etching of single-crystal Si to produce a 4µm thick film of porous Si
on the Si wafer, followed by (2) cathodic bias-induced nucleation of
hydroxyapatite layers onto the porous Si layer in the presence of a
dilute solution of the desired transition metal complex. The porous Si
layer is prepared by anodization of low resistivity Sb-doped n-type
〈100〉 Si (0.008-0.02Ω cm) for 5 min in a mixture of 48% HF/ethanol
(1:1) at a current density of∼100 mA/cm2. The porous Si samples
were rinsed with acetone or ethanol immediately after removal from
the etching solution and then dried in air for∼1 h before the deposition
of complex-doped apatite. For the second step, the established
acceleration of hydroxyapatite nucleation on porous Si surfaces3b from
a mixture of ions known as simulated body fluid (SBF)6 under cathodic
bias was employed; the term SBF arises from the fact that the
concentrations of ions present in SBF are nearly equal to those of human
blood plasma. Each complex (1 mM)/SBF solution was prepared by
dissolving the desired complex (Ru(bpy)3Cl2, Ru(phen)3Cl2, or cis-
Pt(NH3)2Cl2) into SBF, and the solution was used as an electrolyte.
Typically, 20 mL of a given complex/SBF solution was transferred
into a 100 mL glass beaker. The porous Si segment (∼1.5 × ∼0.5
cm) was mounted vertically in the beaker with only the porous area
exposed to the electrolyte. Platinum foil was used as the counter
electrode. The deposition of the complex-doped apatite layer on porous
Si was achieved by applying cathodic bias to the porous Si wafer with
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a current density of∼1 mA/cm2 for 3 h. The samples were rinsed
with distilled, deionized (DI) water and air-dried before further
characterization. It should be noted that control experiments have
determined that the apatite deposition process irreversibly eliminates
any visible luminescence emanating from the underlying porous Si
substrate.

Instrumentation. Steady-state PL measurements were recorded
using a Spex Fluorolog-2 with a 0.22-m double emission spectrometer;
an excitation wavelength of 375 nm was used for the Ru complexes.
Fluorescence microscopic measurements were recorded by a Nikon
Optiphot-2 microscope equipped with a high-resolution Sony CCD
camera. Scanning electron microscopy (SEM) was performed using a
JEOL T 300 operating at 20 kV. X-ray energy-dispersive spectroscopy
was measured using a Tracor-Northern TN5500 system. Secondary
ion mass spectrometric (SIMS) measurements were conducted on a
Cameca 4F system. Samples were sputtered using an O2

+ ion beam at
an energy of 8 keV, rastered over an area of approximately 175µm2.

Results and Discussion

A plan view SEM image of acis-Pt(NH3)2Cl2-doped hy-
droxyapatite layer on porous Si prepared by the above procedure
is shown in Figure 1. The morphology of this surface is best
described as an agglomeration of individual nodules whose
average domain size is on the order of∼102 nm. Such structures
are similar to those previously observed for hydroxyapatite
layers on porous Si.3 Energy-dispersive X-ray measurements
(XEDS) of these domains confirm the presence of calcium and
phosphorus (as well as silicon), consistent with the formation
of a calcium phosphate phase (Figure 2). However, the
concentration of the platinum complex is apparently too low to
detect by XEDS; therefore SIMS was used to confirm the

presence of thecis-Pt(NH3)2Cl2 within the apatite layers (Figure
3). With depth profiling, it is seen that the calcium signal
extends up to 18µm deep into the sample, at which point bulk
Si is reached. Pt was also monitored and found to be present
in the apatite/porous Si layers in the correct isotopic abundance
(194Pt, 32.8%; 196Pt, 25.4%; 198Pt, 7.2%). As anticipated,
chlorine was also dectected and found to follow the same profile
as Pt.

For hydroxyapatite/porous Si/Si samples doped with intrinsi-
cally fluorescent Ru(bpy)3

2+ and Ru(phen)32+, photolumines-
cence spectroscopy and fluorescence microscopy provide probes
of incorporation of the transition metal complex within the
hydroxyapatite layer (Figure 4). For these samples, the
characteristic orange emission of each complex with a maximum
near 600 nm is observed. Fluorescence microscopy of a Ru-
(phen)32+ -doped hydroxyapatite/porous Si/Si sample (Support-
ing Information) illustrates the relatively bright orange emission
emanating from apparent apatite domains (as observed by SEM
analyses) on the surface. Such observations are consistent with
the luminescent complex being trapped within the calcium
phosphate domains. It should be noted that SIMS analyses of
the Ru(bpy)32+- and Ru(phen)32+-doped hydroxyapatite/porous
Si/Si samples are impractical because of the interference of

Figure 1. Plan view SEM image of acis-Pt(NH3)2Cl2-doped hydroxy-
apatite layer on porous Si. Scale bar shown is 1 micrometer.

Figure 2. X-ray energy dispersive X-ray spectroscopy (XEDS)
measurements indicating the presence of calcium, phosphorus, and
silicon in acis-Pt(NH3)2Cl2-doped hydroxyapatite/porous Si/Si sample.

Figure 3. SIMS depth profile forcis-Pt(NH3)2Cl2 (cis-DDP)-doped
hydroxyapatite layer on porous Si, tracking the relative concentrations
of chlorine, calcium, and platinum.

Figure 4. Room-temperature photoluminescence spectra of Ru(bpy)3
2+

and Ru(phen)32+-doped hydroxyapatite/porous Si/Si samples recorded
in air at room temperature. The effect of heating the Ru(phen)3

2+-doped
hydroxyapatite/porous Si sample for 80 min at 130°C is shown as a
dashed-dot curve. The excitation wavelength used for all samples was
375 nm.
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molecular ions with larger abundances (arising from combina-
tions of Si and O) having the same masses as the ruthenium
isotopes.

While these transition metal complexes are located within
the hydroxyapatite layers of the material, some portion of a given
complex can diffuse out from this matrix into the surrounding
medium upon solvent exposure. This behavior has important
implications as to the controlled delivery of a “dopant” species
from this material in future applications; thus we have been
investigating the effect of thermal heating of the doped
hydroxyapatite/porous Si/Si framework on the ability of the Ru
complexes to diffuse into an aqueous environment. A modest
temperature (130°C) is selected, one that can alter complex/
apatite interactions (through adsorbed water and surface hy-
droxyl groups) without degrading the complex. This heating
process does not significantly alter the emission intensity of a
given Ru complex but does red-shift the emission maximum
slightly to longer wavelengths (∼10 nm; see Figure 4). Such
shifts are suggestive of minor perturbations of the secondary
coordination sphere of the complex. It is also interesting to
note that this temperature is also compatible with existing
sterilization treatments.

One can analyze the impact of heating the doped hydroxy-
apatite/porous Si/Si matrix on diffusion rate from two different
(and complementary) perspectives: (1) examination of the
diminution of Ru complex emission intensity originating from
the solid hydroxyapatite matrix as a function of time and (2)
tracking the time-dependent increases in absorption and/or
emission of the analyte solution as the Ru complex diffuses
out from the hydroxyapatite. For the case of (1), we have
compared the behavior of an as-prepared Ru(phen)3

2+-doped
hydroxyapatite/porous Si/Si matrix with that of a comparable
sample that was heated in air at 130°C for either 40 or 80 min.
In these cases, the rate of decrease of Ru complex emission
intensity is found to follow first-order kinetics (Supporting
Figure 2) and extending the duration of the anneal has a
measurable effect on slowing the rate of diminution (kobsof the
as-prepared sample∼ 0.005 min-1; kobsof the 40 min annealed
sample∼ 0.001 min-1; kobs of the 80 min annealed sample is
essentially zero). However, in these fluorescence measurements,
complications can arise from the fact that as the concentration
of Ru(phen)32+ in the apatite is reduced upon out-diffusion, the
extent of quenching due to intercomplex energy transfer is
reduced and hence the emission intensity can increase. In an
annealed sample, where the complex is relatively more strongly
bound to the apatite, these two competing phenomena could
offset each other.

To quantitatively address how much Ru complex is diffusing
from the hydroxyapatite into an aqueous supernatant, experi-
ments along the lines of (2) must be performed. Interestingly,
for the sample heated at 130°C for 80 min, initial exposure to
water results in the rapid, linear increase in the 446 nm
absorption maximum of the Ru(phen)3

2+ complex in the aqueous
solution, corresponding to an initial diffusion rate of 1× 10-7

M min-1; an equilibrium concentration of 10 mM can be reached
(Figure 5). Replacement of this Ru complex solution with fresh
DI water results in a second release of the complex at a
diminished rate of 1× 10-8 M min-1 into the surroundings
and a corrsespondingly lower equilibrium concentration (∼100
nM). This process can be repeated with an incremental
diminution of the rate of complex dissolution into the solvent;
such experiments suggest that the amount of complex delivered

to the surroundings can be “tailored” by thermal annealing of
the doped hydroxyapatite/porous Si/Si sample.

We have also carried out preliminary measurements of the
diffusion of cis-Pt(NH3)2Cl2 from the “doped” apatite/porous
Si matrix upon exposure to an aqueous environment (Figure
6). For an as-preparedcis-platin-doped apatite/porous Si/Si
sample, an increase in the optical density in the 260-400 nm
region can be roughly fit to a first-order process, with a
correspondingkobs of 2 × 10-3 min-1. However, the species
emanating from the apatite matrix into the surrounding medium
appears to be an equilibrium mixture ofcis-platin hydrolysis
products, as gauged by the appearance of its characteristicλmax

near 280 nm7 and the absence of thecis-Pt(NH3)2Cl2 absorption
maximum at∼300 nm. An evaluation of the effect of varying
the ligand coordination sphere of square planar Pt complexes
on the rate of diffusion from a doped apatite/porous Si matrix
is currently in progress and the focus of a future publication.

In summary, we have demonstrated that incorporation of

(7) Millar, S. E. and House, D. A.,Inorg. Chim. Acta 1989, 166, 189.

Figure 5. Changes in Ru(phen)3
2+ concentration as a function of time

for an aqueous supernatant in contact with a Ru(phen)3
2+-doped

hydroxyapatite/porous Si/Si sample. Solution concentrations are de-
termined spectrophotometrically by monitoring changes in the absor-
bance at 446 nm and employing anε value of 20,000 M-1 cm-1. After
each immersion experiment, the supernatant is removed from the sample
compartment, fresh DI water is introduced, and the monitoring process
begins once again.

Figure 6. Changes in optical density as a function of time for an
aqueous supernatant in contact with acis-Pt(NH3)2Cl2-doped hydroxy-
apatite/porous Si/Si sample. The corresponding time interval associated
with a specific spectrum is listed at lower left.
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stable transition metal complexes within a hydroxyapatite/porous
Si/Si matrix can be achieved and that the rate and amount of a
complex emanating into the surroundings are controllable.

Note Added in Proof. The use of the term “hydroxyapatite”
or “apatite” throughout this paper is not intended to infer a high
degree of crystallinity to the as-formed calcium phosphate
deposits. Indeed, preliminary structural studies to date suggest
that rapid cathodic nucleation (over a time scale of minutes to
hours) gives rise to an amorphous phase which under physi-
ological conditions will gradually convert over periods of days
to weeks to hydroxy-carbonate apatite (HCA), a defective
crystalline form of the material.
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