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Cationic phosphine-terminated rhenium(III) chalcogenide clusters—[ResSeg(Et;P)sI]I, [ResSg-
(Et3P)sBr]Br, [RegSeg(BusP)sI]I, and [RegSg(BusP)sBr]Br—were synthesized and encapsulated in
silica nanospheres in a one-pot, base-catalyzed hydrolysis in acetonitrile. The cluster-doped silica
nanoparticles have diameters of 10—20 nm, as observed by transmission electron microscopy (TEM).
The diameter is dependent upon the volume of the solvent added to the system. Reactions conducted
in > 10 mL of acetonitrile led to the isolation of particles ~200 nm in diameter. The absorption and
emission properties of the clusters were maintained upon encapsulation. The 'H resonance of the
alkyl groups was not observed in the silica-cluster composites via nuclear magnetic resonance
(NMR), and the emission blue-shifts, indicating that the clusters reside within the silica framework,
rather than on the surface. Upon irradiation by light (1 > 420 nm), both the clusters and their silica
composites can generate singlet oxygen, demonstrating the oxygen permeability of silica. The smaller
silica-cluster composites are potential candidates for photodynamic therapy and for other applica-
tions of singlet oxygen. The encapsulation is ineffective for neutral and anionic clusters. Electrostatic
interaction between cationic clusters and the anionic, deprotonated silanol groups is proposed to

drive the encapsulation.
Introduction

Singlet oxygen (denoted as 'O,) is a nonpolluting
oxidant that is available in abundance from air and light.
Interest in the reaction chemistry of 'O, extends from the
benchtop to the refinery to the clinic.' Singlet oxygen
oxidation of alkenes is regioselective and stereoselective.”
Product mixtures are sensitive to the steric and electronic
features of the olefin.* ' Reaction outcomes can also be
environmentally dictated, as in zeolite cavities."'~'* The
electrostatics of the cavity, and the conformational
changes inside it, can be stereodirecting.
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Singlet oxygen is also feasible for treating wastewater.
Sulfide salts are water pollutants that result from food
processing, tanning, natural gas purifying, and oil refin-
ing. Reactions with singlet oxygen transform sulfides to
sulfates. Similarly, phenols contaminate wastewater from
dye and paper manufacturing; they also result from
petroleum refining. Phenol oxidation by 'O, has also been
investigated for wastewater treatment.'*!”

The term “photodynamic effect” refers to the action of
oxygen and light on living cells and tissues. An example is
the sterilization of blood plasma with the photosensitizer
methylene blue. Frozen plasma donations have been
treated this way by the Swiss and German Red Cross.
Methylene blue is a nontoxic sensitizing dye. However,
enzymatic reduction leads to a colorless product, and
methylene blue loses its sensitizing effects.'®

“Photodynamic therapy” (PDT) is the clinical use of
light to attack tumors while sparing healthy tissue.'” "
Practitioners recognize two variants:**~** Type I PDT
is an electron-transfer process that forms ground-state
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reactive oxygen species (O, , OH-, and H>O,, among
others), whereas Type II PDT generates singlet oxygen.
Energy transfer from a sensitizing dye to O, forms ex-
cited 'O,. Sensitized oxygen is a mobile reagent that oxidizes
amino acid residues, lipids, nucleic acids, and other biomol-
ecules. The ensuing oxidative stress Kkills cells via apoptosis
(programmed cell death) or necrosis (nonspecific cell death).
Where cell death is concentrated, local inflammation can
result. An immune-system response against malignant cells
follows.

Developing photosensitizers for human cancer treat-
ment draws continuing effort. A perfect PDT sensitizer
has a fixed composition and uniform purity. It should be
selective for tumor tissue and accumulate quickly therein.
The photosensitizer should absorb at a wavelength of
600—900 nm, where human tissue is comparatively trans-
parent. Sensitizers should be stable to light and physio-
logical fluids; they should be nontoxic in darkness. After
treatment, photosensitizers should clear the body rapidly
and completely. No known photosensitizing drug is fully
satisfactory.”?

The most debilitating issue in PDT is toxicity. Various
efforts have embedded sensitizers in drug delivery vehi-
cles.* Oil dispersions (micelles), liposomes, low-density
lipoproteins, polymeric micelles, and hydrophilic drug-
polymer complexes have been used as carriers to deliver
hydrophobic photodrugs that cannot be easily adminis-
tered in saline solution.?>?® These colloidal carriers accu-
mulate passively in tumors by the enhanced permeability
and retention effect.?”*® Some successes have been
achieved with oil-based drug carriers, including reduced
drug loadings and improved tumor uptake.?~*° However,
the emulsifiers can induce allergic reactions in some
patients.®"**> Many liposomal carriers suffer from poor
drugloadings and from self-aggregation of the drug when
trapped. Liposomes are also prone to opsonization and
capture by the reticuloendothelial system.*® Sensitizers
have been incorporated in pH-sensitive polymer micelles,
but drug buildup in normal tissue and poor tumor
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regression have resulted.>* Moreover, because these
polymer-based drug carriers work on a controlled-release
basis, post-treatment accumulation of the free drug in the
skin and eyes is unavoidable. Side effects linger for weeks.*
Nanoparticles have been explored as delivery systems
for photodrugs.*®*” A hydrophilic three-component drug
delivery system results from coating a zinc-phthalocya-
nine sensitizer and a transfer agent on gold nanoparticles.*®
The composite generates singlet oxygen with enhanced
efficiency, compared to the free phthalocyanine. Simi-
larly, excitation of the silicon phthalocyanine drug Pc4
was facilitated through FRET upon adsorption to CdSe
quantum dots. Singlet oxygen was detected optically.*’
However, the cytotoxicity of cadmium-based quantum dots
precludes their application in photodynamic therapy.**~*
Another potential drug carrier is nanosilica.*>*® Silica
is nontoxic and biocompatible. It is transparent to visible
light, and it is inert to electron transfer and energy trans-
fer. Silica particles are easily prepared under ambient
conditions in the sol—gel process. Particle sizes are readily
controlled.*’*¥ Importantly, silica is porous to oxygen.*~>*
Because silica particles maintain their structures under
harsh conditions, they can protect encapsulated drugs.”>>¢ A
further advantage is that silica surfaces are easily mod-
ified with functional groups that impart water solubility
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and tumor-cell selectivity.’”->® Recent efforts have em-
placed organic molecules in nanosilica. One method first
links dye molecules to a silane coupling agent that is
subsequently used in the hydrolysis of tetracthoxysilane
in mixtures of water, aqueous ammonia, and ethanol.”
Fluorescent silica nanoparticles with the dye molecules
distributed in various ways have been successfully synthe-
sized. An example is the incorporation of meta-tetra-
(hydroxyphenyl)chlorine in nanosilica by this method.®
Although singlet oxygen generation was observed, the
average particle size was ~180 nm, which is far outside the
size limit for kidney clearance (<20 nm). Another encap-
sulation of organic dyes*® and cadmium chalcogenide
nanocrystals®' in silica uses a micellar system. The photo-
drug 2-devinyl-2-(1-hexyloxyethyl)pyropheophorbide
(HPPH) has been successfully incorporated in silica
nanoparticles (~30 nm) in surfactant/1-butanol/water
micelles.* Singlet oxygen generation was efficient, and
irradiation caused destruction of tumor cells impregnated
with the dye-doped silica nanoparticles. However, de-
creasing the particle size further is an ongoing challenge.

Hexanuclear clusters of molybdenum(II) and tungsten-
(IT) are powerful singlet oxygen generators.®*®* Their
photosensitization quantum yields exceed those of com-
peting photodrugs, such as Pc4,°* lutetium(III) texaphy-
rin,® and colloidal CdSe.* Their isostructural rhenium-
(II1) analogues®®~®* also luminesce through a spin-triplet
state with quenching by oxygen.®~7* These rhenium(III)
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clusters undergo ligand substitution reactions with
o-nucleophiles, typically organophosphines.”>~"® Trial-
kylphosphine-terminated rhenium(III) clusters survive
heating, photolysis, and electrochemical oxidation. The
cluster stereochemistry and core structure are maintained
during ligand substitution.”” Emission properties can be
finely tuned by changing the axial ligands.®*®! However,
potential dark toxicity may come from the heavy-element
composition of the cluster cores.

Here, we report the synthesis of hexanuclear cluster-
doped silica nanoparticles based on the hydrolysis of
tetracthylorthosilicate (TEOS) in a one-pot reaction sys-
tem. The hexanuclear clusters used are rhenium(IIT) chal-
cogenide clusters with trialkylphosphine terminal Ili-
gands. Among these is the site-differentiated®* * cluster
[RegSes(BusP)sI]I, which is described here for the first
time. The size of the cluster-doped silica nanoparticles
is within 10—15 nm, and the absorption and emission
properties of the clusters were maintained in silica nano-
particles. Upon illumination, the clusters and their silica
composites generate singlet oxygen.

Experimental Section

Operations involving trialkylphosphines were conducted
with standard Schlenk techniques. Reagents were commercial
and were used as received. Solvents were passed through an
Mbraun solvent purification system before use. Nuclear mag-
netic resonance (NMR) spectra ('H and *'P{'H}) were recorded
on a Varian Model AS-400 spectrometer operating at 399.7 and
161.8 MHz, respectively. For '"H NMR spectra, chemical shifts
were determined relative to the solvent residual peaks. For
3'P{'H} NMR spectra, chemicals shifts were determined rela-
tive to 85% H3;POy4(ag). Because of the small scale of the
preparations, new compounds were not analyzed.

Morphology studies were performed on a JEOL Model
1200CX transmission electron microscopy (TEM) system, with
the accelerating voltage being 80 kV. To prepare a TEM sample,
a small amount of the powder was dispersed in ethanol under
sonication, a drop of the dispersion was adsorbed on a carbon-
supported copper grid, and the solvent was allowed to evaporate
prior to measurement.

A Varian ultraviolet—visible-light—near-infrared (UV—vis—
NIR) spectrophotometer (Model Cary 5G) and a Varian Eclipse
fluorescence spectrophotometer were used for optical measure-
ments. Solid cluster samples were dissolved in acetonitrile for
absorption and emission spectra collection. Powders of the
silica-cluster composites were suspended in hexanol or chloro-
form, and the upper clear solution was used for characterization.

Singlet oxygen generation was performed on a sun-simulating
xenon lamp with a filtered light wavelength longer than 420 nm.
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Syntheses. The clusters [RegSeg(Et3P)sI]I and [RegSg(Et;P)s-
Br]Br were prepared according to published procedures.”’®

[ResSes(BusP)si]. In a 100-mL round-bottom flask, (BuyN)z-
[ResSslg] (500 mg, 0.15 mmol) was dissolved in N, N-dimethylform-
amide and degassed. Tributylphosphine (0.31 mL, 1.24 mmol,
8 equiv) was added and refluxed 24 h under argon. The solvent
was removed by cold trap and the resulting deep red residue was
washed several times with diethyl ether (100 mL total) and dis-
solved in a small amount of methylene chloride. Silica-gel column
chromatography was conducted. The product was recovered with
1:1 chloromethane:acetonitrile. *'P NMR: 6 —38.0 (4), —39.8 (1)
ppm; 79% yield.

[RCgSg(BZl}P)jBI’]BI‘. (BU4N)4RGGSgBr6 'Hzo (200 mg,
0.07 mmol) was dissolved in 10 mL of dimethylformamide (DMF)
and degassed. Argon-saturated tributylphosphine (0.46 mL,
1.86 mmol) was added to the solution. The resulting mixture
was refluxed under argon for 48 h. The solvent was removed
in vacuo, and the oily residue was triturated using ether to
give an orange-red powder. The powder was dissolved in a
minimal volume of methylene chloride, and the solution was

50 nm

Figure 1. TEM images for the silica—[ResSeg(BusP)sI]I composites,
showing that the diameter of the nanoparticles is within the range of
10—20 nm.
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subjected to chromatography on a silica gel column. Elution
with methylene chloride afforded an orange fraction, tenta-
tively identified as cis-[ResSg(BusP)4Br,]. A second fraction
eluted with acetonitrile was the desired product. Solid prod-
ucts were not collected, and the acetonitrile solution was
used for further experiments.

Synthesis of Silica-Cluster Composites. Typically, 3.7 mL of
tetraethylorthosilicate (TEOS) was mixed with 3 mL of distilled
water and 0.8 mL aqueous ammonia (28—30%), and then
stirred to form a gel (~15 min). To the gel, 1 mL of acetonitrile
solution of the cluster was added under rapid stirring. The mix-
ture was then stirred for another 2 h. The products were filtered
to give a yellow powder, which was washed repeatedly using
acetonitrile until the filtrate was colorless, and dried in the air.

Singlet Oxygen Generation and Detection. The singlet oxygen
indicator 2,3-diphenyl-p-dioxene was prepared following a pub-
lished procedure.®® To a quartz emission cuvette was added a
deuterated acetone solution of the cluster or silica-cluster com-
posite. The compound 2,3-diphenyl-p-dioxene was dissolved in
the solution (typically 0.2 M). The mixture was oxygen-saturated
by bubbling compressed oxygen into the solution for 20 min.
The cuvette was then exposed to the irradiation source with light
that had a wavelength longer than 420 nm. An aliquot of the
solution was withdrawn at different irradiation intervals and
added to an NMR tube. '"H NMR data were then collected.

Results and Discussion

All four positively charged clusters were incorporated
within silica successfully. Similar experiments conducted
on negatively charged ([ResSgBre]*”) or charge-neutral
clusters (cis- and trans-[Re¢Sg(Et3P)4Br,]) yielded white
powders without detectable absorption or emission of the
clusters. Usually, a strong interaction is required when
incorporating fluorescent dyes in silica nanoparticles.
Here, we propose that the encapsulation was made pos-
sible by an electrostatic interaction between cationic
clusters and the anionic, deprotonated silanol groups
generated in the base-catalyzed hydrolysis process.
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Figure 2. Absorption and emission of silica—[RegSeg(BusP)sI]I composite collected in hexanol, in air. The excitation wavelength used is 430 nm, and the slit

width is 5 nm.
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Figure 3. "H NMR spectra for oxygen saturated deuterated acetone solution of [RegSeg(BusP)sII mixed with the singlet oxygen indicator, 2,3-diphenyl-p-
dioxene, collected at 1 h, 2 and 3 h irradiation intervals. The resonances of butyl groups and solvent appear within 0.9—2.5 ppm.

Morphology Study of the Silica—Cluster Composite.
Figure 1 shows a typical TEM image for the silica—[Re¢Seg-
(BusP)sIJI composite prepared with 1 mL of an acetonitrile
solution of clusters. Surface interaction between the small
nanoparticles results in the aggregation. Control experiments
were conducted by changing the volume used to dissolve the
clusters in the preparation step. For acetonitrile volumes
below 5 mL, nanoparticles with diameters of 10—20 nm can
be readily observed. When the volume of acetonitrile reaches
10 mL, large particles with diameters of ~200 nm are found
(see the Supporting Information). With a constant volume of
acetonitrile, no morphology difference was observed when
changing the amount or type of the clusters.

Optical Properties. Incorporation in silica preserved
the absorption and emission profiles of entrapped clus-
ters. Optical measurements are possible because the
refractive indices of 1-hexanol and chloroform are simi-
lar to that of silica (~1.5). Suspensions of silica compo-
sites in these solvents are optically transparent.3%”

Figure 2 shows absorption and emission spectra of the
silica—[RegSeg(BusP)sI[I composite collected in hexanol.
These are similar to spectra of the free cluster collected in
acetonitrile. Optical spectra of the composites of the other
three clusters—silica—[RegSeg(PEts)sI]1, silica—[RegSg(PEt3)s-
Br]Br, and silica—[RegSg(BusP)sBr]Br—all resemble the
spectra of their corresponding clusters, which are shown

(85) Summerbell, R. K.; Berger, D. R. J. Am. Chem. Soc. 1959, 81,
633-639.

(86) van Helden, A. K.; Jansen, J. W.; Vrij, A. J. Colloid Interface Sci.
1981, 81, 354-368.

(87) Philipse, A. P.; Vrij, A. J. Colloid Interface Sci. 1989, 128, 121-136.

in the Supporting Information. A rigidochromic blue-
shift of 6 nm was observed when comparing the emission
spectra of the degassed chloroform solutions of [RegSeg-
(BusP)sI]I and silica—[RegSeg(BusP)sI]I, and a 10-nm
shift was observed for [RegSeg(Et3P)sI]I and silica—
[RegSeg(EtsP)sI]I, indicating that the clusters reside in the
silica framework. Optical properties of the embedded
clusters are unchanged upon standing in air indefinitely
(months). Furthermore, the nanocomposites that contain
clusters are luminescent in air at room temperature. In
contrast, unembedded clusters do not visibly emit in air.

Singlet Oxygen Generation. Emission of both degassed
chloroform solutions of the clusters and their silica—cluster
composites was measured. Emission was quenched when
the solutions were exposed to air. This observation in-
dicates (i) an interaction between the emitting, triplet-
state cluster and triplet oxygen, and (ii) that oxygen per-
meates the silica network.

The organic compound 2,3-diphenyl-para-dioxene (1)* is
well-characterized as a singlet oxygen trap.*®? Its oxida-
tion by 'O, in nonaqueous media yields ethylene glycol
dibenzoate (2):

O._Ph o
(I + o — o™ o™ )
O Ph o)

1 2

The formation of 2 is easily discerned using 'H NMR
spectrometry. This reaction has been used previously

(88) Paczkowski, J.; Neckers, D. C. ACS Symp. Ser. 1985, 278,222-242.
(89) Blossey, E. C.; Neckers, D. C.; Theyer, A. L.; Schaap, A. P. J. Am.
Chem. Soc. 1973, 95, 5820-5823.
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Figure 4. "H NMR spectra for oxygen-saturated deuterated acetone suspension of silica—[RegSes(BusP)sI]I mixed with the singlet oxygen indicator, 2,3-
diphenyl-p-dioxene, collected atirradiation intervals 0of 45, 90, and 310 min. [RegSeg(BusP)sI]I solution was used as the 0 min reference, showing the tributyl

groups’ resonance within 0.9—2.5 ppm.

to demonstrate oxygen sensitization by molybdenum(IT)
and tungsten(IT) halide clusters.®?

Figure 3 depicts 'H NMR spectra of an acetone solution of
2 and [RegSeg(PBus)sI]I collected after 1, 2, and 3 h of irradi-
ation. The resonance at 4.3 ppm of the methylene protons of
1 shift to 4.7 ppm for 2. The phenyl ring proton resonance at
7.2 ppm in 1 is split and shifts downfield in 2. At longer
irradiation times, the relative intensity (/(4.7 ppm)/1(4.3 ppm))
increases, as seen from peak integration. Furthermore, the
splitting and downfield shift of the 7.2-ppm peak becomes
more obvious. These observations indicate the efficient gen-
eration of singlet oxygen. Analogous experiments for the other
three clusters yielded similar results, and NMR spectra appear
in the Supporting Information. Control experiments found
unreacted 1 in the absence of oxygen or irradiation.

Silica—cluster composites deposited on the bottom of the
cuvette when suspended in deuterated acetone. For these,
light was focused on the solid layer, and clear solutions were
withdrawn for NMR measurement. 'H NMR spectra
appear in Figure 4. Resonances arising from the tributyl
groups (0.9—2.5 ppm) were not seen in the solution that was
withdrawn from the silica—[RegSeg(BusP)sIJI suspension
(only solvent peaks are seen). This observation indicates
that all the clusters are embedded in the silica framework
and are not removed by the solvent. The intensity of the
peak at 4.7 ppm increases when increasing the irradiation
time, and the splitting and downfield shift of the peak at
7.2 ppm become more obvious, indicating that singlet oxygen
can still be generated by the silica—cluster composites,
and that oxygen permeates the silica framework.

Conclusions

Photoactive rhenium(IIl) chalcogenide clusters have
been embedded in nanosilica, with control of the nano-
particle diameter. The immobilized clusters are lipophilic
and cationic, with pendant trialkylphosphine ligands.
Among them are the new species [RegSg(BusP)sBr]Br
and [RegSeg(BusP)sIJI. These complexes are unusual,
site-differentiated Reg clusters prepared in high yields as
the primary products of their syntheses. The new clusters
emit red phosphorescence.

Clusters encased in silica retain triplet-state photoprop-
erties. Room-temperature emission maxima are slightly
blue-shifted, which is an expected outcome of trapping
within a rigid matrix. Emission of the free clusters is
quenched upon exposure to oxygen. Both the free clusters
and their silica nanocomposites photo-oxidize 2,3-di-
phenyl-para-dioxene (1), indicating the formation of
singlet oxygen. The sensitizing capabilities of rhenium(III)
clusters and their nanocomposites are receiving further
study.
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