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Immobilization of metal complexes in polymeric materials has

emerged as a potential method for sequestering reactive species.
The approach holds promise for the development of new

heterogeneous catalysts, sensors;® supramolecular devicés,
and photonic device$.A broad array of materials has been used
to prepare supported reagents, including clay minétaisolites'?
aluminal* organic polymerg;>'56and silica gel$:16°1° Silica

sol—gels have the advantage that they can be prepared in optically
transparent form, so that reactions occurring within the porous,

solvent-filled interiof® can be monitored by a variety of spec-

troscopic methods. Products and reactants are therefore readily

characterized and quantified within the matrix.
Immobilized metal complexes doped into silica-sgkels must
interact strongly with the matrix to hinder diffusion since the

complexes can partition between the solid glass network and the

pore solvent®2tInclusion of ligands bearing reactive alkoxysilyl
side chains that copolymerize with the sgiel precursor, Si-
(OCHg),4, ensures immobilizatiof?. It has been established that
covalent linking of metal complexes results in improved material
integrity and catalytic behavi@?. For example, carbonyl com-
plexes of rhodium and cobalt with silylated phosphine ligands
exhibit reduced leaching of metal ions and improved catalytic
activities when attached to sefels!”?* Understanding the
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Scheme 1.Synthesis of Modified Phenanthrolirfes
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modified behavior of metal complexes immobilized in-sgkl
matrices requires studying the molecular-level consequences of
covalent attachment. We report here the effects of various numbers
of covalent tethers on the stability of iron tris-phenanthroline
complexes immobilized in silica selels.

A modified phenanthroline ligand suitable for tethering, phen-
Si, was prepared by reacting 5-amino-1,10-phenanthroline with
excess 3-(triethoxysilyl)propyl isocyanate (Scheme *31al\
structurally analogous ligand, phen-Bu, which lacks the ability
to form covalent tethers, was prepared similarly (Scheme 1b).
Sol—gels were then prepared containing substituted ferrous tris-
phenanthroline complexes in which the ratios of phen-Si to phen-
Bu were varied systematical®j.An excess of nickel(ll) ions,
which compete for the phenanthroline ligariésyas present in
each sol to probe the influence of tethering on the compl&kes.
Reactions were monitored by observing the disappearance of the
intense MLCT transitions of [Fe(phen-giphen-Bu}_,]?" in the
visible spectrum of each sebel. No further decrease in absor-
bance was observed after approximately 20 h, at which time the
reactions were considered complete.

The tethers clearly stabilized [Fe(phens@dhen-Bu)-]?" (m
= 0—3) toward competition by Ni in the sol-gel as evidenced
by retention of a significant fraction of the absorbance in all
samples containing phen-Si liganas ¢ 0). By contrast, almost
complete loss of absorbance was observed for complexes which
contained no tethersm( = 0). Furthermore, the extent of
stabilization steadily increased with the fraction of tethered ligand
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70 ; bance, %, for the untethered complex, [Fe(phen-ge), in
1 | Ni%*-doped sot-gels indicates a small degree of partitioning of
o 60 . #.8; the complex between the silicate and bulk sol¥eaten in _th(_a
o 1 .4 ! absence of_ covalent attachments. Noncovalent_ association of
'% 50 F ‘+ i g molecules in se+ge]s has been opserved tp |nf|uenqe the
4 o % T : spectraf® photochemicall*®and chemicaf behavior of a variety
S ol e | of molecules.
§ P | The large increase in residual absorbance for the monotethered
§, 30 - X3 ; species, %.,, presumably arises from incrgaged sFeric hindrance,
2 L 4}-' ‘ since the complexes are forced into proximity with the-sgel
E 20 k ’ ‘ maitrix by the covalent attac_hmgnt'. The residual absorbance for
o i i,l i the bis-tethered species A% is within error equal to %,, even
& 10 Lo } though enhanced stability due to increased steric hindrance or
e ! macrochelate formation via the sajel framework might be
0 ‘r ‘ expected. The apparent absence of macrochelate stabilization
Lt 1 1 n 1 1 ! 1 1 L L

observed with two tethered ligands is readily explained if
dissociation of the one untethered ligand from thé"Feenter is
fphen.Si sufficient to cause absorbance 1833 his argument is consistent

Figure 1. Percent absorbance retained versus fraction of tethered ligand, With the behavior of the complexes having three covalently
phen-Si, present in the solution used to prepare sols containing [Fe(phen-attached ligands, which show significantly enhanced stability as
Si)n(phen-Bu)-]2". The starting absorbance for all of the metal reflected by %432
complexes was approximately 1.28, corresponding to 0.1 mM solutions.  In summary, covalent attachment both stabilizes and im-
The dotted line represents the curve obtained from the nonlinear least- mopjlizes iron phenanthroline complexes in-sgkls. Systematic
squares fit of he data 0 eq 2 withAg= 7.9, %y = 45, %A, = 42, variation of the ratio of tethered to untethered ligands indicated
and %A; = 60.7. The error bars on the graph represent the standard . . Lo .
deviation between three separate data sets. a general increase in stgblllzatlon with the number Qf Fether;.
Detailed statistical analysis revealed an unexpected similarity in
(Figure 1). Comparable absorbance losses and reaction rates werstability between the complexes having one and two tethers. The
observed for both [Fe(phen-g4" and [Fe(phen-Buy)?* in 80 behavior of complexes with successive numbers of tethers can
mol % aqueous methanol solutions containinggtN? These be explained by a combination of steric and macrochelate effects,
control data verify that stabilization arises from tethering of the although other influences may contribute. The statistical analysis
ligands to the silicate matrix, and that substituent effects on the approach is being developed as a generalized tool for deconvo-
kinetic and thermodynamic behavior are the same for both ligands luting the behavior of mixed-ligand systems and is currently being
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in the absence of sé.
The stabilization is not a monotonic function of the number of
tethers, as illustrated by the sigmoidal curve in Figure 1. The

used in our laboratory to study electron-transfer reactions and
kinetic behavior in immobilization processes. Applications includ-
ing the design and optimization of tunable catalysts, sensors, and

absorbance data reflect ensemble behaviors that can be analyzedevices are envisaged.

in terms of contributions from individual species. A ferrous
solution containing two different substituted phenanthrolines with
identical formation constants will have a statistical distribution
of tris-chelate complexes with the formulas [Fe(phep{R)en-
R)3-ml?" (M= 0—3, R= phen-Si, R= phen-Bu)3* The fraction
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of each species present can be calculated as part of a binomialC990471Q

distribution with the expression

(m) (fphen—Si)m(l — fphen_Si)s—m @)

fm

where f,, = the fraction of the species [Fe(phenqgphen-
Bu);-m]?* present in the final solutiorfghen-si = the fraction of
phen-Si present in the phenanthroline mixture before iron is added,
andm=0, 1, 2, or 3.

The percentage of the initial absorbance retainefl@fter
a mixture of [Fe(phen-Si{phen-Bu)_]?* reacts with excess RNi
in the sot-gel can be described as a sum of the percentages of
absorbance retained by each specieg\,Ymultiplied by the
fraction of each species initially present.
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A nonlinear least-squares fit to the data in Figure 1 (dotted line)
afforded values of %y = 7.9+ 0.9, %A = 45+ 2, %A, = 42
+ 2, and %\ = 60.7+ 0.9.

A large excess of Ni drives the substitution reactions to
completion in aqueous methanol solutions. The residual absor-
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To our knowledge, the iron(H)bis-phenanthroline complex has never
been observed spectroscopically, due to the atypical relative magnitudes
of the stepwise binding constants for mono-, bis-, and tris-iron(ll)
phenanthrolines (lod; = 5.1, log K, = 5.0, log K3 = 10.0). The
unusually large relative value &% presumably reflects a transition from
a high-spin to a low-spin configuration on binding of the third
phenanthroline. The high-spin mono complex is essentially colorless,
and it is reasonable to assume that the bis complex, also being high-
spin, will exhibit similar spectral behavior. See citation in footnote 31.
The tris-tethered complex presumably cannot lose any single phenan-
throline through competition by Kii due to the macrochelate effect. In
this case, nickel substitution would be strongly disfavored since
competition for the first phenanthroline, a necessary initial step in the
overall substitution process, is thermodynamically uphill. See citation
in footnote 31.
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