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ABSTRACT: Poly(acrylate) was derivatized with RhIII (pc) (pc ) phthalocyanine) and the morphology of the
strands was established by AFM microscopy. The strands of the polymer, poly-RhIII (pc), were seen as the strings
of spherules expected for an hypercoiled poly(acrylate) backbone. Phthalocyanine pendants in a polymer, poly-
RhIII (pc), having a 1:8 stoichiometric relationship of - - -RhIII (pc) to - - -CH2CH(CO2-)- - - - exhibited chemical
properties different from those communicated for RhIII (pc-tetrasulfonate)3- in aqueous medium or XRhIII (pc), X
) Cl, Br, I, in nonaqueous media. Reactions of poly-RhIII (pc) with reducing radicals like a e-

aq, (CH3)2C•OH,
NiL+ (L ) [14]aneN4, Me6[14]aneN4), or oxidants, i.e., N3•, Cl2•-, Br2

•-, or NiL3+ were investigated with the
pulse radiolysis technique. The phthalocyanine radicals formed in these redox reactions were characterized by
means of the transient UV-vis spectrum, and the kinetics of the formation and decay of the radicals were followed
at various wavelengths. The photophysical and photochemical processes of poly-RhIII (pc) were studied by laser
flash photolysis. The lifetime of the excited state,t ) 133 ns, correlates well with the slow component of the
decay of the luminescence detected in the NIR region. This transient has been assigned to a ligand field, LF,
excited-state not observed in previous works when XRhIII (pc) complexes were irradiated in homogeneous solution.
The thermal and photochemical properties of poly-RhIII (pc) are discussed on the basis of environmental conditions
affecting the pendent macrocycles in the strand of polymer.

Introduction

The study of the chemical properties of metalated and metal-
free phthalocyanines remains a very active field of research.
Application of the phthalocyanines to numerous fields of
chemistry has motivated the interest in these compounds.1-28

Among these many applications is the catalysis of various
reactions in homogeneous solution and heterogeneous phase
with transition metal phthalocyanines grafted to organic poly-
mers. Aside the polymerization of pendent groups in a ligand
of the complex,29 the grafting of phthalocyanine and other
transition metal complexes into polymers has been based in two
general strategies.23,24,28They respectively involve the coordina-
tion of transition metal complexes through the metal ion to
pendent ligands of a polymer backbone or linking one ligand
by covalent bonds to a polymer backbone. In the former strategy,
metal ions are inert to ligand substitution, e.g., CoIII , allowing
the complex to be irreversibly fastened to ligands in the polymer.
The inertness toward ligand substitution suppresses the detach-
ment of the transition metal complex from the strand of polymer
and its migration to the bulk of the solution. On this basis, RhIII

was expected to be a convenient metal center for the coordina-
tion of the phthalocyanine to a polymer backbone.

Previous studies have shown that monomeric XRhIII (pc)
complexes (pc) phthalocyanine; X) Cl, Br, I) are inert with
regard to the thermal substitution of the ligand X-.25,26 In
addition, the redox chemistry of the XRhIII (pc) could be used
for the catalysis of processes in homogeneous solution.25 The
redox potential of the couples XRhIII (pc)/XRhII(pc) and XRhIV-
(pc)/XRhIII (pc) greatly disfavors changes of the metal center’s
oxidation state.27,28 Thermal or photochemical redox reactions
of XRhIII (pc) are therefore mediated by XRhIII (pc•() ligand

radical species. Nevertheless trace concentrations of XRhII(pc)-,
formed after a photoinduced hydrogen abstraction from an
organic solvent, accelerate the substitution of the ligand X-.

When coordination complexes are hosted by a poly(anion),
electrostatic interactions and environmental conditions created
by the poly(anion) can change photochemical and thermal
reactions of the complexes grafted in the polymer. In this work,
the incorporation of - - -RhIII (pc) in poly(acrylate), Figure 1,
has been investigated as a mean to place the phthalocyanine in
aqueous solution and to change the thermal and photochemical
reactions of the - - -RhIII (pc) group.* Corresponding author. E-mail: Ferraudi.1@nd.edu.

Figure 1. Model showing the average distribution of isolated
RhIII (pc)+ groups in a short segment of poly(RhIII (pc)). To simplify
the presentation, no hydrogen atoms and dimers are shown in the struc-
ture. The total number of-CO2- groups and the ratio of RhIII (pc)+
to -CO2- groups in the strand are indicated in the figure.
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Experimental Section

The spectroscopy, photochemistry and redox reactions of the
polymeric compounds described below were investigated with
freshly prepared aqueous solutions of a pH 6 unless explicitly stated.

Flash Photochemical Procedures.Absorbance changes,∆A,
occurring in a time scale longer than 10 ns were investigated at
room temperature with a flash photolysis apparatus described
elsewhere.30 In these experiments, 10 ns flashes of 351 nm light
were generated with a Lambda Physik SLL-200 excimer laser. The
energy of the laser flash was attenuated to values equal to or less
than 20 mJ/pulse by absorbing some of the laser light in a filter
solution of Ni(ClO4)2 having the desired optical transmittance,T
) It/I0 whereI0 and It are respectively the intensities of the light
arriving to and transmitted from the filter solution. The transmit-
tance,T ) 10-A, was routinely calculated by using the spectro-
photometrically measured absorbance, A, of the filter solution. A
right angle configuration was used for the pump and the probe
beams. Concentrations of the chromophores in the polymer were
adjusted to provide homogeneous concentrations of photogenerated
intermediates over the optical path,l ) 1 cm, of the probe beam.
To satisfy this optical condition, solutions were made with an
absorbance equal to or less than 0.4 over the 0.2 cm optical path
of the pump. These solutions were deaerated with streams of N2

before and during the photochemical experiments.
Pulse-Radiolytic Procedures.Pulse radiolysis experiments were

carried out with a model TB-8/16-1S electron linear accelerator.
The instrument and computerized data collection for time-resolved
UV-vis spectroscopy and reaction kinetics have been described
elsewhere in the literature.26-28,31Thiocyanate dosimetry was carried
out at the beginning of each experimental session. The details of
the dosimetry have been reported elsewhere.31,32 The procedure is
based on the concentration of (SCN)2

- radicals generated by the
electron pulse in a N2O saturated 10-2 M SCN- solution. In the
procedure, the calculations were made withG ) 6.13 and an
extinction coefficient,ε ) 7.58 × 103 M-1 cm-1 at 472 nm, for
the (SCN)2- radicals.32-35 In general, the experiments were carried
out with doses that in N2 saturated aqueous solutions resulted in
(2.0 ( 0.1) × 10-6 M to (6.0 ( 0.3) × 10-6 M concentrations of
e-

aq. In these experiments, solutions were prepared by the procedure
indicated above for the photochemical experiments. The liquids
were deaerated with streams of the O2-free gas, N2 or N2O, that
was required for the experiment. Reactions of the radiolytically
generated OH• radicals with N3

-, halides or 2-propanol were used
for the preparation of reactive radicals, i.e., N3

•, Cl2•-, Br2
•- and

(CH3)2C•OH, eq 1.

The oxidation of the Ni(II) complexes with Cl2
•- radicals was

used for the in situ preparation of Ni(III) complexes. The specific
conditions used in the preparation of the radicals and Ni(III)
complexes are given in the Results.

To radiolyze a fresh sample with each pulse, an appropriate flow
of the solution through the reaction cell was maintained during the
experiment. Other conditions used for the time-resolved spectros-
copy of the reaction intermediates or in the investigation of the
reaction kinetics are given in the Results.

The time-resolved changes in the absorption spectrum were
modeled with a commercial package, Mathcad 2001i and VisSim
V5. A series solution of the rate equations for the reactions described
elsewhere in the text and known extinction coefficients of the
reactants and reaction intermediates were used in the calculation.25-27

AFM Microscopy. AFM images were obtained using a Digital
Instruments (DI) Multimode Nanoscope III A in the tapping mode.
A sharp silicon nitride crystal tip attached to a cantilever was used

as the AFM probe for imaging the polymer on glass or mica slides.
The glass slides were immersed in a 4:1 (v:v) H2SO4/H2O2 mixture
for ∼1 h and then rinsed with distilled water and acetone before
the preparation of the samples. The mica slides were treated with
1 M Mg2+ before the preparation of the samples. Solutions
containing 2× 10-11 to 3 × 10-8 M strands of poly-Rh(pc) in
water at a pH between 4 and 9 were evaporated at room temperature
on the microscope slides. The evaporation was carried out under a
blanket of N2. Some of the preparations were also kept under
vacuum for several hours to eliminate any trace of solvent.

Materials. The monomer phthalocyanines XRhIII (pc) (X ) Cl,
Br, HSO4), Na3[RhIII (tspc)] (tspc) 4,4′,4′′,4′′′-phthalocyaninetet-
rasulfonate), the NiII macrocyclic complexes [NiIIL](ClO4)2 (L )
[14]aneN4 (a), Me6[14]aneN4 (b), and [FeIIIpy[14]dieneN4](ClO4)3

(c)) were available from previous works.

RhIII (pc)-Derivatized Poly(acrylate). The polymeric com-
pounds were prepared by a modification of the literature procedure
for the synthesis of XRhIII (pc) (X ) Cl, Br, I) complexes from
HSO4RhIII (pc).25,26The procedure and quantities described next were
used for the preparation of a polymer with a 1:8 stoichiometric
relationship of - - -RhIII (pc) to - - -CH2CH(CO2

-)- - -, Figure 1. A
solution containing 200 mg of poly(acrylic acid), Aldrich average
Mw ∼ 4.5 × 105, in 200 cm3 of 1:3 (v/v) water in methanol was
warmed and neutralized with an equivalent amount of Na2CO3,
∼300 mg. The resulting clear solution was added to a rapidly stirred
solution containing 270 mg of HSO4RhIII (pc) in a minimum volume
of a 1:3 (v/v) water in methanol and refluxed for 72 h. Dark solids,
formed during the reaction, were removed by centrifugation. The
near pure poly-RhIII (pc) was obtained as a dark blue powder after
rotovaporation of the solvent. Two further purifications were carried
out: first, a fractional recrystallization from aqueous solution
followed, second, by dialysis through Spectra/Por membranes
MWCO: 3500, and rotovaporation to dryness. The pure material
was dried 72 h under vacuum at a pressure equal to or less than 1
Torr. Anal. Calcd for RhC56H30N8O16Na7: H, 2.39; C, 49.70; N,
8.29. Found: H, 2.45; C, 49.79; N, 8.17. Other experiments made
for the polymers characterization are described in the Results.

The procedure described above, with different molar relations
of poly(acrylic acid) and HSO4RhIII (pc), was used for the prepara-
tion of RhIII (pc)-derivatized poly(acrylate) with stoichiometric
relationships of - - -RhIII (pc) to - - -CH2CH(CO2

-)- - - between
1:3 and 1:30. Polymers containing stoichiometric relationships of
- - -RhIII (pc) to - - -CH2CH(CO2

-)- - - between 1:6 and 1:10 showed
similar physical features, i.e., UV-vis spectra and solubilities.
Polymers with loads of RhIII (pc) larger than 1:8 proved to be
unsuitable for the studies described here.

Other materials and solvents were reagent grade and used without
further purification. Solutions for the experiments described herein
were prepared with triple distilled water.

Results

Poly(acrylate) polymers containing various loads of
- - -RhIII (pc) coordinated to pendent - - -CO2

- groups, Figure
1, were obtained by the general procedure described in the
Experimental section. Polymers containing loads larger than
1:10 stoichiometric relationships of - - -RhIII (pc) to acrylate
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units, - - -CH2CH(CO2
-)- - -, were in general too insoluble in

aqueous media and their properties were not investigated. In
contrast to these compounds, those with loads equal to or
smaller than 1:10 exhibited good solubilities in aqueous media.
Phthalocyanine pendants in a polymer with a 1:8 stoichiometric
relationship of - - -RhIII (pc) to - - -CH2CH(CO2

-)- - - exhibited
chemical properties different of the RhIII (tspc)3- in aqueous
medium or the XRhIII (pc), X ) Cl, Br, I, in nonaqueous media.
The properties of this particular polymer, named poly-RhIII (pc),
are described next.

Stacking of - - -CO2RhIII (pc). A less intense and somehow
broader Q-band than in the spectrum of HSO4RhIII (pc) is seen
in the spectrum of poly-RhIII (pc), Figure 2. The RhIII (tspc)3-

spectrum in aqueous solution shows an intense absorption band
at ∼640 nm, i.e., the Q-band of the phthalocyanine ligand.27 It
is assigned to the 0-0 vibronic transition from the1A ground
state to the first1ππ* excited state, Figure 2a. Other vibronic
components of the band are seen at shorter wavelengths. In
metallophthalocyanines, the broadening of the Q-band has been
associated with the stacking of metallophthalocyanines in dimers
containing two or more units of the macrocyclic complex. The
broad Q-band observed in the spectrum of poly-RhIII (pc) must
also be associated with a stacking of metallophthalocyanine
pendants. Given the reduced load of-RhIII (pc) and limits to
the flexibility of the backbone, only the dimers are probably
formed by theπ stacking of two phthalocyanine pendants.
Further evidence of the - - -CO2RhIII (pc) stacking in poly-RhIII -
(pc) was provided by changes in the Q-band of poly-RhIII (pc)
UV-vis when aqueous solutions of the polymer contained metal
ions, e.g., UO22+, capable of forming complexes with carboxy-
lates. A decrease in the intensity of the Q-band, inset to Figure
2, shows that the stacking of - - -CO2RhIII (pc) pendants in the
polymer strand increases when UO2

2+ is complexed by free
carboxylate groups. Comparisons were made between the
spectra of solutions having the same ionic strength,I ) 10-3

M, adjusted with NaClO4. Changes in the UV-vis spectrum of

poly-RhIII (pc) were also induced with 10-5-10-4 M Ni(II)
macrocyclic complexes a, b, or c. Changes in the spectrum of
poly-RhIII (pc) caused by any of these Ni(II) complexes bear a
strong resemblance to those observed in the presence of UO2

2+.
In comparing this behavior to the behavior of the metallo-

phthalocyanines in solution phase, the stacking of the
- - -CO2RhIII (pc) pendants demands large concentrations of the
pendant in the strand of poly-RhIII (pc). Because of the low load
of - - -CO2RhIII (pc) in poly-RhIII (pc), a particular morphology
of the strand is necessary to cause the high concentration of
pendants.

Strand Morphology. The morphology of the polymer strands
was investigated in an AFM microscope in the tapping mode.
A string of spherules was observed in samples prepared with
different procedures, Figure 3. These strings of spherules
indicated the hypercoiling of the poly(acrylate) backbone in a
manner resembling the hypercoiled poly(metaacrylate).36,37

Reactivity of Poly-RhIII (pc) with Radicals. The spectros-
copy of the products formed when reductants, i.e., e-

aq or
(CH3)2C•OH, NiL+ (L ) [14]aneN4, Me6[14]aneN4), or oxi-
dants, i.e., N3•, Cl2•-, Br2•-, or NiL3+, react with poly-RhIII (pc)
and the kinetics of the products formation were investigated
with the technique of pulse radiolysis. Transient absorption
spectra resulting from the oxidation of poly-RhIII (pc) by N3

•,
Cl2•-, or Br2•- were recorded with solutions of poly-RhIII (pc)
having∼10-4 M - - -CO2RhIII (pc) chromophores and 0.1 M Cl-,
0.1 M N3

-, or 0.05 M Br-. The reactions of these oxidants
produce a bleach of the Q-band in the near-IR and a broad
absorption band with a maximum at∼500 nm, Figure 4. This
spectrum is similar to the literature spectrum of ClRhIII (pc•+)
and it has been attributed to the formation of - - -CO2RhIII (pc•+)
chromophores.27

The kinetics of the poly-RhIII (pc) oxidation by N3
• radicals

was investigated atlob ) 500 nm where the difference spectrum
of - - -CO2RhIII (pc•+) chromophores exhibits a maximum. The
oscillographic traces used for the calculation of the rate con-
stant were obtained by radiolyzing N2O saturated solutions
of poly-RhIII (pc) containing 2.9× 10-5 M to 2.4 × 10-4 M

Figure 2. Spectra of monomeric HSO4RhIII (pc) (a) and poly-RhIII (pc)
(b) in solutions containing 5× 10-5 M Rh(III) chromophores. The
inset shows the difference spectrum of two solutions of poly-
RhIII (pc), 5× 10-5 M in - - -CO2RhIII (pc) chromophores. The spectrum
of one solution was subtracted from the spectrum of another containing
10-2 M UO2

2+ in addition to the poly-RhIII (pc).

Figure 3. Typical AFM image of poly-RhIII (pc) showing strings of
spherules, bottom. The sample was prepared with a procedure described
elsewhere in the text from a solution containing 2.5× 10-8 M strands
of poly-RhIII (pc). The data scale is 4.0 nm. The approximate distribution
of -CO2RhIII (pc) pendants, blue circles, in the hypercoiled strand are
shown in the top figure.
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- - -CO2RhIII (pc) with an ionic strength,I ) 0.1 M, adjusted
with NaN3, Figure 4. A nonlinear dependence of the rate
constant with the concentration of chromophores was as-
cribed to poly-RhIII (pc) concentration-dependent changes in the
- - -CO2RhIII (pc) stacking within the strand.

The oxidation of poly-RhIII (pc) by Ni(III) macrocyclic
complexes, is markedly different of the reactions with N3

•, Cl2•-,
or Br2•- described above. Solutions containing 0.1 M Cl-, 10-2

M NiL 2+, and 2.4× 10-4 M - - -CO2RhIII (pc) were saturated
with N2O and pulse radiolyzed. The rapid growth of the NiL3+

spectrum was observed on a time scalet < 400 ns, Figure 5a.
The formation of the Ni(III) products occurs with a pseudo first-
order kinetics. Second-order rate constants,k ) 1.2× 109 M-1

s-1 for L ) Me6[14]aneN4 andk ) 2.4× 109 M-1 s-1 for L )
[14]aneN4, were calculated from the rate constants obtained
under the pseudo first-order kinetics. Further spectral changes
took place in a time scalet > 400 ns due to the reaction of the
NiL3+ complexes with - - -CO2RhIII (pc) chromophores of the
poly-RhIII (pc), Figure 5b. A recovery of the solution’s absor-
bance at wavelengths of the Q-band and an absorption band,
λmax ) 530 nm, were observed at the end of the reaction. The
rate of the spectral changes exhibited a first-order kinetics and
the rate constant of the process,k ) 4.4 × 106 s-1, was
independent ofλob between 450 and 600 nm. Similar spec-
tral changes were observed when solutions containing 0.1 M
Cl-, 10-2 M NiL 2+, and 2.4× 10-4 M RhIII (tspc)3- were
saturated with N2O and pulse radiolyzed. However, the oxidation
of NiL2+ was faster,k ∼ 1010 M-1 s-1, and the formation of
the adduct was slower,k ) 105 s-1, than that in the presence of
poly-RhIII (pc).

In contrast to the facile oxidation of - - -CO2RhIII (pc) chro-
mophores by the above-mentioned radicals, poly-RhIII (pc)
proved to be more discriminative toward electron donors.
Neither e-aq nor NiL+ macrocyclic complexes were observed
to react with solutions of poly-RhIII (pc) where the concentration
of - - -CO2RhIII (pc) chromophores was equal to or less than 2.4
× 10-4 M. However, the spectrum of the reduced chromophore
- - -CO2RhIII (pc•-), similar to the literature spectrum of
ClRhIII (pc•-), was observed when N2O saturated solutions of
poly-RhIII (pc), 2.4× 10-4 M in - - -CO2RhIII (pc) chromophores,
reacted with pulse radiolytically generated (CH3)2C•OH radicals.

An overall rate constant,k ) 7.5× 109 M-1 s-1, was calculated
for the reaction of (CH3)2C•OH radicals with poly-RhIII (pc)
monomeric pendants, - - -CO2RhIII (pc), and dimeric pendants,
(- - -CO2RhIII (pc))2, eqs 2 and 3.

Photophysical and Photochemical Processes.Deaerated
solutions of poly-RhIII (pc), 2.4× 10-4 M in - - -CO2RhIII (pc)
pendants, were flash irradiated at 351 nm. The irradiation
produced a transient absorption spectrum with a broad band
centered at∼500 nm, Figure 6. The decay of the spectrum was
monitored at several wavelengths,λob ) 450, 500, and 550 nm.
Oscillographic traces collected at these wavelengths showed the
same rate of decay. A rate constant,k ) 7.5 × 106 s-1, was
calculated from the lifetime,τ ) 133 ns, of the absorbance
decay. To correlate these transients to excited-state processes,
the poly-RhIII (pc) luminescence was investigated with a solution
of the polymer, 2.4× 10-5 M in - - -CO2RhIII (pc) pendants,
irradiated at 337 nm. The decay of the luminescence exhibited
two components, one faster than the other. A slow component
of the emission decay was detected in the NIR region. The
lifetime of the NIR emission was approximately the same,τ )
140 ns, communicated above for the decay of the transient

Figure 4. Transient absorption spectrum of - - -CO2RhIII (pc•+) radi-
cals in the strand of polymer. The radicals were formed when poly-
RhIII (pc) was oxidized by pulse radiolytically generated N3

• radicals.
In this experiment, N2O-saturated solutions of poly-RhIII (pc), 1.0×
10-4 M in - - -CO2RhIII (pc) chromophores, contained 0.1 M NaN3.
The inset shows the dependence of the - - -CO2RhIII (pc•+) radical
formation rate constant on the - - -CO2RhIII (pc) concentration.

Figure 5. Transient spectra recorded when pulse radiolytically
generated NiIII (Me6[14]dieneN4)Cl2+ reacted with poly-RhIII (pc). The
N2O-saturated solution was 0.1 M in Cl- and it also contained 10-3 M
NiIII (Me6[14]dieneN4)2+ and a concentration of poly-RhIII (pc) equivalent
to 1.0× 10-4 M- - -CO2RhIII (pc) chromophores.

- - -CO2RhIII (pc) + (CH3)2C
•OH98

-H+

- - -CO2RhIII (pc•-) + (CH3)2CO (2)

(- - -CO2RhIII (pc))2 + (CH3)2C
•OH98

-H+

(CH3)2CO + - - -CO2RhIII (pc) + - - -CO2RhIII (pc•-) (3)
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spectrum. This component of the luminescence was not previ-
ously observed with XRhIII (pc) (X ) Cl, Br, I). In addition, a
fast decaying component of the emission,t < 20 ns, exhibited
a maximum at∼440 nm. It was assigned to the radiative
relaxation of the second1ππ* excited state. This is the same
anti-Kasha emission previously communicated for XRhIII (pc)
(X ) Cl, Br, I).26

The spectra of the pendent ligand radicals, - - -CO2RhIII (pc•-)
or - - -CO2RhIII (pc•+), were recorded in flash photochemical
experiments where poly-RhIII (pc), were flash irradiated in solu-
tions containing 2.4× 10-4 M - - -CO2RhIII (pc) pendants and
either an electron donor or an electron acceptor, eq 4 and 5.

The various concentrations used in the reduction, eq 4, and
oxidation, eq 5, of the excited state were 1 M TEA (TEA )
triethylamine); 0.1, 0.4, and 1.0 M TEOA (TEOA) 2,2′,2′′-
triethanolamine); 10-2 M MV 2+ (MV2+ ) methyl viologen);
and 10-4 M FeIII (py[14]dieneN4)3+.

In contrast to the reactions of the polymer with pulse
radiolytically generated radicals, the formation of - - -CO2RhIII -
(pc•-) and - - -CO2RhIII (pc•+) occurred in a time scale,t ) 102

ns. These rates were fast by comparison to those of the reactions
between poly-RhIII (pc) and pulse radiolytically generated radi-
cals. The difference was attributed to the presence of the electron
donor or acceptor S near the electronically excited pendants,
(- - -CO2RhIII (pc))*, in the photochemical processes. Back
electron-transfer reactions were observed in a time scale,t >
102 ns. These processes exhibited second-order kinetics. In Table
1, k/∆ε is the ratio of the second-order rate constant to the
difference,∆ε, between the extinction coefficients of the radicals
and the polymer. It was calculated at wavelengths of the
maximum in the difference spectrum of - - -CO2RhIII (pc•-) or
- - -CO2RhIII (pc•+). Since the pulse radiolytic experiments yield

an approximate value for the difference of extinction coef-
ficients, ∆ε ∼ 103 M-1 cm-1, the second-order rate constants
calculated with values of k/∆ε in Table 1 must have a 1011 M-1

s-1 order of magnitude.

Discussion

The UV-vis spectroscopy of poly-RhIII (pc) shows a large
fraction of - - -CO2RhIII (pc) pendants forming stacks in the
strand of poly(acrylate) polymer. A similar stacking has not been
observed in homogeneous solutions of XRhIII (pc) (X ) Cl, Br,
I), and it must be regarded as an intrinsic phenomenon of the
poly-RhIII (pc). The stacks of - - -CO2RhIII (pc) pendants are
likely to be located inside the spherules observed in the
AFM microscope. This distribution of the pendants in the
strand of polymer is favored by the hydrophobic character of
- - -CO2RhIII (pc) pendants; i.e., it will isolate them inside the
spherules from the aqueous media. Constrained to the small
volume of the spherules, the - - -CO2RhIII (pc) pendants achieve
local concentrations far larger than those of the XRhIII (pc) (X
) Cl, Br, I) complexes in homogeneous solution, a condi-
tion also favoring the formation of stacks. Bonding be-
tween - - -CO2RhIII (pc) pendants in the stacks must also be
responsible of the persistence for the hypercoiled morphol-
ogy when carboxylate pendants, not coordinated to RhIII (pc),
are deprotonated at pH> 6. Indeed, the bonding between
- - -CO2RhIII (pc) pendants in a stack is, to a large extent, pH
independent. In acidic media, e.g., pH) 6, the H-bonds from
the protonated carboxylates could make an additional contribu-
tion to the hypercoiled structure of poly-RhIII (pc).

Hypercoiling and Redox Reactions.The hypercoiled struc-
ture of poly-RhIII (pc) accounts for the diverse redox behavior
of the polymer. Oxidation of the - - -CO2RhIII (pc) pendants is
most likely to be carried out in the spherules by neutral X•

radicals, eq 6

that are hydrophobic in nature and exist in equilibrium with
the spectroscopically observable X2

•- anion radicals, eq 7.

Reactions of the larger hydrophilic anion radicals with
- - -CO2RhIII (pc) pendants are expected to be kinetically dis-
favored by electrostatic interactions and the hydrophobic
environment hosting the stacks. In contrast to the - - -CO2RhIII -
(pc•+) radical produced in eq 6, the reactions of poly-RhIII (pc)
or RhIII (tspc)3- with Ni(III) macrocyclic complexes gave
products with a spectrum having a band at∼530 nm and no
bleach of the∼675 nm pc’s or tspc’s Q-band. The spectrum is
devoid, therefore, of the characteristic features of the radical’s
spectrum. On the basis of this spectroscopic features, the

Figure 6. Photogenerated transient spectra recorded when deaerated
solutions of poly-RhIII (pc), 2.4× 10-4 M in - - -CO2RhIII (pc) pendants,
were flash irradiated at 351 nm.

- - -CO2RhIII (pc) + hν u - - -(- - -CO2RhIII (pc))* 98
S

- - -CO2RhIII (pc•-) + S•+ (4)

S ) TEA or TEOA

- - -CO2RhIII (pc) + hν u - - -(- - -CO2RhIII (pc))* 98
S

- - -CO2RhIII (pc•+) + S•- (5)

S ) MV2+ or FeIII (py[14]dieneN4)
3+

Table 1. Ratio of the Rate Constant to the Difference of Extinction
Coefficient, k/∆E, of the Coordinated pc Radical at 470 nma

reaction k/∆ε, cm s-1

TEA•+ + - - -CO2RhIII (pc•-) f TEA + - - -CO2RhIIIpc 1.3× 108

TEOA•+ + - - -CO2RhIII (pc•-) f TEOA + - - -CO2RhIIIpc 2.4× 108

MV •+ + - - -CO2RhIII (pc•+) f MV2+ + - - -CO2RhIIIpc 4.5× 108

FeII(py[14]dieneN4)2+ + - - -CO2RhIII (pc•+) 2.7× 108

f FeIII (py[14]dieneN4)3+ + - - -CO2RhIIIpc

a The rate constant is for the back-electron-transfer reaction of the
photooxidized or photoreduced - - -CO2RhIII (pc) pendants.

- - -CO2RhIII (pc) + X• f - - -CO2RhIII (pc•+) + X- (6)

X• ) Cl•, Br•, N3
•; X- ) Cl-, Br-, 3/2 N2

X- + X• U X2
•-; X• ) Cl•, Br• (7)
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products must be assigned as adducts of the Ni(III) complex
with RhIII (tspc)3- or - - -CO2RhIII (pc) pendants in poly-
RhIII (pc). A single equilibrium, eq 8

accounts for the spectral changes observed in the reaction of
RhIII (tspc)3- with NiL3+ to form the adduct [RhIII (tspc)‚‚‚NiL].

The mechanism of the reaction of NiL3+ with poly-RhIII (pc)
is more complex than eq 8. It must first involve the coordination
of NiL2+ and NiL3+ to carboxylates not bonded to RhIII (pc) by
a process similar to the one observed with the unreactive UO2

2+,
Figure 2. Coordination of the Ni macrocycles to the strand of
polymer makes the formation of the adduct more than 1 order
of magnitude faster, i.e., 106 s-1 vs 105 s-1, than eq 8. In a
summarized manner, the processes initiated with NiII(Me6[14]-
aneN4)2+ oxidation and formation of the adduct are described
in Scheme 1, where radiolyticallly generated OH• radicals
oxidize X ) Cl- or Br- to produce radicals X•. The radical X•

oxidize NiII(Me6[14]aneN4)2+ which will form the corresponding
adducts with pendent - - -CO2RhIII (pc).

Modeling of the overall reaction between (CH3)2C•OH
radicals and - - -CO2RhIII (pc) was made on the assumption of
different contributions from the reaction of the radicals with
the dimers to form - - -CO2RhIII (pc•-) radicals and monomeric
- - -CO2RhIII (pc), eq 3. The model providing the best agreement
with the time-resolved bleach of the Q-band at∼ 650 nm and
the formation of the - - -CO2RhIII (pc•-) radical absorption at
∼500 nm, Figure 7a, suggests a significant participation of the
dimers in the overall reaction, eqs 2 and 3. If the reaction of
the dimers with the radical is diminished or ignored altogether,
the bleach of the monomer’s Q-band became too large in
relationship to the absorption of the - - -CO2RhIII (pc•-) radical,
Figure 7b. In the other limit, a contribution too large from the
dimer’s reaction, eq 3, gives an absorbance growth at∼650
nm, Figure 7c. This new absorption band results from an
overestimated generation of - - -CO2RhIII (pc) monomer which
has a much larger extinction coefficient at∼ 630 nm than the
(- - -CO2RhIII (pc))2 dimer. The best fit of the spectral changes
yields rate constantsk ) 5.0 × 109 M-1 s-1 for eq 2 andk )
8.0 × 108 M-1 s-1 for eq 3.

Hypercoiling and Excited-State Processes.In aqueous
solution, stacks of - - -CO2RhIII (pc) pendants in hydrophobic
pockets of the strand account for differences among the

photophysical processes of the pendants and those previously
communicated for XRhIII (pc) (X ) Cl, Br, I). These differences
are shown in Figure 8. The most marked difference is the
photogeneration of an excited state with the spectrum and
lifetime of a ligand field, LF, excited-state not observed when

Scheme 1

RhIII (tspc)3- + NiL3+ u [Rh(tspc)‚‚‚NiL] (8)

L ) [14]aneN4, Me6[14]aneN4

Figure 7. Model of the spectral changes caused by reactions of
(CH3)2C‚OH radicals with monomeric and dimeric - - -CO2RhIII (pc)
pendants. A rate constant,k ) 5 × 109 s-1, was used for the reaction
of (CH3)2C‚OH radicals with monomeric - - -CO2RhIII (pc) pendants.
The rate constant used for the reaction of (CH3)2C‚OH radicals with
- - -(- - -CO2RhIII (pc))2 pendants is: 1× 106 M-1 s-1 (a), 8× 108 M-1

s-1 (b), and 3× 109 M-1 s-1 (c).
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XRhIII (pc) complexes were irradiated in homogeneous solu-
tion. In addition the efficiency of the lowest phthalocyanine-
centered excited state, (3ππ*)1, to undergo electron-transfer
reactions is decreased in relation to similar reactions of the
(3ππ*)1 in XRhIII (pc). The decrease in the efficiency (3ππ*)1

to undergo electron-transfer reactions can be related to the
(3ππ*)1 to 3LF conversion in poly-RhIII (pc), a process that was
not previously observed in the photophysics of XRhIII (pc).

Although the electron-transfer processes of the (3ππ*)1 with
electron donors or acceptors is inefficient, the formation
products, eqs 1 and 2, and the back-electron-transfer reactions
of the phthalocyanine radicals, eq 9, were followed by means
of the intense absorbance change at wavelengths of the Q-band.
The reactions depicted in eq 9 occur with faster rates, rate
constantsk ) 1011 M-1 s-1, than those of related reactions
between the XRhIII (pc•() and S•- radicals, rate constantsk )
107 or 8 M-1 s-1. The faster rates suggest that the radicals S•-

are not able to diffuse too far into the bulk of the solution before
they react back with the - - -CO2RhIII (pc•() radicals in the strand
of polymer.

Conclusions
In relation to poly(acrylate), the phthalocyanine pendants play

an important stabilizing role in the strand’s hypercoiled mor-
phology. Environmental conditions created by the hypercoiling
change the thermal and photochemical reactivity of pendent
- - -CO2RhIII (pc) groups. To a large extent, these changes in
the reactivity of the - - -CO2RhIII (pc) pendants appear to be the

dual result of the medium and steric effects. They can be
associated with a large number of pendants inside the spherules
of the hypercoiled strand and placed, therefore, in a medium
much different from the bulk of the solution.
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Figure 8. Comparison of the Jablonsky energy diagrams for mono-
meric XRhIII (pc), top, and - - -CO2RhIII (pc) pendants in poly-
RhIII(pc), bottom. The question mark in the top diagram shows where
LF excited states of Rh(III) could be expected to be in the XRhIII (pc)
monomer.

- - -RhIII (pc•() + S•- f - - -RhIII (pc) + S (9)
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