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’ INTRODUCTION

The design of polymers that are able to rapidly and reversibly
change their physical properties under the action of an external
stimulus is an area of rapidly increasing interest in functional
material research.1,2 One way to change the polymer properties
consists in the modification of the chain architecture, going for
instance from linear to cyclic or branched conformations or to
vary the polymer dimensions via chain coupling or cross-linking.
Reversibility of these processes can be achieved by introduction
of covalent or noncovalent linkages that can be open and close
under the action of external stimuli such as the variation of
concentration, temperature, light, pH, and redox. Supramolecu-
lar chemistry involving hydrogen bonding, metal chelation or
ionic interactions has been thoroughly investigated to generate
dynamic polymer systems capable of undergoing constitutional
variation and physical properties changes in response to stimuli.3�9

The use of reversibly breakable covalent bonds has also been
utilized within this context for creating stimuli responsive
polymer materials. This includes for instance photoreversible
olefin cycloadditions,10 thiol-driven sulfide coupling,11,12 carbene
dimerization,13 nucleophilic addition of isocyanates with
imidazoles,14 thermally cleavable alkoxyamines.15 One of the
most studied approach deals with the temperature reversibility of
Diels�Alder reactions,1,16�21 which was recently used as mod-
ular polymer color switch.22

Among reversible covalent bonding processes the monomer-
to-dimer conversion of iron(III)tetraphenylporphyrin deriva-
tives (FeIIITPPX) into bis-iron(III) μ-oxo-tertaphenylporphyrin

dimer (bis-FeIII μ-oxo-TPP) has been thoroughly investigated
and reported in literature.23�25

We have recently applied this reversible reaction to porphyrin
end-functionalized polystyrene chains allowing them to switch
from linear to cyclic conformation.26 The reversible chain end
coupling process involved the acid�base driven conversion of
the two iron(III) tetraphenylporphyrin chloride (FeIIITPPCl)
termini into a bis-iron(III) μ-oxo-tertaphenylporphyrin dimer
(bis-FeIII μ-oxo-TPP).24,27�29 In organic media, under high
dilution telechelic R,ω-FeIIITPPCl polystyrene were readily
and reversibly converted into the corresponding macrocycle by
intramolecular end-to-end chain coupling, whereas at higher
concentration intermolecular chain coupling yielded much larger
rings. This macrocyclization process was found to be reversible
simply by switching the “basicity”/“acidity” of the organic poly-
styrene solution.

In this work this process has been applied to poly(ethylene
oxide) a polymer soluble both in organicmedia and in water, with
the aim to further investigate the various stimuli that can be used
to trigger the reversible chain coupling. The influence of solvent
polarity, acid/base in organic media, pH in water and oxidizing
and reducing agents on the end-to-end coupling of poly(ethylene
oxide) chains bearing iron(II) or iron(III) tetraphenylporphyrin
derivatives, is studied .
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ABSTRACT: The action of various external stimuli on tele-
chelic poly(ethylene oxide) bearing iron(III) tetraphenylpor-
phyrin chloride or iron(II) tetraphenylporphyrin derivatives at
their ends has been investigated in organic and water media.
Fully reversible chain end coupling processes were shown to
take place yielding bis-iron(III) μ-oxo-tetraphenylporphyrin
poly(ethylene oxide) under changes in acido-basic conditions,
solvent nature, or the action of redox additives. At low con-
centration macrocyclic poly(ethylene oxide)s of same molar
mass as the linear poly(ethylene oxide) precursors are almost exclusively formed via intramolecular coupling whereas increasing the
poly(ethylene oxide) concentration yields both intra- and intermolecular chain coupling and formation of large macrocycles with
[bis-iron(III) μ-oxo-tetraphenylporphyrin poly(ethylene oxide)] repeating units. The mechanisms involved are discussed.
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’EXPERIMENTAL SECTION

Materials. THF (>99.5%, J. T. Baker, The Netherlands), was
purified by distillation from calcium hydride and stored in glass vessels
over sodium benzophenone.

N,N-dimethylformamide (DMF) (99%, Sigma-Aldrich France), iron-
(II) chloride, (99%, Sigma-Aldrich France), potassium hydride (30wt%,
dispersion in mineral oil, Sigma-Adrich France), R,R-dichloro-m-xylene
(98%, Fluka), poly(ethylene glycol) (1A)Mw = 4600 and (1B)Mw = 8000
(Sigma-Aldrich France), were characterized by SEC before use.

PEGdi-OH4600:Mn=4450g/mol,Mw=4530g/mol,Mp=4600g/mol,
Ip = 1.02.

Poly(EO) 4600 di-H2TPP: Mn = 4400 g/mol, Mw= 4500 g/mol,
Mp = 4400 g/mol, Ip = 1.02.

Cyclized poly(EO) 4600 FeOFe:Mn = 3430 g/mol,Mw = 3490 g/mol,
Mp = 3550 g/mol, Ip = 1.02 G (Mp,cyclic/Mp,linear) = 0.8.

PEG di�OH 8000: Mn = 7870 g/mol, Mw = 8000 g/mol,
Mp = 8140 g/mol, Ip = 1.02.

Cyclized poly(EO) 8000 FeOFe:Mn = 6340 g/mol,Mw = 6880 g/mol,
Mp = 6350 g/mol, Ip = 1.08.

G (Mp,cyclic/Mp,linear) = 0.78.
Characterization. 1H NMR spectra were recorded in CDCl3 on a

Bruker 400 MHz apparatus.
SEC analysis was performed in N,N-dimethylformamide (DMF)

(elution rate 0.5 mL/min) at 60 �C on a Waters apparatus equipped
with a refractive index/photodiode array 2996 dual detection and fitted
with four TSK columns (250, 1500, 104, 105 Å).

The polymer molar masses were determined using linear poly-
(ethylene oxide)s as calibration standards. A trace of trichlorobenzene
added to the sample was used as the internal flow marker reference.

UV�vis spectra were recorded on a Varian Cary 3E spectrophot-
ometer. Matrix-assisted laser desorption ionization time-of-flight mass
spectroscopy (MALDI�TOF MS) of functionalized poly(EO) was
performed using a voyager-DE STR (Applied Biosystems) spectrometer
equipped with a nitrogen laser (337 nm), a delay extraction, and a
reflector. The instrument operated at an accelerating potential of 20 kV.
Polymer (2 μL) and matrix (20 μL, dithranol) solutions in CH2Cl2
(10 g 3 L

�1) weremixed with 2μL of a sodium iodide solution (10 g 3 L
�1

in methanol), which favors ionization. The final solution (1 μL)
was deposited onto the sample target and dried in air at room
temperature. The MALDI�TOFmass spectra represent averages over
100 laser shots.
Synthesis. 5-(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin.

This compound was synthesized according to the literature.30 1H NMR
(400 MHz, CD2Cl2), δ, ppm: �2.9 (br s, 2H, NH), 1.2 (t, 6H, CH3),
2.17 (br, 2H, CH2), 3.56 (br, 2H, OCH2), 3.69 (br, 2H, OCH2), 4.26
(t, 2H, PhOCH2), 4.83 (t, 1H, acetal), 7.22 (d, 2H, H3,5 Ar), 7.69 (d, 6H,
H3,5 Ar), 8.04 (d, 2H, H2,6 Ar), 8.14 (d, 6H, H2,6 Ar), 8.77 (bd, 6H, Hβ,
pyr), 8.82 (d, 2H, Hβ,pyr).
Telechelic R,ω-Chlorobenzyl Functionalized Poly(ethylene oxide)

(2). For example, R,ω-dihydroxy-terminated poly(EO) (1A) (10 g,
Mw = 4600) was dissolved in anhydrous THF (100 mL). Potassium
hydride (0.2 g, 5 mmol), was added in small portions under nitrogen.
The mixture was vigorously stirred for 24 h at room temperature under
vacuum before addition of R,R-dichloro-m-xylene (8 g, 46 mmol). The
temperature was increased at 50 �C and the mixture was vigorously
stirred for 24 h under vacuum.

After addition of methyl alcohol (3 mL), the solution was evaporated
to dryness. The polymer was dissolved in dichloromethane (100 mL)
and the organic phase was washed with water (3� 100 mL), dried with
magnesium sulfate, filtered, and concentrated under vacuum. The
product (2A) was finally recovered and purified twice by precipitation
in diethyl ether. After filtration the product was dried under vacuum.
Yield: 10 g.

Preparation of Telechelic R,ω-Di(meso-tetraphenyl porphyrinato)-
Functionalized Poly(ethylene oxide) (3). For instance, compound
2A (0.5 g, 0.1 mmol) was dissolved in dry DMF (20 mL) with 5-
(4-Hydroxyphenyl)-10,15,20-triphenylporphyrin (0.2 g, 0.3 mmol) and
K2CO3 (0.1 g, 7 mmol) was added. After 48 H at room temperature,
dichloromethane (100 mL) was added. The organic phase was washed
with water, dried with magnesium sulfate, filtered, and concentrated
under vacuum. The recovered polymer (3A) was purified twice by
precipitation in diethyl ether. After filtration the product was dried under
vacuum Yield: 0.5 g.

UV/visible (THF), λ (nm): 417; 614; 549; 592; 652.
Preparation of TelechelicR,ω-Di(FeIII meso-tetraphenyl porphyrinato)-

Functionalized Poly(ethylene oxide) (4). For example, to telechelic
R,ω-di(iron(III) meso-tetraphenyl porphyrinato)-functionalized poly-
(EO) (3A) (250 mg) in dry DMF (40 mL) was added a large excess of
anhydrous FeCl2 (150 mg), and the mixture was stirred at 100 �C under
N2 atmosphere until complete insertion of the metal was confirmed by
UV/vis spectroscopy, see the corresponding spectra of 3A and 4A
(Figure S3, Supporting Information). The resulting solution was diluted
with 50mL of dichloromethane andwashed with water several times and
concentrated. The product 4A was finally recovered and purified by
precipitation in diethyl ether. Yield: 0.25 g (95%).

UV/visible (THF), λ (nm): 370; 419; 509.
Cyclization. Solvent Effect. The linear precursor, for instance (4A)

(100mg, 2.05� 10�5 mol.) was dissolved in 10mLTHF and the solution
was added slowly under stirring into a large volume of pure water or DMF
(100mL). A color change from brown to green was immediately observed
and the formation of bis-FeIIIμ-oxo-TPP poly(EO)was confirmed byUV/
vis spectroscopy titration. After partial evaporation of the solvent, macro-
cyclic poly(EO) (5A) was dissolved in dichloromethane (10 mL) and
recovered by precipitation in diethyl ether to give 95 mg of a green solid.

Scheme 1. Strategy of Synthesis of Telechelic R,ω-Diiron-
(III)tetraphenylporphyrin Chloride Poly(EO) and of Cyclic
Bis-Iron(III) μ-Oxo-Tetraphenylporphyrin Poly(EO)
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UV/visible (THF), λ (nm): 409; 571; 611.
Redox Process. Telechelic R,ω-FeII(THF)2TPP poly(EO) (7) was

prepared by reduction of macrocyclic poly(EO) (5) under vacuum
atmosphere in a glass flask equipped with a PTFE stopcock. Typically,
macrocyclic poly(EO) (5A) (5 mg, 8.3 � 10�7 mol.) was dissolved in
2 mL of THF and diluted by addition of 8 mL of water. The solution was
degassed under vacuum before adding 3 mg of sodium dithionite
dissolved in 50 μL of water. The temperature of the solution was then
increased to 40 �C.UV/vis spectra were recorded at increasing time until
complete disappearance after 1 h of the characteristic μ-oxo Soret band
at 409 nm of (5A) and formation of pure FeII(THF)2 TPP poly(EO)
(6A) (UV/vis, λ(nm): 427; 539; 562; 607.

Oxidation of 7 to re-form macrocyclic bis-FeIII μ-oxo-TPP poly(EO)
(5) was readily achieved by introducing air in the glass flask. Rapid color
change from red to green as well as UV/vis spectroscopy confirmed the
quantitative reformation of 5. UV/visible (THF), λ (nm): 408;
571; 611.

’RESULTS AND DISCUSSION

Synthesis of Linear r,ω-H2TPP Poly(EO) Precursors (3).
Linear end-functional poly(EO) precursors, l-H2TPP-poly(EO),
were prepared by end-group transformation reaction of two com-
mercially available HO�poly(EO)�OH (1A):Mw = 4600 g/mol
and (1B): 8000 g/mol) in three steps, see Scheme 1. Telechelic
R,ω�dichloro benzyl poly(EO) (2A) and (2B) were first
prepared by Williamson reaction between HO�poly(EO)�OH
and a large excess of R,R-dichloro-m-xylene in the presence of
potassium hydride. The polymers were purified by repeated
selective precipitation in diethyl ether until no trace of unreacted
R,R-dichloro-m-xylene was detected by SEC. The 1H NMR
spectrum of (2A) given as Supporting Information (Figure S1)
shows characteristic methylene signals of the oxybenzyl
and chlorobenzyl methylene groups at 4.48 and 4.53 ppm re-
spectively, with an intensity in good agreement with quantitative
chain-ends functionalization. SEC chromatograms indicate the
presence of a small fraction of poly(EO) dimer (about 5%)
corresponding to the coupling of two HO�poly(EO)�OH
chains with an R,R-dichloro-m-xylene molecule, despite its use
in large excess.
R,ω-Di(H2TPP) poly(EO)s (3A and 3B) were prepared in a

second step by reaction of telechelic R,ω-dichlorobenzyl-poly-
(EO)s (2) with 1.5 equiv of 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin (1), in DMF in presence of potassium
carbonate. The 1H NMR spectrum of (3 A) given Figure 1,
shows the characteristic peaks of the meso-tetraphenylporphyrin

moieties as well as the signals of the phenylethoxy methylene and
the porphyrin phenylphenoxy methylene end groups at 4.5 and
5.2 ppm, respectively. The relative number of tetraphenylpor-
phyrin end groups per chain, was determined in two ways: (i)
from the relative integration of the phenylethoxy methylene
groups of poly(EO) and of the NH porphyrin protons and (ii)
from the poly(EO) methylene units and of the NH porphyrin
protons; see Figure 1.
Results are in agreement with poly(EO) end chain functiona-

lization close to 100%. TheMALDI�TOFMS spectrum ofR,ω-
di(H2TPP) poly(EO) (3A), see Figure S2 in the Supporting
Information, shows a single peak series corresponding to experi-
mental molar masses in agreement with calculated ones by the
following equation:

Mn ¼ n44:02þ 16ðpolyðEOÞ �O� Þ
þ 2x½104, 12ðxylen moietyÞ
þ 630:84ðH2TPP�O� Þ� þ 23:0ðsodiumÞ

where n is the number of EOunits. For example, forR,ω-di(H2TPP)
poly(EO) with n = 100, the MALDI�TOF MS spectrum yields
an experimental molar mass of 5911 that corresponds exactly to
the theoretical value.
The linear R,ω-di(FeIIITPPCl) poly(EO) linear precursors

(4) were finally obtained by reacting FeCl2 with the free-base
porphyrin ended poly(EO)s (3) according to a standard proce-
dure .31 Formation of telechelic R,ω-di(FeIIITPPCl) end-capped
poly(EO)s was confirmed by UV�vis spectroscopy, see Figure
S3, Supporting Information, by the presence of the characteristic
Soret band at 418 nm (ε418 nm FeIIITPPCl = 10.8� 104)28 with a
smaller band at 372 nm and Q-band at 509 nm as well as by the
total disappearance of the free-base porphyrin characteristic
signals in particular at λ = 549 nm.
Stimuli-Induced r,ω-Di(FeIIITPPCl) Poly(EO) Coupling and

Application to Poly(EO) Cyclization and Chain Extension.
Organic Media. The effect of the solvent nature and polarity on

Figure 1. 400 Mz 1H NMR of R,ω-di(meso-TPP) poly(EO) (3A) in
CDCl3 at 20 �C.

Figure 2. SEC chromatograms ofR,ω-di(H2TPP) poly(EO) (3A and 3B)
(blue traces) and cyclized μ-oxo�bis(FeIIITPP) poly(EO) (5A and 5B)
(black traces) using a refractive index detector. A (top) and B (bottom)
samples. L.D. and C.D. correspond respectively to linear and cyclic
poly(EO) dimers.
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the spontaneous chain end coupling process of linear telechelic
R,ω-di(FeIIITPPCl) poly(EO)s (4) has been investigated in
pure THF, in DMF, and in their mixtures, in absence of any
additional catalyst or base. In pure THF the UV�visible spectra
of telechelic R,ω-di(FeIIITPPCl) poly(EO)s remains unchanged
over several days without any detectable new signals correspond-
ing to the formation of the μ-oxo-bis(FeIIITPP) dimer. In
contrast when a 4A and4BTHF solution is added to a large volume
of DMF (THF/DMF: 10/100 v/v, poly(EO) concentration

5� 10�5 mol L�1) the color of the solution immediately changes
from red brown to green, accompanied by a blue shift of the Soret
band on the UV�vis spectra. The new absorption bands (Soret
band at 409 nm and Q bands centered at 571 and 612 nm)
are characteristic of the μ-oxo-bis(FeIIITPP) complex,24(ε409 nm

μ-oxo-FeIIITPP = 12.0 � 104)28 whereas the total disap-
pearance of the FeIIITPPCl bands (Soret at 419 nm and other

Table 1. Characteristics of Linear r,ω-Di(FeIIITPPCl)
Poly(EO) (4) and Cyclized μ-Oxo�Bis(FeIIITPP) Poly(EO)
(5)

PEO Mn
a � 10�3 Mp

a � 10�3 Mw
a � 10�3 Mw/Mn Mpc/Mpl apparent

4A 4.60 4.60 4.53 1.02

5A 3.43 3.55 3.49 1.02 0.8

4B 7.87 8.14 8.00 1.02

5B 6.34 6.35 6.88 1.09 0.78
aDetermined by SEC using PEO standards.

Figure 3. SEC chromatograms (left) of cyclized poly(EO) (5A) (top)
and (5B) (bottom) recovered from diluted DMF solutions. Concentra-
tion at cyclization: 2� 10�5 M. Arrows indicates the polymer fractions
taken at different SEC elution volumes and analyzed using a UV�vis
diode array detector. The corresponding Soret bands (same color as the
arrow) and the position of their maximum position are indicated (right).

Figure 4. SEC chromatograms (refractive index detection) (left) of
linear poly(EO) (4A) and cyclized (5A þ 5Ax) obtained by adding
DMF to concentrated THF solution. Concentrations at cyclization: (a)
10�3M; (b) 10�2M. Arrows refer to polymer fractions taken at different
SEC elution times, and analyzed using a UV�vis diode array detector to
determine the position of their Soret band (right).

Figure 5. Spectral changes of telechelic R,ω-di(FeIIITPPCl) poly(EO)
(4B) in THF upon addition of increasing amounts of triethyl amine
(TEA). Poly(EO) starting solution (red trace): 2.0 � 10�5 M. TEA
concentrations (mol L�1): (1) 0; (2) 2.0 � 10�4; (3) 2.0 � 10�3; (4)
3.0 � 10�3; (5) 4.0 � 10�3 (green trace).
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characteristic bands at 380 and 508 nm) indicates their almost
quantitative dimerization in DMF. The SEC chromatograms of
poly(EO) precursors (3A and 3B) and of the corresponding
poly(EO)s, recovered from highly diluted DMF solutions are
shown Figure 2. Shift of the polymer signals to higher elution
times indicates a reduction of the hydrodynamic volume of the
polymer, fully consistent with the formation of cyclic μ-oxo bis
(FeIIITPP) poly(EO)s (5A and 5B) by end-to-end intramole-
cular coupling. The small peaks observed at lower elution
volumes (noted L.D, C.D Figure 2) likely corresponds to small

amount of linear R,ω-di(FeIIITPPCl) poly(EO)s dimer formed
as indicated before and of the corresponding cyclic μ-oxo bis
(FeIIITPP) poly(EO).
The G factor (Mp,c/Mp,l) corresponding to the ratio of the

apparent peak molar mass (Mp) of cyclic and linear polymers
observed by SEC are close to 0.8, which agree well with data
reported for polymer cyclization in literature26,32,33 (see Table1).
Thanks to the differences in the UV/visible absorbance spectra

of di(FeIIITPPCl) ended linear poly(EO) chains and of coupled
μ-oxo-bis(FeIIITPP) poly(EO) chains, the extent of the coupling/
cyclization reaction could be analyzed for polymer fractions eluting
at different volumes, using a UV/vis diode array detector coupled
to the SEC. The almost complete disappearance of initial
FeIIIClTPP bands for all polymer fractions (unimer, dimer,
trimer, ...) recovered from experiments performed in dilute DMF
solutions indicates that conversion into μ-oxo bis(FeIIITPP) poly-
(EO), see Figure 3, is close to quantitative for all fractions.

Figure 6. 400 MHz 1H NMR spectra (zoom of the region 7�16 ppm)
at room temperature of (a) R,ω-di(FeIIITPPCl) poly(EO) precursor in
acetone-d6 and (b) of macrocyclic μ-oxo-bis(FeIIITPP) poly(EO)
obtained by adding 5 mol % CD3ONa at room temperature.

Figure 7. Reversed spectral changes of μ-oxo-bis(FeIIITPP) poly(EO)
(5B), upon addition of HCl (6N). Initial poly(EO) concentration in
DMF: 4.0 � 10�5 mol L�1 (green trace). HCl concentrations
(mol L�1): 4.0 � 10�3 (red trace).

Figure 8. Spectral changes of FeIIITPPCl poly(EO) (4B) in THF upon
addition of H2O. Concentration of initial solution of FeIIITPPCl poly-
(EO): 3.0� 10�5 mol L�1 (red trace). THF/H2O proportions (vol %):
(1) 0; (2) 95; (3) 90; (4) 85; (5) 80; (6) 75 (green trace).

Figure 9. Evolution of the Soret band maximum of a solution of μ-oxo-
bis(FeIIITPP) poly(EO) (5B) as a function of the pH. (a) addition of
HCl (red curve) and then (b) addition of NaOH (blue curve). Con-
centration of the initial poly(EO) water solution 1.2 � 10�5 mol L�1

(pH = 7).
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Although not observed by SEC using RI detection, Figure 2,
the presence of traces of uncyclized linear precursor can be
deduced from the slight shift of the Soret band to higher

wavelength (fraction corresponding to red arrow), characteristics
of FeIIITPPCl, (Soret band at 418), in minute fractions corre-
sponding to the foot of the main peak (5B). No traces of linear
chains are detected in 5A. Dimer and trimer fractions show also a
maximum of their Soret band centered around 409 nm, in
agreement with an almost exclusive formation of macrocyclic
structures.
Increasing the FeIIITPPCl end group concentration by adding

DMF to a concentrated THF solution of poly(EO) (4A) from 5
mmol (Figure 4a) to 10 mmol (Figure 4b) results in an increase
of the oligomer and high polymer fractions. All the fractions,
from the one corresponding to cyclic poly(EO) unimer to those
centered on poly(EO) oligomers and polymers, show a Soret
band at 409 nm corresponding precisely to μ-oxo-bis(FeIIITPP)
species. These results are is in agreement with the almost
quantitative formation of macrocyclic poly(EO) dimer, trimer,
tetramer (Figure 4a) as well as a majority of very large poly(EO)
rings (Figure 4b). The main poly(EO) polycondensate popula-
tion exhibits an apparent SEC peak molar mass of 56000 g mol�1

in equivalent linear poly(EO). This corresponds to the covalent
assembly of more than 10 telechelic di(FeIIITPPCl) poly(EO)
linear precursors before cyclization.
Influence of Added Bases.Besides the effect of solvent nature a

similar coupling process was observed when adding triethyla-
mine (TEA) to the linear precursor (4B) into THF.Upon adding
small amounts of concentrated TEA incremental conversion of
FeIIITPPCl into μ-oxo-bis(FeIIITPP) poly(EO) was observed
until full conversion was reached at a TEA concentration of about
4.0� 10�3 mol L�1 which is about 2 hundred times than that of
FeIIITPPCl endgoups. The corresponding UV�vis spectral
changes are shown Figure 5.

Figure 10. Plot of absorbance at 572 nm as a function of time and pH
(4 pH cycles between 7 and 1.5) performed on the same polymer sample
4B (initial concentration in water: 3.0 � 10�3 M). HCl and NaOH
solution (6 N) were used for titration.

Scheme 2. Reversible Interconversion of FeII(THF)2TPP
Poly(EO) (6) into μ-Oxo-bis(FeIIITPP) Poly(EO) (5) by
Oxido-Reduction Figure 11. Spectral changes in THF/H2O of FeIITPP(THF)2 poly-

(EO) (6A) (red trace) corresponding to the formation of poly(EO)
(5A) (green trace) by addition of oxygen from air. Initial spectrum
of (6A) recorded under vacuum. Concentration of initial solution:
3.0 � 10�5 mol L�1.
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Addition of strong bases such as sodium hydroxide or sodium
methanolate to FeIIITPP poly(EO) in THF yields to the same
quantitative coupling process.
Formation of the μ-oxo-bis(FeIIITPP) dimer was checked by

1HNMRwhile the large predominance of end-to-end cyclization
was confirmed by SEC. The 1H NMR spectrum of R,ω-di-
(FeIIITPPCl) poly(EO) (4A) recorded before and after addition
of NaOCD3 in acetone-d6 is shown in Figure 6. The character-
istic signal assigned to the pyrrole groups of the μ-oxo-bis-
(FeIIITPP) function is observed at δ= 13.6 ppm whereas the
two doublets between 11.7 and 13.4 ppm corresponding to the
m-phenyl protons and m-phenoxy of FeIIITPPCl moieties are
shifted upfield in the 10.1�11.2 ppm range.34

Addition of Br€onsted Acids. Macrocycles (5) were converted
reversibly into linear precursor (4) by adding protonic acids to
their DMF solution. The corresponding changes in the color of
the solution from green to red brown and in the UV�visible
spectra upon incrementally adding a HCl solution (6 N) are
shown in Figure 7. In the presence of about 100 HCl equivalents
with respect to 5, the maximum of the Soret band is shifted to
418 nm, in agreement with reformation of 4
Investigation in Aqueous Solution. Addition of a solution of 4

in THF to a large volume of water (5/95 v/v) yields an im-
mediate color change from red brown to green accompanied by a
blue shift of the Soret band in the UV�vis spectra. The new
spectrum (Soret band at 409 nm and Q bands centered at 571
and 612 nm) indicates that the FeIIITPPCl moieties have been
spontaneously converted into μ-oxo-bis(FeIIITPP). The SEC
analysis of the polymer shows a peak maximum at lower elution
volume indicating a reduction of the apparent poly(EO) molar
mass consistent with the formation of cyclic poly(EO) (5).
Incremental addition of water aliquots to the THF solutions of
4 followed by UV�vis spectroscopy indicates that macrocycles
5A or 5B are completely formed at a final composition 20/80
H2O/THF (v/v), Figure 8.
As already shown above in organic media, addition of HCl to a

solution of 5 in water (THF > 1%) results in a reverse process
and reformation of 4. These changes and their reversibility were
monitored by following the λmax of the Soret band as a function
of the pH (addition of HCl and then of NaOH), Figure 9. The
ring-opening process was shown to proceed readily and com-
pletely within a narrow pH range between 2.3 and 1.7, both for
the poly(EO) samples (A and B). No further change in the
UV�visible spectrum was noticed in pH ranges lower than 1.7
and higher than 2.3, indicating the stability domain of the open
FeIIITPPCl)2 poly(EO) and closed μ-oxo-di(FeIIITPP) poly-
(EO) forms in water.
The repeatability of this process was further checked by

performing a series of opening/closing cycles by varying the

pH of the solution and monitoring both the color change and the
intensity of a signal specific to μ-oxo-bis(FeIIITPP) poly(EO)
with λ max Q-band at 572 nm, see Figure 7.
The absorbance at 572 nm was then measured repeatedly and

successively at pH 7 and 1.5 corresponding respectively to closed
and open poly(EO) architectures, Figure 10. Results clearly
indicate that interchange between the ring and linear polymer
architectures proceeds without any significant variation of the
maximum and minimum of absorbance at 572 nm. The SEC
chromatogram of the μ-oxo-bis(FeIIITPP) poly(EO) after sev-
eral opening/closing cycles is shown Figure S4 given as Support-
ing Information.
The reversible monomer-to-dimer conversion of iron�porphyrin

ends involves in the present system exchange of labile chloride
ligands by hydroxyl ones followed by dimerization as schema-
tized in eqs Ia and Ib while regeneration of porphyrin monomer
requires acidic conditions, eq II. Relatively similar processes may
occurs in organic media in acido/basic situations

FeIIITPPClþNaþOH� a FeIIITPPOHþNaþCl� ðIaÞ

2FeIIITPPOH a ðFeIIITPPÞ2OþH2O ðIbÞ
and

ðFeIIITPPÞ2Oþ 2HþCl� a 2FeIIITPPClþH2O ðIIÞ

Opening/Closing by a Redox Process. Dissociation of μ-oxo-
bis(FeIIITPP) poly(EO) (5) in a THF/H2O mixture (20/80%
v/v), could also be achieved quantitatively by a reduction process
using aqueous sodium dithionite as a reducing agent under
vacuum. The equivalent linear poly(EO) precursor (6) with
FeII(THF)2TPP chain ends, (ε427 nm FeIITPP) = 20.8 � 104),35

Scheme 2, was quantitatively produced under vacuum or inert
atmosphere at 50 �C.
Introduction of dioxygen to the above system (6) resulted in

the rapid autoxidation of the six-coordinate FeIITPP(THF)2
complex, into μ-oxo-bis(FeIIITPP) poly(EO) (5). (ε409 nm

μ-oxo-FeIIITPP = 12.0 � 104),28,36 see Figure11.
The effect of the different stimuli and conditions on the

iron�porphyrin and polymer structures are summarized in
Table 2.

’CONCLUSIONS

Reversible commutation between linear telechelic poly(EO)
bearing either iron(III) TPPCl or iron(II) TPP at their ends and
μ-oxo-bis(FeIIITPP) poly(EO) has been shown to proceed both
in organic and water media under the action of various stimuli. At
low concentration macrocyclic poly(ethylene oxide)s of same

Table 2. Influence of Conditions on the Iron�Porphyrin Structure and Poly(ethylene oxide) Architecturea

(FeIIITPPCl)/ linear telechelic poly(EO) μ-oxo-bis(FeIIITPP) macrocyclized poly(EO)

THF THF/TEA THF/DMF (1:10) THF/H2O (5:1)

DMF/HCl DMF

CH2Cl2
H2O pH< 1.9 H2O pH > 2.3

(FeIITPP(THF)2)/ linear telechelic poly(EO) same
THF=H2OþO2 a THF=H2Oþ dithionite

aTEA: triethylamine.
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molar mass as the linear precursors are selectively formed via
intramolecular coupling whereas increasing the poly(ethylene
oxide) concentration induces a competition between intra-
and intermolecular coupling and results in the formation of
large macrocycles with [bis-iron(III) μ-oxo-TPP poly(EO)]
repeating units.

Architecture changes between R,ω-di(FeIIITPPCl) poly(EO)
and μ-oxo-bis(FeIIITPP) poly(EO) in water proceeds in a
narrow and quite acidic pH range, approximately between 1.7
to 2.3, where the two porphyrin derivatives coexit in equilibrium.
At lower pH di(FeIIITPPCl) poly(EO) is the only species
present. At higher pH (>2.3) or in organic media such as DMF
or in THF in presence of water (20%) or of a base such as N(Et)3
di(FeIIITPPCl) end groups readily dimerize into cyclic μ-oxo-
bis(FeIIITPP) poly(EO).24

A quite similar reversible on/off switching between linear and
cyclic poly(EO) can be also achieved by repeated R,ω-di-
(FeIITPP) poly(EO) oxidation/μ-oxo-bis(FeIIITPP) poly(EO)
reduction in water using for instance air as oxidizing agent and
sodium dithionite as reductor in aerobic conditions.

Applications of these features to design polymer systems with
switchable properties are under study.

’ASSOCIATED CONTENT

bS Supporting Information. 1H NMR spectrum of poly-
(EO) (2A), MALDI�TOF spectrum of 3A, UV/visible spectra
of 3A and 4A, SEC chromatograms several commutation cycles,
and reversed spectral change for the reduction of 5B. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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