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Abstract A novel Porphyrin End-Capped poly(phenylene ethynylene) (P-PPE)

was synthesized by palladium-catalyzed cross-coupling reaction. Porphyrin was

successfully introduced to the polymer backbone, which was confirmed by 1H

NMR, UV–Vis and Fluorescence spectroscopy. The degree of polymerization of

P-PPE was characterized by both 1H NMR and GPC analysis. UV–Vis absorption

and fluorescence studies in organic solvent indicate that there is significant energy

transfer between the PPE backbone and the terminal porphyrin end group, and the

PPE backbone works as an antenna transferring photo energy to ZnTPP terminal.

The aggregation state of P-PPE in water was also investigated by UV–Vis and

fluorescence studies.

Keywords Poly(phenylene ethynylene) � Porphyrin � Synthesis �
Optical property � Energy transfer � Aggregation state

Introduction

Conjugated polymers, particularly poly(phenylene ethynylene)s (PPEs) and

poly(phenylene vinylene)s (PPVs), have been the focus of considerable research
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and development during the past decades owing to their diverse functions and

applications in fluorescence chemical sensors [1], light-emitting diodes [2],

photoconductors and photovoltaic cells [3] etc. [4]. Environmentally friendly and

water-soluble PPEs displaying optical and electronic properties have been proven

useful, especially for fabrication of sensors for ions, peptides, proteins and nucleic

acids [5, 6]. In such, different types of water-soluble PPEs [5, 7, 8] particularly

nonionic water-soluble PPEs [5, 9–12] have been the interesting of many research

groups recently.

Porphyrins are stable natural functional dyes with large visible extinction

coefficient, predictable rigid structure, and prospective photochemical electron-

transfer ability and they have been widely studied for various photo-harvesting and

photoelectronic devices [13]. Covalent incorporation of photoactive molecules at

the PPE end could lead to useful variations in the photophysical properties of this

system [14, 15]. Recently, Krebs et al. [16] introduced the porphyrin unit into PPE

backbone to form a porphyin linked PPE polymer (NPN) and studied its light-

harvesting and energy transfer properties.

We report here the design and synthesis of porphyrin end-capped and non-ionic

water-soluble PPE (Scheme 1) and its optical properties. The polar, non-ionic

oligoethyleneglycol (OEG) side chains were introduced to enhance the usually poor

solubility of the rigid backbone of PPEs. This OEG side chain could not only render

the backbone soluble in a variety of media including water, but also provide a useful

scaffold for further future functionalization. Moreover, this structure with excellent

optical properties of both the PPE backbone and the end-cap offer an ideal model to

study the energy transfer along the rigid chain and help us to design novel PPE

polymers useful for optical or optoelectronic applications.

Experimental part

Materials

Unless otherwise indicated, all starting materials were obtained from Aldrich and

were used without purification. Tetrahydrofuran (THF) was purified by distillation

from sodium in the presence of benzophenone under argon. Other organic solvents

were used without any further purification. [5-(4-iodophenyl)-10,15,20-triphenyl-

prophinato]zinc[II] (Compound C) was synthesized according to the literature

procedures[17]. All reactions were carried under argon. The synthesis of compound

A, compound B and PPE (see Scheme 1) is according to our previous report [18].

Measurements

1H NMR spectra were taken on a Bruker AVANCE 300 MHz spectrometer with

TMS as the internal standard. UV-Vis spectra were recorded on a JASCO V-570

spectrophotometer at room temperature. Fluorescence measurement was carried out

on a FluoroMax-P spectro-fluorophotometer with a xenon lamp as a light source.

Mass spectra (MS) were obtained using a LCQ Advantage mass spectrometer at an
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ionizing voltage of 70 eV. Gel permeation chromatography (GPC) analysis was

conducted with a Waters 510 HPLC system using polystyrenes as the standard, THF

as eluent at a flow rate of 1.0 ml/min at 45 �C. Quantum yields were determined

with quinine sulfate as the standard.

Synthesis of porphyrin end-capped PPE (P-PPE)

A 25 ml Schlenk flask equipped with a stir bar was charged with 1,4-Diethynyl-2,5-

bis(11-hydroxy-3,6,9-trioxaundecyl)benzene (B, 25.5 mg, 0.05 mmol, 1.3 eq),

1,4-Diiodo-2,5-bis(11-hydroxy-3,6,9-trioxaundecyl)benzene (A, 25.5 mg, 0.036 mmol,

1 eq), [5-(4-iodophenyl)-10,15,20-triphenylprophinato]zinc[II] (C, 8 mg, 0.011 mmol,

0.3 eq), Tetrakis-(triphenyl-phosphine)-palladium(0) (3 mg 1.1 lmol, 0.07 eq) and

copper(I) iodine (0.7 mg). The flask was degassed by three freeze-pump-thaw

cycles after adding THF (10 ml) and diisopropylamine (0.8 ml) via a syringe

needle. The reaction was stirred while maintaining the temperature at 55 �C for

48 h, then excess end capping reagent C was added to ensure a complete
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termination. Stirring was continued for further 12 h. The reaction was cooled to

room temperature and then was poured into 50 ml hexane. The precipitate formed

was collected by filtration and redissolved into chloroform and passed through a

column of silica gel using the mixture of chloroform and methanol (1:1) as eluent.

After concentrating in vacuum, P-PPE (29 mg, 48%) was obtained as a yellow-red

solid. 1H NMR (300 MHz, CDCl3): d 2.02 (s, 1.2H), 3.56–3.68 (br m, 20H), 3.79(br

s, 4H), 3.93 (br s, 4H), 4.25 (br s, 4H), 7.08 (s, 2H), 7.77(m, 1.2H), 8.01(d, 1.2H),

8.22(m, 1.1H), 8.94 and 8.96(d, 1.0H). GPC (eluent: THF): Mn = 10,485,

Mw = 14,728 and PDI = 1.4.

Results and discussion

Synthesis of P-PPE

We synthesized the polymers P-PPE according to Scheme 1 using Sonogashira

coupling reaction by two subsequent steps. First, the polymerization was carried out

with 30% excess of compound B to ensure the polymer chain was terminated by

acetylene groups. Then, the initially formed polymer was end-capped in situ by

reacting with an excess of the capping compound C. The polymer prepared by this

procedure should be completely end-capped[15], because the average degree of

polymerization (DP) estimated using the 1H NMR end-group analysis [16] and the

value obtained from the GPC analysis [18] are in excellent agreement with each

other (see below). Comparing with PPE without porphyrin end groups (see

Scheme 1), P-PPE exhibits good solubility in common organic solvents but less

solubility in water, also indicating the hydrophobic porphyrin end groups were

successfully incorporated into the polymer backbone.

GPC analysis shown that Mw and Mn of P-PPE were 14.7 and 10.5 kDa,

respectively, indicating the degree of polymerization was about 18 (not include end

groups) for P-PPE. The structure and the degree of polymerization of P-PPE were

further confirmed by their 1H NMR (Fig. 1). The signals of the protons of the

porphyrin end group can be distinguished around d = 7.8–9.0 ppm that was not

observed in the 1H NMR spectrum of PPE [18]. On the basis of comparison of

spectrum of the end-capped polymer P-PPE with that of zinc tetraphenylporphyrin

(ZnTPP), as a model for the end-capped group in the polymer, it is believed that

these peaks arise from the porphyrin end groups. Assuming the polymer was

quantitatively end-capped with porphyrin group, we estimated the number-average

degree of polymerization (Xn) be 16 determined by the integration of the PPE

phenyl group and Porphyrin group signals in 1H NMR (Fig. 1) [19]. Note that the

Xnvalue determined by NMR integration is match well with that established by GPC

for polymer P-PPE.

UV–Vis and fluorescence studies in chloroform solution

The absorption of P-PPE was investigated in chloroform solution and the spectra of

PPE and ZnTPP were also investigated for comparison (Fig. 2a). PPE shows broad
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and intensive absorption in the range of 340–480 nm, and the absorption peak is

observed at *424 nm, corresponding to the effective conjugation along with the

PPE backbone. The narrow and intensive absorption of porphyrin range from 390 to

430 nm, with sharp absorption peak at 419 nm. The absorption spectrum of P-PPE

exhibited both absorption characteristics of PPE and porphyrin. Obviously, the

broad absorption in the range of 340–480 nm and sharp absorption peak at 424 nm

of P-PPE come from PPE backbone and ZnTPP, respectively, and the shoulder peak

at *400 nm also reveals the combination of PPE backbone and ZnTPP. Two weak

but new absorption were observed at 554 and 594 nm for polymer P-PPE,

corresponding to the porphyrin-based terminal group Q band. Furthermore,

compared with the absorption spectrum of the terminal model compound ZnTPP,

a considerable red shift (*8 nm) was observed for the Q-band for the porphyrin-

based end unit. This indicates that some extended p-conjugation between the PPE

backbone and the porphyrin terminal may be formed.

UV–Vis spectra can also be used to estimate the ratio of the PPE backbone and

the terminal units in the polymer chain [16]. From the extinction coefficient for

porphyrin model compound ZnTPP at 547 nm (2ZnTPP (547 nm) = 30,400 L M-1

cm-1, 2P-PPE (424 nm) = 19,700 L M-1 cm-1 in CHCl3) and the absorption

(2P-PPE (554 nm) = 800 L M-1 cm-1 in CHCl3) of P-PPE at 554 nm, assuming it

is due to the TPP cap group, we estimated that Xn is about 14, which is consistent

with the estimation using 1H NMR above.

Figure 2b shows that the fluorescence emission spectrum both excited at 420 nm

for P-PPE and PPE. Both polymers were found to be highly fluorescent in solution

and parallel the absorption spectra. The fluorescence properties of the polymers in

Fig. 1 1H NMR spectrum of P-PPE in CDCl3 solvent
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chloroform are very similar to those exhibited by organic-soluble PPEs in good

solvents [4], suggesting that the polymer exists in a non-aggregated state in this

medium. The intense fluorescence emission with similar pattern at 472 nm of PPE

and P-PPE revealed that the polymers had similar backbone because no fluorescence

emission of ZnTPP was found at this range (Fig. 2b inset). But, compared with PPE,

the end-capped polymer P-PPE shows two new emission peaks at position 599 and

646 nm, near the emission peaks of corresponding model terminal compound

ZnTPP (595 and 643 nm). The new emission of polymer P-PPE at 599 and 646 nm

could come from either the intramolecular excition migration or direct emission of

the porphyrin end group or both. One important issue we want to know is that

whether there is an efficient energy/photo transfer between the PPE backbone and

the terminal unit ZnTPP. Fortunately, we noticed that the new emission of polymer

P-PPE at 599 and 646 nm of polymer P-PPE is relatively much stronger than that of

the terminal model compound ZnTPP, considering the fractional content (*1/8

Fig. 2 UV–Vis (a) and fluorescence (b) spectra of P-PPE, PPE and ZnTPP in CHCl3 solution
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from NMR) of TPP unit in the polymer PPE. The energy transfer efficiency can be

estimated by comparing the absorption and excitation spectra of the end-capped

polymer P-PPE with that of ZnTPP [20]. For a very preliminary and rough

estimation, considering the 16 of average degree of polymerization, we would

expect the intensity of fluorescence at 595 nm from ZnTPP (Fig. 2 inset) should be

roughly 7 times of that at 599 nm (Fig. 2b) from ZnTPP moiety in P-PPE, assuming

the fluorescence from PPE backbone and ZnTPP units are independent each other

and nonradicative decay is similar before and after incorporating these two moieties

together as in P-PPE. In fact, with normalized corrected excitation spectra at

599 nm for P-PPE and 595 nm for ZnTPP at the same concentrations (0.001 mg/ml)

for both solution, the fluorescence intensity of ZnTPP unit in P-PPE is much

stronger (*20 times) than that of the model unit ZnTPP at 595 nm. While it is

difficult now and premature to have an accurate result for the energy transfer

efficiency and understanding of the transferring mechanism, these results do

indicate that the PPE backbone is acting as an antenna, transferring photo energy to

ZnTPP terminal and enhancing over 20-fold the emission from it. This also agrees

with the decreasing of fluorescence intensity of P-PPE at 472 nm compared with

that of PPE and their quantum yields (uPPE = 0.35, uP-PPE = 0.27 in CHCl3).

UV–Vis and fluorescence studies in water solution

We intend to use these polymers in water solutions. So their absorption and

fluorescence were studied in water solutions too (Fig. 3). Both UV–Vis spectra of

polymer PPE and P-PPE shows (Fig. 3a) a significant red-shift and decrease for

their major band absorption (2PPE = 13,900 L M-1 cm-1, 2P-PPE = 12,700 L M-1

cm-1 in H2O; 2PPE = 20,300 L M-1 cm-1, 2P-PPE = 19,900 L M-1 cm-1 in

CHCl3) compared with that in chloroform. For P-PPE, interestingly the major

absorbance exhibited two peaks at the position of 434 and 472 nm. We argue this

may be caused by the existence of two states of P-PPE in water solution: one is the

less aggregated or monomeric state and the other one is the aggregated state. The

red-shift band (472 nm) is due to planarization of the conjugated main chain by

formation of polymer aggregates [21, 22]. Two weak absorptions at 554 and 594 nm

observed in spectrum in CHCl3 solution were still exhibited as two weak peaks at

563 and 603 nm in water solution, indicting the change of electronic state of

porphyrin, however it was minor affected by the existing state of polymer backbone.

The ‘‘solvatochromic effect’’ indicates we are able to finely tune the photo

properties of this polymer by simply changing the solvents [21–24].

Similar red shift was observed for their fluorescence spectra (Fig. 3b), compared

with that in chloroform solution. For examples, the major peak for PPE and P-PPE

had *44 nm red shift. Furthermore, the fluorescence spectra become much broad

and the major emission peaks extend to *700 nm. Broad, structureless emission is

typically observed from small-molecule excimers and from conjugated polymer in

the solid state [8, 25] and it has been well known that the interchain p–p stacking will

cause the rod-like polymers to aggregate in water and thus exhibit a broad and red-

shift fluorescence spectrum. Quantum yields of PPE and P-PPE were 0.046 and

0.035, respectively, in water, significantly lower than that in chloroform. This
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indicates that in water, the stronger inter-chain p–p interactions from the aggregation

provide more non-emission decay channels for the excited state [26]. This is also

supported by the larger stokes shifts in water solutions: 70 and 81 nm in water versus

44 and 48 nm in chloroform for PPE and P-PPE respectively. We thus believe,

though both polymers have relatively good solubility in water, still some aggregation

happens in the water solutions to result in the broad and red-shift fluorescence spectra

and this aggregation is stronger for P-PPE due to the existing of end ZnTPP group.

Conclusion

In the present investigation, nonionic water-soluble and porphyrin end-capped

polymer P-PPE was synthesized by palladium-catalyzed cross-coupling reaction and

Fig. 3 UV–Vis (a) and fluorescence (b) spectra of P-PPE, PPE in water
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photophysical properties of P-PPE and PPE have been studied. Both PPE and P-PPE

exhibit good solubility in organic solvents, more importantly in water. UV–Vis

absorption and fluorescence studies indicate that there is significant energy transfer

between the PPE backbone and the terminal porphyrin end group and the PPE

backbone works as an antenna transferring photo energy to ZnTPP terminal. This

makes them a good choice for water-processible polymers for various photonic and

optoelectronic applications.
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