
 

 

 University of Groningen

Functional polymers from alternating aliphatic polyketones
Toncelli, Claudio

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2013

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Toncelli, C. (2013). Functional polymers from alternating aliphatic polyketones: synthesis and applications.
s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/b86ba467-84e4-408c-8239-eaf60abc83cc


Dye dispersion in modified polyketones 

13 

 

Abstract 

The interaction between 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS) and different polycations 

is studied by UV-vis spectroscopy. Two polycations containing imidazolium and pyridinium residues have 

been easily synthesized by Paal-Knorr reaction of alternating aliphatic polyketones. It was found that these 

polymers stabilize the tetra-anionic form of the porphyrin at acidic conditions and avoid the formation of H- 

and J-type self-aggregates. Other polycations such as poly(allylamine) and poly(decylviologen) enhance 

porphyrin self-aggregation. As the latter polymer has aromatic charged groups too, the influence of the 

polymer structure as a whole in the behavior of the porphyrin / polycation system is highlighted. In this 

context, similar but not equal results have been found comparing the influence on TPPS self-aggregation of 

the pyridinium groups on modified polyketones with the ones on poly(4-vinylpyridine). 
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2.1 Introduction 

In the last few years, many publications have described that site-specific binding between charged 

polyelectrolytes bearing aromatic functional groups and aromatic water-soluble counterions such as dyes [1-

8], redox-active compounds [8-11], and drugs [12], can be held by means of aromatic-aromatic interactions. 

These interactions are particularly strong when the polyelectrolyte charge is supported on the polymeric 

aromatic ring, and may constitute the major driving force of the interaction with the aromatic counterions [5]. 

The planar structure of the aromatic groups affords a high surface to volume ratio, so that, upon stacking, a 

large amount of water molecules is released from their hydration sphere with a concomitant increase in 

entropy, related to the so-called classical hydrophobic effect [13]. Besides, the polarizability of the 

conjugated -system allows dispersion forces to stabilize the aggregates. Enthalpy driven complexation by 

aromatic-aromatic interactions has also been found related with non-classical hydrophobic effect [13]. Thus, 

intimate binding between the aromatic species allows short-range electrostatic interactions taking place 

between the complementary charges.  

In addition to the possibility of undergoing aromatic-aromatic interactions with polymeric charged aromatic 

groups, dyes have the ability to self-stack by means of aromatic-aromatic interactions, even though they bear 

the same charge [17-20]. Self-aggregation of dyes is enhanced as the concentration of the dyes increases, 

both in bulk or locally. In the latter case, a local higher concentration may be achieved upon interaction with 

several surfaces [21, 22]. A cooperative self-binding mechanism [23-26] usually accompanies the interaction 

between charged dyes and complementary charged surfaces, including polyelectrolytes, by means of which 

the dye molecules bind preferably adjacent to each other. The achieved stabilization in energy is higher as 

the degree of packing increases, thus the first bonds stimulate further binding, which then propagates towards 

the final self-assembled structures. Molecular aggregation drastically modifies the absorption characteristics 

(spectral shifts and band splitting) of the dyes, as well as the fluorescent quantum yield and decay time [27, 

28]. The exciton theory [29-31], a quantum mechanical method, which considers the electrostatic 

interactions between the dipole moments of monomeric units, can be applied to interpret the spectral changes. 

It predicts a different electronic energy diagram and photophysical behavior of dimers depending on the 

geometrical distribution of the monomer units. This theory suggests a two excited-state splitting of the 

monomer electronic transition for the dimer. The energy gap and the transition probabilities from the ground 

state to these excited states depend on the relative orientation of the transition moment vectors of the 

monomeric units in the aggregate. For arrangements where the transition moment vectors of the monomeric 

units are parallel, two specific cases can be considered taking into account the angle between the direction of 

the dipolar moments and the line linking the molecular centers () (see Figure 2.1).  
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Figure 2.1. Dimer aggregation in parallel vector dyes (left) and not-parallel vector dyes (right) according to 

the exciton theory.  

 

If  approaches 90º, the monomers form the so-called H-type (sandwich-like) dimer, and the allowed 

transition produces a shift of the absorption band to higher energies (H-band) and fluoresce quenching. If  

approaches 0º, the monomers form the so-called J-type (head-to-tail) dimer, the allowed transition produces a 

shift of the absorption band to lower energies (J-band), and the dimer fluoresces. Both H- and J-bands may 

appear when the transition moment vectors are not parallel, and their relative intensities depend on the angle 

between the transition moments of both molecules in the dimer (), forming twisted sandwich-like or 

oblique head-to-tail aggregates. 

Considering the tendency of dyes to aggregate, in the presence of polymers bearing complementary charged 

aromatic groups, a competition between self-aggregation and binding to the polymeric charged aromatic 

groups by means of aromatic-aromatic interactions is established. Under appropriate conditions, the self-

stacking of the cationic dyes have been overcome by the use of polyelectrolytes bearing negatively charged 

benzene sulfonate or benzene carboxylate groups, thus inhibiting their cooperative binding tendency [4, 5, 

8]. This property appeared to be of potential use in controlling the state of dye aggregation by the use of 

polymers. Other systems such as micelles [32, 33], vesicles [21], or less-polar solvents [34, 35], may also 

exhibit a dispersion effect on the dyes. However, it has been shown that the state of dye aggregation in the 

presence of polyanions strongly depends on the structure of the polymer as a whole [5, 8]. 

Polyketones (PK) represent a well-known class of polymeric materials that can be easily modified due to the 

presence of carbonyl groups along the backbone [36-39]. The simplest and cheapest synthesis of polyketones 

is achieved by copolymerization of ethylene and carbon monoxide with the use of palladium derivates as 

catalysts, resulting in a perfectly alternating copolymer bearing 1,4-dicarbonyl moieties. However, this 

copolymer presents low solubility and a high melting point, which makes its processing complicated. In fact, 

its decomposition temperature stands lower than the melting point. In order to improve its mold ability, 

propylene can be incorporated into the backbone at a desired ratio. The consequent terpolymerization brings 
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disorder to the macromolecular packing and decreases its melting point. Alternated ethene/propene/CO 

polyketones are active towards Paal-Knorr modification through the 1,4-dicarbonyl groups. Indeed, 1,4-

dicarbonyl moieties can react with a primary amine yielding N-substituted pyrrolic groups in its backbone. 

This reaction is solvent-free, carried out in one-pot, and yields water as sole by-product. Although the 

carbonyl conversion displays a maximum of 80 % due to statistical reasons, the main advantage of the 

reaction is represented by its extreme versatility. In previous works carried out in our group, primary amines 

bearing different functional groups (i.e. primary, tertiary amines, pyridine, furan) [37-39] have been attached 

to the backbone through the Paal-Knorr reaction. 

The aggregative properties of porphyrins such as 5,10,15,20-tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS) 

are well known [20 ,33, 40-46]. They can undergo both H-type or J-type aggregation. The latter case is found 

once the porphyrins are protonated at their pyrrole groups, so that interaction between the positively charged 

center of the molecule with the negatively charged periphery stabilizes the aggregates. In this case, long 

arrangements of dyes stack to each other so that supramolecular polymers of cylindrical shape have been 

described, as well as the induction of chirality in the presence of chiral seeds. H-type aggregates are found at 

relatively high porphyrin concentration or in the presence of complementary charged surfaces.  

The present work aims at investigating the aggregation state of TPPS by UV-vis spectroscopy in the 

presence of several polycations which includes modified polyketones with imidazole (PK-Im) and pyridine 

(PK-Py) pendant groups, obtained by Paal-Knorr reaction of a polyketone with histamine and 4-

picolylamine, respectively (see Figure 2.2 and Figure 2.3), as well as the aliphatic polycation 

poly(allylamine) (PALA), and the polycations bearing aromatic groups poly(4-vinylpyridine) (P4VPy) and 

poly(decylviologen) (PV10).  
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Figure 2.2. Paal-Knorr synthesis of imidazole and pyridine pendent groups by Paal-Knorr modification of 

aliphatic polyketone (PK50) 
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Figure 2.3. Molecular structures of TPPS, PK-Im and PK-Py, P4VPy, PALA and PV10. 

 

2.2 Experimental 

 
2.2.1 Reagents  

Poly(allylamine) (PALA) (Aldrich), poly(4-vinylpyridine) (P4VPy) (Sigma-Aldrich, 99%)), histamine 

(Sigma-Aldrich, 99%)), 4-picolylamine (Sigma-Aldrich, 99%)), 4,4’-bipyridine (TCI, 98%), and 1,10-

dibromodecane (TCI, 99%), were commercially available and used as received. Polyketones made of 

ethylene, propylene and carbon monoxide were synthesized according to a reported procedure [47]. In 

particular, we used a polyketone with 50 % ethylene and 50 % propylene (PK50, Mw 5350). CDCl3 

(Aldrich) was used as solvent for 1H-NMR analyses. 

 

2.2.2 Equipment  

Distilled water was deionized by a Simplicity Millipore deionizer. The pH was controlled on a UltraBasic 

Denver Instrument pH meter. UV-vis measurements were performed in a Heios  spectrophotometer. 1H-

NMR spectra were recorded on a Varian Mercury Plus 400 MHz NMR apparatus. IR spectra were recorded 

using a Perkin Elmer Spectrum 2000 FT-IR apparatus.  
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2.2.3 Procedures  

 

2.2.3.1 Synthesis of PK-Im and PK-Py  

The synthesis of the polyketone derivatives has been carried out according to Figure 2.2. About 40 grams of 

polyketone PK50 were weighed into a glass reactor fitted with a mechanical stirrer and a reflux condenser. 

The reactor was heated to a temperature of 110 ºC and histamine or 4-picolylamine was added drop-wise 

during 1 hour. The amount of amine used depended on the aimed carbonyl conversion and, in this case, 

stoichiometric amounts were used. The reaction was allowed to proceed for another 3 hours. The reflux 

condenser was removed in the last hour to allow the produced water evaporation. The obtained dark brown 

product was ground into small particles (freezing the material if necessary). The obtained particles were 

washed with water, and then freeze-dried for 24 hours. In order to calculate the conversion of reacted 1,4-

dicarbonyl units (x) (see Figure 2.2), elemental analysis have been carried out and linked to the conversion 

by the following formula:  

)1(21 xMwxMw

nxM
N N




  (1) 

where MN represents the atomic mass of nitrogen, n is the number of nitrogen atoms in the repetitive unit of 

the reacted polyketone, N is the nitrogen content per gram calculated by elemental analysis, Mw1 is the 

molecular weight of a converted 1,4-dicarbonyl segment (215 g / mol for PK-Im, 199 g / mol for PK-Py) and 

Mw2 is the molecular weight of non-converted 1,4-dicarbonyl segment (125 g / mol) of PK50 (see Figure 2.2 

and Table 2.1). Mw1 and Mw2 are calculated taking into account the incorporation of ethylene and propylene 

in the terpolymers at a ratio of 1 : 1. 

From (1), x can be calculated by: 

)( 12

2

MwMwNnM

MwN
x

N 


  (2) 

In order to consider a correct ratio between the amount of basic pendant groups (imidazolium or pyridinium) 

and the amount of porphyrin rings, the molecular weight of the terpolymers has been calculated in mol of 

these groups per gram of polymer, using the following equation: 

xz

MwyMwx
Mw




 21

 (3) 

where Mw+ is the copolymer molecular weight in mol of basic units per gram, y = 1 – x is the fraction of non-

converted 1,4-dicarbonyl groups in the Paal-Knorr reaction, and z is the number of atoms susceptible to 

protonation in the converted repetitive unit, which in the case of both terpolymers is considered 1. 
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Polyketone 

derivative 

C % H % N % Conversion (x) 

1,4-dicarbonyl (%) 

Mw+ (g / mol of 

basic groups) 

PK-Im 71.4 7.9 15.8 71.1 266 

PK-Py 76.1 7.6 11.3 72.5 248 

                    Table 2.1 Elemental analysis and conversion 

 

The presence of aromatic groups in the polymer structures has been confirmed by the appearance of FT-IR 

absorption peaks around 3100 cm-1 (assigned to the aromatic C-H stretching vibration), 1630 cm−1 (C=N 

stretching mode of ring including conjugated C=C), 1290 cm−1 (C–H (ring) in-plane bending and C–N (ring) 

stretching modes), 1228 cm−1 (C–H (ring) in-plane bending and C–N (ring) stretching modes) and 915 cm−1 

(ring deformation mode). 1H-NMR signals allowed verifying the presence of pyrrole (5.5 – 6.0 ppm), 

imidazole (7.37 – 6.78 ppm) (3H, CH groups in imidazole ring), and pyridine (6.6 and 8.3 ppm) (2H, CH 

groups in meta and 2H, CH groups in ortho with respect to the pyridine nitrogen, respectively). The 1,4-

dicarbonyl groups conversion, as determined by elemental analysis and applying equation (2), is found to be 

higher than 70 % for both PK-Im and PK-Py (see Table 2.1). 

 

2.2.3.2 Synthesis of PV10 

Poly(decyl viologen) (PV10), was synthesized by a methodology previously reported in the literature [48, 

49]. 4,4’-bipyridine and 1,10-dibromodecane were reacted in a methanol / DMF mixture at 60 ºC overnight. 

The resulting yellow precipitate was collected, washed with chloroform and dried under vacuum to yield 

PV10 as a yellowish powder in 73 % yield. A degree of polymerization of 10 was determined by 1H NMR 

spectroscopy, by comparison of the intensities of the peaks ascribed to the protons on the terminal pyridyl 

group at 8.8, 8.7, 8.3 and 7.8 ppm, and those of the pyridyl groups in the main chain around 9.0 and 8.4 ppm. 

 

2.2.3.3 Interaction studies 

UV-vis analyses were performed with path lengths ranging between 1 and 10-2 cm in water following 

conventional and well-known procedures. All samples were prepared in pure water, and allowed to 

equilibrate after pH adjustment for several minutes. Particular experimental conditions are provided in the 

Figure captions. The polymer concentrations are given in mol of aromatic basic groups per liter for polymers 

containing these groups. 

 

2.3 Results and discussion 

 
2.3.1 Acid-base and self-aggregation properties of TPPS 

At dilute conditions (10-6 M or less) monomeric TPPS can be found in two forms depending on the pH. At 

acid pH, a di-anionic species (H4TPPS2-) is observed due to protonation of the pyrrole subunits, while, at 

neutral pH, the tetra-anionic H2TPPS4- is obtained [42]. H2TPPS4- Soret band is centered at 414 nm, while the 
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one corresponding to H4TPPS2- is centered at 434 nm, as can be seen in Figure 2.4 (left, a and b, 

respectively).  

 

 

Figure 2.4. Left: absorbance as a function of the excitation wavelength, normalized with respect to the 

maxima, of solutions containing 10-6 M of TPPS at pH 6.25 (a), 10-6 M of TPPS at pH 2.0 (b), 10-4 M of 

TPPS at pH 2.0 (c), 10-6 M of TPPS and 9 · 10-5 M of PALA at pH 6.5 (d), and 10-6 M of TPPS and 9 · 10-5 

M of PALA at pH 1.8 (e); right: normalized absorbance at 434 nm () and 414 nm () of solutions 

containing 10-6 M of TPPS, as a function of pH; normalized absorbance at 488 nm () and 400 nm () of 

solutions containing 10-6 M of TPPS and 9 · 10-5 M of PALA, as a function of pH. For every given 

composition and pH, the two considered values of absorbance have been normalized to the sum of both 

values. Arrows indicate the pH at which both normalized absorbance display the same value at a given 

composition (see Table 2.2). 

 

Polyelectrolyte pH max monomeric 

H2TPPS4- 

(nm) 

max H-aggregates of 

H2TPPS4- 

(nm) 

None 5.0 414 - 

PALA 2.2 - 402 

P4VPy 3.1 423  405 

PV10 3.3 - 393 

PK-Py 1.4 424 - 

PK-Im - 424 - 

Table 2.2 Transition pH between H2TPPS4- and H4TPPS2- forms, and maximum of absorbance for 

monomeric H2TPPS4- and H-aggregates of H2TPPS4-, in the presence of different polyelectrolytes. 

 

When protonation of H2TPPS4- is retained, the absorbance at 434 nm increases at expenses of that at 414 nm. 

In order to better observe this, in Figure 2.4 (right), the corresponding absorbances have been normalized to 
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the sum of both absorbances for every pH value, so that the sum of the two is 1. It can be seen that H4TPPS2- 

become the main species under pH 5.0 (see Table 2.2). 

At concentration of the dye higher than 10-6 M, the acid form tends to self-aggregate forming higher-order 

aggregates based on J-type (head-to-tail) contacts. As a consequence of this, the Soret band is shifted to 

lower energies, and an intense band at 491 nm appears, as can be also seen in Figure 2.4 (left, c). These 

higher order aggregates are known to fold and adopt a spiral conformation that may exhibit chirality. This 

folding may produce non parallel dipole moments, so that a small absorbance appears at around 418 nm 

corresponding to the H-band of an oblique head-to-tail aggregate. This dye easily form such aggregates, 

which can be explained by an adequate configuration of the charges in the zwitterionic molecule.Two 

positive charges are placed in the geometrical center of the molecule, while four negative charges are found 

in its periphery. Aromatic-aromatic interactions stabilize the stacking of one molecule to another, while 

short-range electrostatic interactions are held between the complementary charged groups. On the contrary, 

H2TPPS4- does not aggregate so easily due to its high net negative charge, and no change on the position of 

the maximum of absorbance is detected at pH 7 when the dye concentration is changed from 10-6 to 10-4 M.  

 

2.3.2 Self-aggregation of TPPS in the presence of a typical polycation such as PALA  

Typical polyelectrolytes produce long-range electrostatic interactions with their counterions as depicted in 

the counterion condensation theory of G. Manning [50, 51]. When the counterions are dyes with a high 

tendency to self-aggregate, a higher concentration of the dyes on the polymer domain produces their self-

aggregation. This behavior has been observed for cationic xanthene dyes interacting with polyanions [6-8, 

52]. In the case of TPPS, a typical polycation such as PALA produces H2TPPS4- self-aggregation based on 

sandwich-like H-type contacts [53]. Charge compensation furnished by the polyelectrolyte minimizes the 

self-repulsion of the tetra-anionic molecules. This can be seen in Figure 2.4 (left, d), where the shifting of the 

Soret band of the tetra-anionic form to higher energies in the presence of PALA (from 414 to around 400 

nm) can be seen. Lowering the pH induces TPPS protonation and formation of head-to-tail J-aggregates. 

However, the corresponding band at lower energies is centered at 488 nm and it is broader if compared to 

that in absence of polyelectrolyte (Figure 2.4 left, e), indicating the formation of aggregates with different 

structure and size. Up to pH lower than 1.8, a contribution of the band at around 400 nm is still detectable 

(Figure 2.4 right). A residual absorption at around 418 nm, linked to that at around 488 nm, is still found at 

very low pH, which indicates the presence of non parallel dipole moments in oblique head-to-tail aggregates, 

for which both H- and J- bands appear (the former less intense than the latter). As upon protonation the band 

at 488 nm increases at expenses of that at 400 nm, in Figure 2.4 (right), it seemed convenient to plot the 

corresponding absorbances as normalized values to the sum of both absorbances for every pH, so that the 

sum is 1. As deduced from Figure 2.4 (right) and seen in Table 2.2, protonation of TPPS in the presence of 

this polyelectrolyte is shifted to pH 2.2, due to the stabilization of the tetra-anionic form by the positive 

charges of the polyelectrolyte. This behavior has been already described in the literature [53-55]. 
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2.3.3 Self-aggregation of TPPS in the presence of a typical poly-aromatic-cation such as P4VPy 

When polyelectrolytes bear charged aromatic groups, aromatic-aromatic interactions between these charged 

aromatic groups and the aromatic counterions such as TPPS molecules compete with the self-stacking 

tendency of the dyes. This behavior has been also observed for cationic xanthene dyes and polyelectrolytes 

such as poly(sodium 4-styrenesulfonate) [3-8]. In some cases, this interaction becomes intense, and the self-

stacking of the dyes may be inhibited. This is the case of the interaction between TPPS and P4VPy [44-46]. 

In order to examine the protonation influence in P4VPy, the maximum working pH in this case has been set 

to 5. However, it has been shown that the interaction with this polymer stabilizes the tetra-anionic form of 

TPPS up to pH 3.6. The stacking of H2TPPS4- on the pyridinium residues produces a shift of 9 nm of the 

corresponding Soret band to lower energies, as can be seen in Figure 2.5 (left). Concomitantly, a band at 423 

nm appears, whose corresponding Q-bands are related with characteristic D2h symmetry of H2TPPS4- [33,44].  

 

Figure 2.5. Left: absorbance as a function of the excitation wavelength, of solutions containing 10-6 M of 

TPPS and 9 · 10-5 M of P4VPy at pH 4.5 (a), 3.6 (b), 3.2 (c), 3.0 (d), 2.6 (e), 1.5 (f); right: normalized 

absorbance at 488 nm (), 405 nm (▲), and 423 nm () of solutions containing 10-6 M of TPPS and 9 · 10-5 

M of P4VPy, as a function of pH. For every given pH, the values of absorbance have been normalized with 

respect to the sum of the two (from pH 1.5 to 3.0) or the three values (from pH 3.2 to 4.5) considered. The 

arrow indicates the pH where the projection of the normalized absorbance at 423 nm crosses the plot of the 

normalized absorbance at 488 nm (see Table 2.2). 

 

Formation of H-type aggregates is only slightly observed by the appearance of the band at around 405 nm 

when lowering the pH from 3.6 to 3.0, as reported in literature [46]. However, as long as the extent of 

diprotonation increases at pH values below 3.0, the dyes rotate around their mass center, and shifted 

sandwich-like evolving to oblique head-to-tail aggregates before that the molecules spread in more regular 

disposition. Thus, at pH 3.0, an intense band at 418 nm appears, together with a broad band centered at 488 

nm. By lowering the pH, the intensity of the band at 418 nm decreases, while the band at 488 nm becomes 

narrower, as the molecules accommodate in the form of large J-aggregates.  

According to the evolution of the intensity of the band at 488 nm with the pH, we can consider that the 

molecule protonates at pH below 3.1, as can be seen in Figure 2.5 (right). The overlap produced between the 



Dye dispersion in modified polyketones 

23 

 

band at 423 nm, ascribed to H2TPPS4- stacked on the pyridinium residues, and that at 418 nm, ascribed to H-

band corresponding to oblique head-to-tail aggregates of H4TPPS2-, makes difficult to distinguish their 

evolution, so that the decrease on the band at 423 nm has been plotted only up to pH 3.2. The intensity of this 

band decreases at expenses of the increase on the bands at 405 nm and 488 nm (the latter nearly negligible) 

in the range of pH 3.2-4.0, so the corresponding absorbances have been plotted in Figure 2.5 (right) 

normalized to the sum of the absorbances at these three wavelengths. In the range of pH 3.0 – 1.5, it can be 

considered that the increase on the band at 488 nm occurs mainly at expenses of that at 405 nm, since the 

decrease on the band at 423 nm is masked by the appearance of the band at 418 nm. Thus, in this pH range, 

the absorbances at 488 and 405 nm have been plotted normalized to the sum of both values for a given pH. 

The transition between H2TPPS4- and H4TPPS2- forms has been set at pH 3.1 (see Table 2.2), although the 

formation of H-aggregates could also be related to the presence of other species such as H3TPPS3- in a 

narrow range of pH around pH 3.2. 

 

2.3.4 Self-aggregation of TPPS in the presence of PV10  

The aggregation patterns of dyes around different polyelectrolytes strongly depend on the polymer structure 

[5-8]. Variables such as functional groups, localization of the charge in the polymer structure, flexibility, 

hydrophobicity, linear charge density and linear aromatic density seem to determine the behavior of the 

system and the state of dye aggregation. PV10 bears bipyridinium residues with two positive charges 

separated by ten methylene groups. The latter afford flexibility and a low linear aromatic density to the 

polymer. This influences the state of aggregation of TPPS in the presence of this polymer. Similarly to 

PALA, this polymer enhances the formation of H2TPPS4- H-aggregates as can be seen in Figure 2.6 (left), 

and at pHs lower than 3.3 (see Figure 2.6 right), the dyes form J-aggregates.  

 

Figure 2.6. Left: absorbance as a function of the excitation wavelength of solutions containing 10-5 M of 

TPPS and 10-3 M of PV10 at pH 5.0 (a), 3.5 (b), 2.5 (c), and 2.0 (d); right: normalized absorbance at 491 nm 

() and 393 nm (▲) of solutions containing 10
-5

 M of TPPS and 10
-3

 M of PV10, as a function of pH. For 

every given pH, the values of absorbance have been normalized with respect to the sum of the two values 

considered. The arrow indicates the pH where both normalized absorbance reach the same value (see Table 

2.2). 
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The band at 491 nm is sharp, indicating a regular disposition of the dye molecules. The H-band appears at 

393 nm, showing a shifting of 7 nm to higher energies with respect to the band corresponding to H-

aggregates in the presence of PALA. According to the exciton theory, this shift may be explained by means 

of two interpretations that do not exclude each other. It may indicate the formation of longer higher-order 

arrangements of dyes [30], and / or aggregates for which the angle  is more close to 90º than in the case of 

PALA [31]. The interaction of these aggregates with the surrounding molecules may also produce a shift on 

the maximum of absorbance. Thus, the dyes may be considered stacked one on the other, and the resulting 

aggregates stabilized by the flexible, complementary charged PV10 chains that may coil around. As the 

linear charge density of this polymer is lower than in PALA, the transition between H- and J-aggregation 

occurs at higher pH values in the presence of PV10 (see Table 2.2). 

 

2.3.5 Self-aggregation of TPPS in the presence of PK-Py  

The complex structure of PK-Py and PK-Im provides rigidity to the polymeric main chains (due to aromatic 

moieties along the macromolecule backbone), charged aromatic groups in their pendant groups, and a certain 

degree of hydrophobicity. The spectral changes of TPPS in the presence of PK-Py at different pH are plotted 

in Figure 2.7 (left).  

 

Figure 2.7. Left: absorbance as a function of the excitation wavelength of solutions containing 10-6 M of 

TPPS and 9 · 10-5 M of PK-Py at pH 3.7 (a), 2.3 (b), 1.5 (c), and 1.0 (d); right: normalized absorbance at 488 

nm () and 424 nm () of solutions containing 10-6 M of TPPS and 9 · 10-5 M of PK-Py, as a function of 

pH. For every given pH, the values of absorbance have been normalized to the sum of the two values 

considered. The arrow indicates the pH where both normalized absorbance take the same value (see Table 

2.2). 

 

Similarly to its analogous P4VPy, monomeric H2TPPS4- stacked on the pyridinium group is found, as 

revealed by the shift of the Soret band to 424 nm (see Table 2.2). At acid pH values, J-aggregates are 

allowed to be formed. However, some differences between the effects of these two polymers on TPPS 
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aggregation patterns can be remarked. A lower tendency to produce H-aggregates is found, since a less 

intense band at around 400 nm appears before the J-aggregates are formed, as can be seen in Figure 2.7 

(left). Besides, the transition to J-aggregates occurs at pH 1.4, while in the case of P4VPy it occurs at pH 3.1, 

as can be seen in Figure 2.7 (right) and Table 2.2. This indicates a higher ability of this polymer to stabilize 

the tetra-anionic form stacked on the polymeric aromatic ring, avoiding its self-aggregation.  

 

2.3.6 Self-aggregation of TPPS in the presence of PK-Im  

It can be seen in Figure 2.8 that PK-Im shows unique interaction properties, since TPPS Soret band stays 

centered at 424 nm in a wide range of pH. Its monomeric, tetra-anionic form (H2TPPS4-) is stabilized not 

only at moderately acidic pH such as 3.2, but also at strongly acidic conditions such as pH 1.3.  

 

Figure 2.8. Normalized UV-vis spectra of 10-6 M of TPPS in the absence of any polyelectrolyte at pH 6.25 

(a), and in the presence of 9 · 10-5 M of PK-Im at pH 5.0 (b), 2.5 (c), 2.1 (d), 1.9 (e), 1.6 (f), 1.5 (g), and 1.3 

(h). 

 

This fact is related to an interaction between imidazolium groups and TPPS which appear to be stronger than 

that with pyridinium groups. Besides, the specific characteristics of this polymer in terms of rigidity and 

hydrophobicity, may be pivotal for its behavior. In order to know the minimum amount of PK-Im necessary 

to produce monomeric H2TPPS4- on its environment, experiments have been performed by changing the 

polymer concentration. It can be seen in Figure 2.9 (left) that an excess of 20-fold more polymeric functional 

groups is enough to achieve a complete stable PK-Im / TPPS complex, with all the dyes dispersed in the 

polymer chains, as reflected by the position (424 nm) and shape of the Soret band.  
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Figure 2.9. Left: normalized UV-vis spectra of 10-6 M of TPPS at pH 3.6 in the presence of PK-Im at ratio 

polymer / TPPS of 5 (a), 10 (b), 20 (c), 50 (d) and 70 (e); right: normalized UV-vis spectra of 10-6 M of 

TPPS at pH 3.6 in the presence of PV10 and PK-Im at ratios PK-Im/PV10/TPPS of 0/90/1 (a), 10/80/1 (b), 

30/60/1 (c), 50/40/1 (d). 

 

At lower pH values, aggregates appear caused by the close confinement of the dyes in the polymer domain. 

On the other hand, a higher tendency of TPPS to bind PK-Im can be seen in Figure 2.9 (right) in the presence 

of both PV10 and PK-Im. For this experiment, the total amount of polymeric positive charges has been set 

constant, and the ability of PV10 to induce TPPS self-aggregation is overcome by the presence of low 

concentrations of PK-Im relative to PV10 concentration. All this indicates the ability of this polymer to bind 

and disperse TPPS.  

 

2.3.7 Dispersion ability of TPPS in the presence of PK-Py and PK-Im  

In the above sections, we have used TPPS solutions at a concentration of 10-6 M, at which the pristine dye 

does not aggregate. However, at a concentration of 10-4 M, the dye self-aggregates at acid pH, as can be seen 

in Figure 2.4 (left). While in the diluted regime PALA and PV10 induce TPPS self-aggregation, PK-Py and 

PK-Im showed the ability to stabilize the tetra-anionic form of TPPS dispersing it on the polymeric chains at 

acid pH. On the contrary, P4VPy cannot prevent TPPS self-aggregation at pH 2. Thus, the ability of these 

polymers to disperse the dye in the concentrated regime (10-4 M) at pH 2 is investigated. It can be seen in 

Figure 2.10 that in the presence of 9-fold excess of the polymers, dispersion of the dye on the polymeric 

binding sites is observed at this pH for PK-Im and PK-Py, since the sharp Soret band appears at 424 nm, 

while TPPS J-aggregates appear in the presence of P4VPy, as seen by the broad band centered at 488 nm.  
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Figure 2.10. Normalized UV-vis spectra of 10-4 M of TPPS at pH 2 in the absence of any polyelectrolyte (a) 

and in the presence of 9 · 10-4 M of P4VPy (b), PK-Py (c), and PK-Im (d). 

 

These facts can then be correlated with the findings at a TPPS diluted regime (10-6 M), as shown in Table 2.2. 

 

2.3.8 Polycations interaction with TPPS  

The experiments shown in this work highlight the sensitivity of polycations to the binding of aromatic 

counterions such as dyes that have the ability to self-aggregate. All the polymers studied here influence the 

aggregation patterns of TPPS, all in a different way, although they bear, in some cases, the same aromatic 

functional groups. Typical polyelectrolytes such as PALA enhance TPPS self-aggregation by a cooperative 

mechanism, since at both low and moderate excess of the polymer the dye self-aggregate (data not shown), 

and stabilizes the tetra-anionic form of the dye up to pH 2.2. The presence of aromatic moieties in the 

polymers may provide different characteristics to the TPPS / polymer systems. As seen with polyanions and 

positively charged dyes, the behavior of the system strongly depends on variables among which the nature of 

the functional groups, the localization of the charges in the polymer structure (mainly on aromatic rings or in 

aliphatic groups), flexibility, hydrophobicity, linear charge density, and linear aromatic density in the 

polyelectrolytes are determinant [5-8]. Thus, a flexible polymer presenting a low linear aromatic density 

such as PV10, also enhances TPPS self-aggregation at neutral pH, but do not stabilize the tetra-anionic form 

of TPPS as much as PALA does, despite the transition pH between H2TPPS4- and H4TPPS2- is lowered 

almost of two units with respect to the case in which no polyelectrolyte is present. A similar transition pH 

shift of around two units is found for P4VPy. However, this polymer, which exhibits a higher linear aromatic 

density than PV10, not only presents a lower tendency to enhance the formation of H-aggregates, but 

produces association between the dye and the pyridinium groups by means of aromatic-aromatic interactions, 

reflected in a shift of the monomer band to lower energies [45]. PK-Py and PK-Im, by providing rigidity and 

hydrophobicity, produce aromatic-aromatic interactions between their aromatic charged groups and the dye. 

Consequently, the tetra-anionic H2TPPS4- is stabilized up to pH lower than 2, and the formation of H-
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aggregates is practically prevented in the presence of a sufficient excess of the polymers. In particular, the 

polymer bearing imidazolium groups appears to produce stronger interactions than the one bearing 

pyridinium moieties. Besides, it is able to disrupt H2TPPS4- H-aggregates stabilized by PV-10, although a 

higher excess of the latter is present in solution. 

 

2.4 Conclusions 

Polyketone derivatives containing imidazolium (PK-Im) and pyridinium (PK-Py) groups have been 

successfully synthesized by Paal-Knorr modification of aliphatic polyketones and their structures have been 

investigated by elemental analysis, FT-IR and 1H-NMR spectroscopies. These polymers undergo aromatic-

aromatic interactions with H2TPPS4- as evidenced by a shift of 10 nm of the Soret band to lower energies. 

Besides, the interaction produces a stabilization of the tetra-anionic form of TPPS, avoiding the formation of 

the di-anionic H4TPPS2- and its self-aggregation up to pH lower than 2. In the presence of a large excess of 

PK-Py (90-fold), H4TPPS2- is formed at pH 1.4 or lower, while in the presence of PK-Im, it is not formed at 

all even in strong acidic conditions such as pH 1.3. As in the case of P4VPy, a low excess of these polymers 

is enough to produce dispersion of H2TPPS4- on their environment, while other polycations such as PALA 

and PV10 enhance its self-aggregation in the form of H-aggregates. While the aliphatic polyamine PALA 

stabilizes these H2TPPS4- aggregates up to pH 2.2, below which H4TPPS2- J-aggregates appear, the 

polyelectrolytes containing aromatic groups (P4VPy and PV10) prevents the formation of H4TPPS2- J-

aggregates only up to pH around 3.2. The influence of the polyelectrolytes on the aggregation patterns of 

TPPS strongly depends on the polymer structure as a whole: low linear aromatic density and flexibility 

enhances H-aggregation of H2TPPS4-; higher linear aromatic density and rigidity helps preventing the 

formation of these H-aggregates. 
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