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Abstract In this investigation, poly(vinyl alcohol) was

chemically modified by the introduction of different

amounts of N-phthaloyl-L-phenylalanine. The modification

was carried out by the reaction of PVA hydroxyl groups

with (2S)-3-phenyl-2-phthalimidylpropanoyl chloride

using N,N-dimethyl acetamide/lithium chloride as a reac-

tion media. The novel copolymers obtained were charac-

terized by spectroscopic techniques, elemental analysis, X-

ray diffraction and thermal methods. Optical rotation and

viscosities were also measured. The degree of esterification

was determined by 1H-NMR. The influence of reagent

molar ratio on the degree of modification was also evalu-

ated. The vinyl(3-phenyl-2-phthalimidopropanoate) con-

tent in the copolymer was attained up to 52%. Thermal

stability of the copolymers was checked by thermogravi-

metric analysis and differential thermogravimetric analysis.

All copolymers displayed improved thermal stability

compared to the parent polymer.

Keywords L-Phenylalanine � Poly(vinyl alcohol) �
Optically active polymers � Copolymer � Biologically

active polymer � Thermal stability

Introduction

In recent years, the need of polymers and copolymers with

more complex architecture for specific applications in

industry and science led to the development of chemical

modification of some commercially available synthetic

polymers. This modification is an important technique

for obtaining new polymers with improved properties

and therefore increases the scope of their applications.

Poly(vinyl alcohol) (PVA) is especially suitable for that

purpose because it can be easily modified through its

hydroxyl groups. PVA, a nontoxic, semicrystalline, poly-

hydroxy polymer, is the largest volume, synthetic water-

soluble plastic in use (Goodship and Jacobs 2005). It has

been widely used in different fields such as textile sizing

and has been utilized as a finishing agent, an emulsifier, a

photosensitive coating, and as an adhesive for paper, wood,

textiles, and leather (Goodship and Jacobs 2005; Utracki

2004). Besides, it has good membrane forming properties,

good chemical stability and most importantly it is cheap,

which is the prerequisite condition for commercial appli-

cations. Most recently, due to its degradable and nontoxic

properties PVA has been used in pharmaceutical and bio-

medical applications such as wound dressings (Saha et al.

2005; Sedlarik et al. 2006, 2007), artificial skin, coatings,

transdermal patches, cardiovascular devices (Thomas et al.

2009) and drug delivery systems (Orienti et al. 2001).

The most common PVA modification reactions are

esterification and etherification of the hydroxyl groups. The

esterification of PVA in order to prepare poly(vinyl alco-

hol-co-vinyl ester) have been carried out by reacting

the polymer with an acyl chloride (Cimenez et al. 1996;

Sahmetlioglu et al. 2004) and anhydrides (Baudrion et al.

1998; Bruzaud and Levesque 2000; Martensa et al. 2002).

Yagci and coworkers reported partial modification of the

S. Mallakpour (&)

Organic Polymer Chemistry Research Laboratory,

Department of Chemistry, Isfahan University of Technology,

84156-83111 Esfahān, Islamic Republic of Iran

e-mail: mallak@cc.iut.ac.ir; mallak777@yahoo.com;

mallakpour84@alumni.ufl.edu

S. Mallakpour � A. Barati

Nanotechnology and Advanced Materials Institute,

Isfahan University of Technology, 84156-83111

Esfahān, Islamic Republic of Iran

123

Amino Acids (2012) 42:1287–1295

DOI 10.1007/s00726-010-0823-9



PVA hydroxyl groups via ‘‘click’’ chemistry (Gacal et al.

2009). Because of the stronger intermolecular and intra-

molecular hydrogen bonding water is the only known

solvent for PVA (Goodship and Jacobs 2005). It is not

possible to synthesize an ester by homogeneous esterifi-

cation of PVA with the corresponding acid in aqueous

medium. To solve this problem, many dipolar aprotic sol-

vent and catalyst system such as N-methyl-2-pyrrolidone

(NMP) (Gimenez et al. 1999), N,N-dimethylpropylene urea

(DMPU) (Fernandez and Fernandez 2008), dimethyl sulf-

oxide (DMSO) (Ciminez et al. 1996), ethyl nitrate dimethyl

sulfoxide (DMSO) (Chetri et al. 2006), N,N-dimethyl

acetamide/lithium chloride (DMAc–LiCl) (Tosh et al.

1999) have been improved for modification of PVA.

Over the past decades, interest in green chemistry has

lead to a renewed interest in novel polymeric materials

containing amino acids (Mallakpour and Dinari 2009;

Mallakpour and Khani 2010; Mallakpour and Mirkarimi

2010; Mallakpour and Rafiee 2009). On the other hand,

PVA is the only vinyl-type synthetic polymer which has

been confirmed to be biodegradable, but its biodegradation

rate under natural environmental conditions is too slow that

cannot be applied as an industrial degradable polymer

(Chiellini et al. 2003; Corti et al. 2002). Therefore,

exploring new chemical modifications with biologically

active groups (Aoi et al. 2000; Takasu et al. 2003) as well

as building up miscible blends of PVA with other biode-

gradable polymers such as starch (Jayasekara et al. 2004;

Zhai et al. 2002), cellulose (Ibrahim et al. 2010; Nishiot

and John Manley 1988) and chitin (Aoi et al. 1997; Takasu

et al. 1999) are the most interesting approaches to improve

the poor biodegradability of PVA.

Optically active polymers are potentially suitable

for applications in biology, biomedicine, chiral media

for asymmetric synthesis, chromatographic methods for

enantiomer separation and optical devices. a-Amino acids

are natural chiral materials that have been widely used to

synthesize optically active compounds (Ghorai et al. 2007;

Luo et al. 2007; Mallakpour and Rafiee 2008a). Among

them, L-phenylalanine is an aromatic a-amino acid that

exists in two isomeric forms; D-phenylalanine and L-

phenylalanine. Due to the different biological natures and

pharmacological activities of both enantiomers, it is

important to use them in their pure forms for specific

therapeutic uses. Recently, we have synthesized optically

active polymers containing a-amino acids by different

methods such as modification of polybutadiene with an

optically active substituted urazole group, (Mallakpour

et al. 1998, 1999a, b) and polycondensation reactions of

an optically active monomer with different diamines

(Mallakpour and Rafiee 2008b), diols (Mallakpour and

Asadi 2010) and diisocyanates (Mallakpour and Taghavi

2008). These synthetic polymers based on a-amino acids

are expected to be biodegradable (Mallakpour et al. 2010a,

b, c).

So far, no study has been reported in the literature

related to the synthesis of optically active copolymer based

on PVA. Although modification of PVA with biologically

active compound containing chiral center was performed

(Dumitriu et al. 2006), use of dicyclohexyl carbodiimide/

N,N-dimethyl amino pyridine caused racemization and

optical rotation was not observed (Dhaon et al. 1982;

Dumitriu et al. 2006). In the present study, attempts were

made to synthesize and characterize a novel, optically

active poly(vinyl alcohol-co-vinyl-3-phenyl-2-phthalimi-

dopropanoate) (VA-VPP) by the modification of virgin

PVA with N-phthaloyl-L-phenylalanine (P-phe) as a chiral

and bioactive reagent. These copolymers have been pre-

pared using DMAc-LiCl as a solvent system.

Experimental

Materials

All chemicals were purchased from Fluka (Buchs, Swit-

zerland), Aldrich (Milwaukee, WI), Riedel–deHaen AG

(Seelze, Germany) and Merck. L-phenylalanine (Phe)

(C9H11NO2, 165.19 g mol-1, C99%) and PVA (molecular

weight Mw = 72,000 g mol-1, degree of hydrolysis 99%)

were obtained from Merck Chemical Co. PVA was rigor-

ously dried at 80�C in vacuo for 3 h until a constant weight

was obtained. N,N-Dimethylacetamide (DMAc) was dried

over barium oxide and purified by distillation under

reduced pressure. LiCl was dried at 100�C overnight and

stored in a desiccator until used.

Instrument and measurement

FT-IR spectra of the hybrid films were recorded with a

Jasco-680 (Japan) spectrometer at a resolution of 4 cm-1.

The spectra of solids were obtained using KBr pellets. The

pressed disk containing 2 mg of the sample and 200 mg of

fine grade KBr was scanned at wavenumber range

of 400–4000 cm-1. Proton nuclear magnetic resonance

(1H-NMR, 500 MHz) spectra were recorded in DMSO-d6

solution using a Bruker (Germany) Avance 500 instrument.

Inherent viscosities (ginh) were measured by a standard

procedure using a Cannon–Fenske Routine Viscometer

(Cannon, Mainz, Germany) at a concentration of

0.5 g dL-1 at 25�C. Specific rotations were measured by a

JASCO Polarimeter to confirm incorporation of chiral

biologically active structure in PVA backbone. Quantita-

tive solubility of copolymers in various polar and non-polar

solvents was determined using 5 mg of the polymer in

1 mL of solvent. Elemental analyses were performed by
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Leco, CHNS-932 in Isfahan University (Isfahan, Islamic

Republic of Iran). Thermogravimetric analysis (TGA) data

for PVA and copolymers were taken on Perkin Elmer in

nitrogen atmosphere at a heating rate of 10�C min-1 from

room temperature to 800�C. The X-ray diffraction (XRD)

patterns were recorded by employing a Philips X’PERT

MPD diffractometer (Cu Ka radiation: k = 0.154056 nm at

40 kV and 30 mA) over the 2h range of 10–100� at a scan

rate of 0.05� min-1.

N-phthaloylation of L-phenylalanine

(2S)-3-Phenyl-2-phthalimidylpropanoic acid (4) was pre-

pared and characterized by a reported procedure (Bose

et al. 1958; Zeng et al. 2004). Briefly, 1 g (6.75 mmol) of

phthalic anhydride (1) and 1.12 g (6.75 mmol) of L-phen-

ylalanine (2) were heated in 10 mL of refluxing dimeth-

ylformamide for 45 min (Scheme 1). The product, isolated

by pouring the reaction mixture into 30 mL of ice and

water, a white precipitate was formed, filtered off and

dried, to give 1.83 g (92%) of imide acid (4) m.p.

180–182�C.

Synthesis of optically active compound 5

(2S)-3-phenyl-2-phthalimidylpropanoyl chloride (5) was

prepared according to our previous report (Mallakpour and

Sepehri 2008). Briefly, into a 25 mL round-bottomed flask,

1 g (3.4 mmol) of compound 4, 5 mL of thionyl chloride,

5 mL of dichloromethane and a stirring bar were placed.

The stirrer was started and the mixture was refluxed for 4 h

at 45�C (Scheme 1). The solvent was removed via distil-

lation and 3 mL of n-hexane was added and stirred for

30 min. n-Hexane was distilled off, and the product was

collected and dried in vacuum to give 0.98 g (94%) of

white solid ½a�25
D = -120 (0.05 g in 10 mL of DMF)

m.p. = 82�C.

Synthesis of optically active VA-VPP copolymers

A typical experimental procedure is as follows: The DMAc-

LiCl solvent system was prepared by dissolving 0.28 g

(7.1 mmol) of LiCl in 6 mL of DMAc at 40�C in a 25 mL

round-bottom flask equipped with a magnetic stirrer. The con-

centration of LiCl in the solvent system was maintained at

equivalent to OH group of PVA, according to the literature

(Tosh et al. 1999). Then 0.30 g (6.81 mmol equivalent to OH

group of repeating unit) of PVA was added and the mixture was

heated at 50�C for 1 h, after which a clear solution was obtained.

The PVA solution was cooled to 0�C in an ice bath, then

esterification of PVA was conducted by adding different molar

ratios of optically active compound (5/OH group of repeating

unit 0.25/1, 0.50/1, and 1/1 (mol/mol)) at 0�C for 1 h and the

solution was stirred for 16 h at room temperature. The viscous

reaction mixture was poured into 30 mL of cooled distillated

water to remove DMAc and LiCl, resulting in the precipitation

of VA-VPP copolymer. The white precipitate was washed

with methanol for three times to obtain purified VA-VPP

copolymer. The final product was then dried under vacuum at

70�C for 8 h, ground in a mortar, and submitted to analyses.

Result and discussion

Modification of PVA with N-phthaloyl-L-phenylalanine

(P-phe)

The most common way to esterify polymers containing

functional hydroxyl groups is the reaction of these groups

Scheme 1 synthesis of (2S)-3-

phenyl-2-phthalimidylpropanoyl

chloride (5)
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with acyl chlorides using an appropriate solvent in homo-

geneous medium. In the case of PVA these solvents must

be very polar solvents with high dipole moment such as

DMAc and DMSO. According to Scheme 2, PVA was

esterified with different amounts of (2S)-3-phenyl-2-

phthalimidylpropanoyl chloride (5) by a homogeneous

process using DMAc-LiCl as solvent system. The experi-

mental results are presented in Table 1. Since only a partial

modification was desired, a considerable number of

hydroxyl groups of PVA remained in the final copolymer

which interacted with the DMAc and making their com-

plete elimination difficult, therefore giving a low yield of

pure product. The results showed that yields increased with

the degree of modification, probably because it makes them

more insoluble in the precipitation mixture making more

efficient the isolation of the product. Using the ratios

specified in the experimental part, copolymers with a

modification degree of 18 P-phe units (VA-VPP18), 42 P-

phe units (VA-VPP42) and 52 P-phe units (VA-VPP52)

per 100 total units were obtained. The vinyl(3-phenyl-2-

phthalimidopropanoate) content (VPPC) values are plotted

in Fig. 1 as a function of the feed molar ratio of 5 to

hydroxyl group of PVA (mol/mol). The VPPC value is

increased up to 52% with an increase of 5/OH. The degrees

of modification did not coincide with the ratio of the

reagents in the feed. Yields of the modification were cal-

culated on the basis of amounts of the substituted PVA and

acyl chloride (5). In order to get the maximum degree of

modification different 5/OH (mol/mol) ratios (0.25/1, 0.50/

1, and 1/1) were used, but increasing the amount of 5 did

not increase the degree of esterification very much. Like-

wise, different reaction times were also tested (1, 4, 16, and

24 h) but longer reaction times did not improve the degree of

esterification and a maximum modification was reached at

16 h. Because the incorporated bulk optically active group

prevents the proximity of other P-phe and –OH groups,

therefore, increase in reaction time has no significant effect

in VPPC. The resulting copolymers show optical rotations

(Table 1), which indicate that during the reaction process the

chiral centers do not change, and therefore the chirality is

introduced into the backbone of the polymers. The resulting

copolymers showed white colors and exhibited inherent

viscosities of 1.06–1.60 dL g-1 in DMSO at 25�C (Table 1).

With increase in VPPC the viscosity of copolymers

decreases, because of decrease in the intra and intermolec-

ular hydrogen bonding between copolymer chains.

Scheme 2 Synthesis of VA-

VPP copolymers by the

esterification reaction of PVA

with (5)

Table 1 Synthesis and some physical properties of optically active VA-VPP copolymers

Polymer 5/OH (%)a VPPC (%)b Yield (%) Yield of modification (%) ½a�25c
D

ginh (dL g-1)c

VA-VPP18 25 18 68 72 -106 1.60

VA-VPP42 50 42 73 84 -158 1.18

VA-VPP52 100 52 81 52 -135 1.06

a Feed molar ratio of 5 to hydroxyl groups in PVA (mol/mol)
b Obtained from 1H-NMR
c Measured at a concentration of 0.5 dL g-1 in DMSO at 25�C

Fig. 1 VPPC (%) as a function of feed molar ratio of 5 to hydroxyl

group of PVA (mol/mol)
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Characterization of the molecular structure of VA-VPP

copolymers

PVA was converted to VA-VPP copolymers by esterifica-

tion with compound 5, the copolymers obtained were

characterized by FT-IR and 1H-NMR. Figure 2 presents the

FT-IR spectrum of PVA and of the corresponding VA-VPP

copolymers. The spectrum of the optically active com-

pound 5 was also included for comparison. The partial

modification of PVA was confirmed by FT-IR spectros-

copy (Fig. 2), since in all cases the characteristic band at

3,450 cm-1 (OH group) was observed even when the

stoichiometric ratio of optically active compound and PVA

was used (VA-VPP52). The absorption at 2,900–3,000

cm-1 is associated with the C–H stretching mode. In

addition, the C=O stretching absorption of ester group at

1,715 cm-1 was observed in all copolymers. The peak at

1,386 and 730 cm-1 shows the existence of the imide

heterocycle in these copolymers. Detailed information on

the molecular structure of VA-VPP was obtained from the
1H-NMR spectrum. Figure 3 shows the 1H-NMR spectrum

of a sample of VA-VPP42 with the assignment of signals in

the copolymer. The copolymer provides not only the sig-

nals due to the feature of the original PVA backbone

structure (Ohgi and Sato 2002; Wu and Ovenal 1973) but

also shows the signals due to VPP group. The broad mul-

tiplet at 1.4–1.9 ppm corresponds to the main chain

methylene resonance (a, a0) in copolymer. The resonance at

2.1 ppm corresponds to the methyl of residue acetate group

from poly(vinyl acetate). The signals at 3.3 ppm and

3.8 ppm in the spectrum of the copolymer are attributable

to the methylene (b, b0) group of phe and methine (c)

protons of PVA units, respectively. The hydroxyl protons

of unmodified PVA unit (d) are separated into triads

between 4.1 and 4.7 ppm. The signal centered at 5.2 ppm

(e, e0) is assignable to methine proton of the esterified units

and chiral center of L-phenylalanine. The resonance of

aromatic protons (f, g) of P-phe group appears at 7.1 and

7.7 ppm. The modification of PVA also confirmed via

elemental analysis (Table 2) and found to agree satisfac-

torily with the 1H-NMR data. These findings clearly

demonstrate that the novel optically active VA-VPP

copolymers were successfully formed by the homogeneous

esterification.

Determination of VPPC

The vinyl(3-phenyl-2-phthalimidopropanoate) content

(VPPC) was calculated by 1H-NMR from the signal area

intensity ratio between the protons due to VPP groups and

those due to the polymer backbone. When each integral

value will be expressed by putting I in front of the corre-

sponding signal, e.g. IC6H4ðgÞand ICH2ðaþa0Þ which are the

integral values of peak area of C6H4(g) proton signal and of

the CH2(a) and CH2(a0) signals, VPPC may be calculated

by the following equations:
Fig. 2 FT-IR spectra of 5 (a), unmodified PVA (b), VA-VPP18 (c),

VA-VPP42 (d) and VA-VPP52 (e) copolymers

Fig. 3 1H-NMR spectra (500 MHz) of VA-VPP42 copolymer

recorded in DMSO-d6

Table 2 Elemental analysis of VA-VPP copolymers

Polymer 1H-NMRa Elemental analysisb

%C %H %N %C %N %H

VA-VPP18 64.69 6.37 2.68 62.34 6.14 2.67

VA-VPP42 68.40 5.37 3.66 65.6 5.41 3.53

VA-VPP52 69.18 5.20 3.87 67.13 5.52 3.46

a Calculated value from 1H-NMR
b Calculated value in elemental analysis
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VPPC ¼
IC6H4 ðgÞ

2ICH2ðaþa0Þ
ð1aÞ

VPPC ¼
IC6H5 ðfÞ

5ICH2ðaþa0Þ
ð1bÞ

VPPC ¼
IC6H4 ðgÞ

4IOH ðdÞ þ IC6H4 ðgÞ
ð1cÞ

VPPC ¼
IC6H5 ðfÞ

5IOH ðdÞ þ IC6H5 ðfÞ
ð1dÞ

where a, a0, d, f and g are signals assigned in Fig. 3. Mean

VPPC values obtained from these equations mentioned in

Table 1.

Solubility of VA-VPP copolymers

The water resistance is a very important property for PVA-

based materials used in industrial applications such as food

packaging films. Studies on the water resistance of PVA

and VA-VPP copolymers were carried out according to

solubility measurements. Quantitative solubility of poly-

mers is listed in Table 3. PVA is soluble in water and

DMSO, but insoluble in other organic solvents. Solubility

of PVA in organic solvents was improved by the modifi-

cation because the esterification decreases the number of

hydroxyl groups contributing to strong intra and intermo-

lecular hydrogen bonding. These results indicate that the

chemical modification of PVA by the P-phe is an effective

method for the improvement of water resistance compared

to virgin PVA. Moreover, VA-VPP copolymers were not

swollen or sticky when immersed in water.

Thermal analysis of VA-VPP copolymers

It is well known that thermal stability is the most crucial

property for melt processing of PVA (Goodship and Jacobs

2005). It should, therefore, be desirable that the chemical

modification of PVA can provide an improved melt pro-

cessing ability. Thermal stability of the VA-VPP copoly-

mers were investigated by TGA/DTG and compared with

virgin PVA. The TGA curves are presented in Fig. 4 and

weight loss behaviors of the species are given in Table 4.

Three weight loss stages were observed in the TGA curve

for PVA film, as shown in the literature (Goiti et al. 2007;

Peng and Kong 2007). The first weight loss takes place at

50–170�C due to the evaporation of the trapped water; the

second stage at 200–350�C involves the elimination reac-

tions of water. The degradation step at 400–550�C is more

complex and includes the further degradation of polyene

Table 3 Quantitative solubility of PVA and VA-VPP copolymers

Solvent PVAa VA-VPP18 VA-VPP42 VA-VPP52

Water ? - - -

DMSO ? ? ? ?

DMF - - - -

DMAc - ? ? ?

Methanol - - - -

Chloroform - - - -

n-Hexane - - - -

Tetrahydrofuran - - - -

5 mg of polymer in 1 mL of solvent at room temperature, solubility

observed after 2 h

?, soluble; –, insoluble
a Degree of hydrolysis 99% as reported by supplier

Fig. 4 TGA (a) and DTG (b) curves of unmodified PVA and VA-

VPP copolymers with different VPPC

Table 4 The data obtained from TGA/DTG curves of PVA and VA-

VPP copolymers-residual mass at different temperature

Polymer % Residual mass

200�C 300�C 400�C 500�C 600�C 700�C 800�C

PVA 98.20 46.10 23.30 9.84 8.50 7.94 7.05

VA-VPP18 98.48 86.69 33.52 15.11 13.73 13.11 12.53

VA-VPP42 99.24 89.06 29.66 14.55 13.08 12.88 12.49

VA-VPP52 99.43 92.30 27.37 15.98 15.13 14.49 14.06
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residues to yield the carbon and hydrocarbons. TGA data

showed that the degradation for the VA-VPP18 is similar

to unmodified PVA and take place in three steps, but

thermal stability improved about 75�C. From DTG curves,

it was observed that the thermal decomposition of VA-

VPP42 and VA-VPP52 take place in two stages. The first

stage degradation is due to the elimination of water from

neighboring pairs of unmodified hydroxyl groups and the

second stage may attributable to the cleavage of the main

chain and side chain of copolymer. On the other hand, the

thermal data also reveals that the char yield of the VA-

VPP52 is enhanced approximately two folds compared to

pristine PVA because of the presence of more rigid and

bulky VPP groups. From these results, it can be expected

that the P-phe side chains may serve as an effective internal

plasticizer and improved melt processing property of PVA.

XRD studies of copolymers

Based on the principle of polymer physics, the polymer

with higher crystallinity would have higher melting point

(Yang et al. 2008). The effect of modification on the

structure of PVA was further characterized with XRD and

shown in Fig. 5. Due to the high hydrogen bond of

hydroxyl groups in the PVA chain, the crystalline area of

pure PVA was formed. Two peaks for the PVA were found,

one peak with high intensity appears at about 2h = 19.5o

and another peak with low intensity appears at about

2h = 41o. The degree of crystallinity decreased with the

increase of VPPC in the VA-VPP copolymers. The reason

is that the hydrogen bonding effect between PVA mole-

cules weakens as a result of esterification. Thus from this

XRD data it is understood that the modification disrupts the

crystalline phase of PVA which decreases melting point

and caused increase the difference between melting point

and decomposition temperature.

Conclusions

In this study, novel optically active VA-VPP copolymers

containing P-phe as biologically active moieties were

successfully synthesized through esterification reaction of

PVA with acyl chloride (5) using DMAc/LiCl as reaction

medium. Different feed molar ratios of compound 5 to

PVA have obvious effects on VPPC and properties of the

obtained copolymers. Because of the existence of amino

acids in the copolymer side chain these copolymers are

expected to be potentially more biodegradable. In addition,

the resulting copolymers are optically active and can be

used as a chiral support in asymmetric synthesis and chiral

stationary phase in chromatographic technique for the

separation of enantiomeric mixtures. Studies on thermal

degradation of polymers are a matter of major interest for

determining the thermal stability of the polymers. Ther-

mogravimetry has been extensively used for such studies.

The results presented herein also clearly demonstrate that

incorporation of the phthalimide group into the copolymer

side chain enhanced the thermal stability of the new

copolymers. Due to partial esterification, remaining

hydroxyl group in this copolymer can be used for synthesis

of optically active three-dimensional networks by reaction

with different difunctional compounds in a further step.
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