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Abstract:  

The synthesis of a series of poly(alkyl ethylene imine) (PalkylEI) with varying side chain lengths of 1, 

2, 3 and 10 carbon atoms as well as a benzyl side group was performed. A series of polymers was 

synthesized from a direct reduction reaction of the corresponding poly(2-oxazoline) while another 

series was synthesized via (reductive) alkylation of linear poly(ethylene imine) (PEI). The thermal and 

solubility properties of the resulting polymers were investigated and compared to the starting poly(2-

oxazoline)s in order to study the effects of removing the carbonyl from the polymer structure. 1H-NMR 

spectroscopy revealed quantitative formation of the PalkylEI, i.e. no residual signals of the poly(2-

oxazoline) or linear PEI were observed. Thermal investigations revealed that the thermal transitions, 

melting and glass transition temperatures, significantly decreased after decarboxylation due to an 

increase in chain flexibility. Furthermore, solubility measurements indicated that the PalkylEIs are 

more hydrophobic compared to the corresponding poly(2-oxazoline)s, whereby poly(ethyl ethylene 

imine) revealed pH and temperature responsive solubility behavior in water.  
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Introduction 

Poly(2-oxazoline)s are widely studied because of the ease and versatility to vary the side group. Methyl 

and ethyl substituents are hydrophilic water soluble polymers while longer alkyl side chains as well as 

aromatic groups result in hydrophobic water insoluble polymers.[1

In contrast to poly(2-oxazoline)s, there are a limited number of studies reported on poly(alkyl ethylene 

imine)s (PalkylEI). Because the PalkylEI and poly(2-oxazoline) only differ in molecular structure by 

the carbonyl group in the side chain, PalkylEI are an interesting class of polymers for studying 

structure-property relationships and to evaluate the influence of this carbonyl group. It is not possible to 

synthesize linear alkylated PEI via the ring opening polymerization of N-alkyl ethylene imines because 

of chain transfer reactions causing branching. This branching occurs in a similar way as described for 

the cationic ring opening polymerization of ethylene imine.[19,20] For the preparation of linear PalkylEI, 

two possible routes are known in literature. One route is the alkylation of linear PEI and a second route 

is the reduction of poly(2-oxazoline)s. Frech et al.[21,22] synthesized linear poly(methyl ethylene imine) 

(PMEI) and linear poly(ethyl ethylene imine) (PEEI) via the alkylation of linear PEI and investigated 

their conductivities. Additionally, PMEI is also described in literature by Tanaka et al.[23,24] who 

performed the Eschweiler-Clarke reductive N-methylation. The properties of PMEI were reported as 

viscous oil but when exposed to air it readily absorbed moisture and solidified by hydrate formation. 

Moreover, linear alkylated PEIs were also described in literature by Saegusa et al.[25] who prepared 

,2] Furthermore, the length of the 

alkyl side group has a significant influence on the thermal and surface properties.[3] In literature, a large 

number of studies discuss structure-property relationships for poly(2-oxazoline)s, in some cases also 

using systematic variations in monomer composition.[4,5,6] Moreover, the synthesis of poly(2-

oxazolines) could be optimized by using single mode microwave reactors[7,8] opened the gate to a 

broader applicability of poly(2-oxazoline)s. Commercially relevant applications of poly(2-oxazoline)s 

have been documented in patents, including adhesives or coating formulations,[9-11] pigment stabilizers 

in inks[12] as well as personal care applications.[13-18] 
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linear PalkylEIs with various side chain lengths via the reduction of poly(2-oxazoline)s. Two possible 

routes were described utilizing LiAlH4 and AlH3, respectively, but a detailed study regarding the 

properties of the synthesized linear PalkylEI polymers was not reported in literature. Therefore, the 

effect of alkyl substitution on the properties of PalkylEI is not known and is expected to differ 

significantly from the corresponding poly(2-oxazoline)s due to the influence of the carbonyl group.  

In this manuscript we report the synthesis of linear PEI with alkyl side chains of varying lengths. Three 

polymers were synthesized by reduction of poly(2-oxazoline)s, namely poly(2-ethyl-2-oxazoline) 

(PEtOx), poly(2-nonyl-2-oxazoline) (PNonOx) and poly(2-phenyl-2-oxazoline) (PPhOX). 

Furthermore, linear poly(methyl ethylene imine) (PMEI), poly(ethyl ethylene imine) (PEEI) and 

poly(benzyl ethylene imine) (PBnEI) were synthesized by (reductive) alkylation of linear PEI. The 

thermal and solubility properties of all resulting polymers were investigated and compared to the 

corresponding poly(2-oxazoline)s to reveal the structure-property relations and investigate the 

influence of the oxygen in the side chain of the poly(2-oxazoline).  

 

Experimental section  

Instrumentation 

All chemicals were purchased from Aldrich and NonOx was kindly provided by Henkel. The 2-

oxazoline monomers and methyl tosylate were distilled over barium oxide (BaO) and stored under 

argon. Acetonitrile (ACN, Aldrich) was dried over molecular sieves (3Ǻ). THF was dried over sodium. 

Polymerizations were carried out in the single-mode microwave reactor Emrys Liberator (Biotage) with 

capped reaction vials. These vials were heated to 105 °C, allowed to cool to room temperature, and 

filled with argon before use. All microwave polymerizations were performed under temperature control 

(IR sensor). 

1H-NMR spectra were recorded on a Bruker AM500 spectrometer. All measurements were performed 

in deuterated chloroform. Chemical shifts are given in part per million with respect to tetramethylsilane 
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or residual solvent signals. Size exclusion chromatography (SEC) was measured on a system equipped 

with a Waters 1515 Isocratic HPLC pump, a Waters 2414 refractive index detector (40 °C), a Waters 

2707 autosampler, a PSS PFG guard column followed by 2 PFG-linear-XL (7 μm, 8*300 mm) columns 

in series at 40 °C. Hexafluoroisopropanol (HFIP, Apollo Scientific Limited) with potassium trifluoro 

acetate (3 g/L) was used as eluent (flow rate of 0.8 mL min-1) since this eluent could suppress 

interactions between the PalkylEI and the column material. The molecular weights were calculated 

against poly(methyl methacrylate) standards (polymer laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Thermal transitions were determined on a DSC Q100 from TA Instruments. Sample weights were 

in the range from 3 to 10 mg. The samples were measured in closed aluminium cups with a heating and 

cooling rate of 20 K min-1 for both the glass transition temperatures and melting points (three 

measurements per sample after an initial first heating run that was not considered for the subsequent 

calculations).   

The solubility measurements were performed by heating the polymer (5.0 mg/mL) in a solvent mixture 

of ethanol (Biosolve) and deionized water (Laborpure, Behr Labor Technik). The investigated 

temperature range was -20 °C to 105 °C with heating and cooling ramps of 1 °C min-1. During these 

controlled heating and cooling cycles (two cycles per sample), the transmission through the solutions 

was monitored with red light in a Crystal 16 TM from Avantium Technologies.[26] Four blocks of four 

parallel temperature controlled sample holders are connected to a Julabo FP40 cryostat allowing 16 

simultaneous measurements. All vials were visually inspected after the heating program to facilitate the 

interpretation of the observed transmission profiles. The presented cloud point temperatures correspond 

to the dissolution temperature at 50% transmittance from the second heating run.  

 

Synthesis of poly(2-oxazoline)s 

The synthesis of the poly(2-oxazoline)s was performed as previously described.[27] The polymerization 

mixtures for the microwave-assisted synthesis of poly(2-methyl-2-oxazoline) (PMeOx), poly(2-ethyl-2-
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oxazoline) (PEtOx), poly(2-phenyl-2-oxazoline) (PPhOx) and poly(2-nonyl-2-oxazoline) (PNonOx) 

homopolymers were prepared by weighing all reagents under an argon atmosphere. In each vial the 

corresponding 2-oxazoline monomer, methyl tosylate and acetonitrile were added, resulting in a total 

monomer concentration of 4 M and a monomer to initiator ratio of 100. The microwave vials were 

subsequently heated to 140 °C to reach full conversion. The polymerization mixtures were quenched 

after microwave heating by the automated addition of water. The resulting homopolymers were dried 

under reduced pressure at 40 °C to remove the solvent and residual monomer. All synthesized 

polymers were subsequently analyzed by SEC to reveal the molecular weight distribution and 

polydispersity index. Further characterization was performed by thermal and solubility measurements 

to determine selected polymer properties.  

 

Figure 1. Schematic representation of the different synthesis routes to linear PalkylEI with varying side 

chain lengths.  

 

Synthesis of PPEI, PBnEI and PDeEI via (reductive) alkylation 

The synthesis of linear poly(propyl ethylene imine) (PPEI), linear poly(benzyl ethylene imine) (PBnEI) 

and linear poly(decyl ethylene imine) (PDeEI) were performed starting from the corresponding poly(2-

oxazoline)s, namely PEtOx, PPhOx and PNonOx, respectively. The procedure is described in detail for 

the reduction of PEtOx to PPEI and is performed in a similar manner for PPhOx and PNonOx.  
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The reduction of the amide was performed as described by Perner et al.[28] Two gram of PEtOx was 

dissolved in 60 mL dry tetrahydrofuran (THF) under nitrogen atmosphere, to which a solution of 25 

mL of a 2 M borane/dimethylsulfide (BH3/DMS) solution in THF was slowly added. The resulting 

solution was allowed to reflux for 32 hours. After cooling to ambient temperature, THF and DMS were 

removed under reduced pressure. To destroy the excess borane and borane amine complex formed 

during the reduction, 20 ml of 6 N HCl was added and the mixture was refluxed for 2 hours. After 

cooling the reaction mixture to ambient temperature, NaOH was added until pH > 8 and the polymer 

was extracted with CH2Cl2. The resulting organic phase was dried with NaSO4, filtered and the 

remaining solvent was evaporated under reduced pressure. (for a schematic representation of the 

synthesis route, see A in Figure 1). The final products were characterized by 1H-NMR spectroscopy 

and SEC. 

1H NMR PPEI (500 MHz, CDCl3): δ = 0.83 (-NCH2CH2CH3), δ = 1.43 (-NCH2CH2CH3) δ = 2.38 (-

NCH2CH2CH3) δ = 2.51 (-NCH2CH2N-). 

1H NMR PBnEI (500 MHz, CDCl3): δ = 2.37 (-NCH2CH2N-), δ = 3.38 (-NCH2C6H5), δ = 7.13 -7.19 (-

NCH2C6H5). 

1H NMR PDeEI (500 MHz, CDCl3): δ = 0.87 (-NCH2(CH2)8CH3), δ = 1.25 (-NCH2(CH2)8CH3), δ = 

2.42 – 2.80 (-NCH2CH2N- + -NCH2(CH2)8CH3). 

 

Synthesis of linear PEI  

Linear PEI was synthesized starting from 5.7 g poly(2-ethyl-2-oxazoline), which was subsequently 

hydrolyzed in 70 ml of concentrated (35%) HCl and 50 ml of water at 100 °C for 48 hours.[29] The 

excess of HCl was removed under reduced pressure and the remaining solid was dissolved in 50 ml of 

water. The resulting mixture was made alkaline by adding aqueous NaOH and the formed white 
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precipitate was filtrated and washed with water until neutral. The solid was recrystallized in water and 

finally lyophilized (for the schematic representation, see B in Figure 1).  

1H NMR PEI (500 MHz, CDCl3): δ = 1.92 (-NH(CH2CH2)-) δ = 2.72 (-NH(CH2CH2)-). 

 

Synthesis of PBnEI via the alkylation of PEI. 

Linear PEI was alkylated by nucleophilic substitution with benzyl bromide to obtain PBnEI. Therefore, 

1 g of linear PEI was dissolved in 100 mL of ethanol. Subsequently, 4 g of benzyl bromide and 6.9 g of 

potassium carbonate (K2CO3) were added to the solution that was allowed to reflux for 16 hours. After 

cooling to room temperature, 100 mL of water was added and the ethanol was removed under reduced 

pressure. The product was finally extracted with CH2Cl2 from the water layer and dried with MgSO4. 

The remaining DCM was removed under reduced pressure. The characterization was performed with 

1H-NMR spectroscopy and SEC.  

1H NMR PBnEI (500 MHz, CDCl3): δ = 2.37 (-NCH2CH2N-), δ = 3.38 (-NCH2C6H5), δ = 7.13 -7.19 (-

NCH2C6H5). 

 

Synthesis of PEEI 

Linear poly(ethyl ethylene imine) (PEEI) was synthesized starting from linear PEI because it was found 

that PMeOx is not sufficiently soluble in any solvent suitable for the reduction reaction. The first step 

towards PEEI was performed by reductive alkylation as described by Gribble,[30] 1.815 g of linear PEI 

was dissolved in 75 ml acidic acid and stirred at 55 °C under nitrogen atmosphere. During a period of 1 

hour, 7.3 g sodium borohydride (NaBH4) was slowly added and the solution was allowed to react for 

20 hours. After cooling to ambient temperature, the solution was diluted with 70 ml water and NaOH 

was added until pH > 8. The polymer was subsequently extracted with CH2Cl2 and the resulting 

organic phase was washed with saturated NaHCO3 solution and dried with Na2SO4. After filtration, 
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CH2Cl2 was removed under reduced pressure and the resulting viscous product was further dried under 

reduced pressure. However, the obtained polymer, which is soluble in THF, still contained ~50% amide 

units and, thus, further reduction was performed by the method described for PPEI (for the schematic 

representation see C in Figure 1). It was found that during this method, the polymer was not easily 

extracted with CH2Cl2 from the alkaline solution, therefore the water phase was removed under 

reduced pressure and CHCl3 was added to extract the polymer from the remaining solid. The solution 

was filtered to remove the NaOH and dried over Na2SO4. To obtain the final polymer, CHCl3 was 

removed under reduced pressure. The presence of the N-ethyl group and absence of the acetamino-

group were confirmed by 1H-NMR, 13C-NMR, COSY, HSQC and HMBC NMR spectroscopy.  

1H NMR PEEI (500 MHz, CDCl3): δ = 1.00 (-NCH2CH3), δ = 2.52 (-NCH2CH2N- + -NCH2CH3). 

13C NMR PEEI (300 MHz, CDCl3): δ = 10.79 (-NCH2CH3), δ = 47.61 (-NCH2CH3), δ = 51.36 (-

NCH2CH2N-). 

 

Synthesis of PMEI 

PMEI was prepared by reductive methylation of PEI as described by Tanaka et al.[23] Therefore, 2.5 g 

of linear PEI was dissolved in 50 ml water at 70 °C to which 63 ml of formaldehyde and 90 ml of 

formic acid was added. The resulting solution was heated to 105 °C for 24 hours. After cooling down 

to ambient temperature, 100 mL of 12 M HCl solution was added. The excess of formic acid, 

formaldehyde and HCl were removed under reduced pressure and the remaining product was dissolved 

in water. Aqueous NaOH was added until pH > 8 and the product was extracted with CHCl3. The 

organic phase was evaporated and the product was dried under reduced pressure. The characterization 

was performed with 1H-NMR spectroscopy and SEC.  

1H NMR PMEI (500 MHz, CDCl3): δ = 2.26 (-NCH3), δ = 2.52 (-NCH2CH2N-). 
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Results and discussion 

The synthesis of a series of PalkylEI was performed to investigate structure-property relations as well 

as to study the influence of the carbonyl group on the properties of the polymers by comparison with 

the corresponding poly(2-oxazoline)s. Here we report the synthesis and properties of a series of 

PalkylEI polymers with varying side chain lengths of 1, 2, 3 and 10 carbon atoms as well as a benzyl 

side group. Three polymers were synthesized from a direct reduction reaction of the poly(2-oxazoline) 

while three polymers were synthesized via (reductive) alkylation of linear PEI. The thermal and 

solubility properties of the resulting polymers were investigated and compared to the corresponding 

poly(2-oxazoline)s to study the effects of the change in polymer structure. 

 

Synthesis of PalkylEI polymers 

PalkylEI can be synthesized by alkylation of PEI via nucleophilic substitution of the corresponding 

alkylhalide. However, this reaction is known for overalkylation resulting in a fraction of quaternary 

amine groups. Therefore, a series of PalkylEI polymers was synthesized by using one of the routes 

shown in Figure 1. The first route involves direct reduction of poly(2-oxazoline)s resulting in linear 

PalkylEI (Route A in Figure 1). A second route was investigated starting from linear PEI, which was 

synthesized according to route B (Figure 1) and subsequent (reductive) alkylation reactions (Route C in 

Figure 1).  

The direct reduction of PEtOx, PPhOx and PNonOx could be performed in THF with BH3/DMS. After 

32 hours, the reduction was stopped and a purification step with HCl was performed to neutralize the 

excess of borane and destroy the borane amine complex to obtain the free tertiary amine.  
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Figure 2. 1H-NMR spectra for PEtOx (left) and PPEI (right) indicating quantitative conversion after 

the reduction reaction. 

 

To prove complete reduction of the poly(2-oxazoline) to PalkylEI, 1H-NMR spectroscopy was 

performed. Figure 2 depicts the 1H-NMR spectra of PEtOx and the corresponding synthesized PPEI. As 

can be observed from these two spectra, the signals corresponding to the PEtOx backbone, as well as 

the signals belonging to the CH2 and CH3 group of PEtOx side chain are shifting upfield and an 

additional peak of the CH2 group connected to the nitrogen is appearing at 2.4 ppm. For all three 

polymers, the 1H-NMR spectra indicated a complete reduction, i.e. no residual signals of the poly(2-

oxazoline)s were observed (not shown). SEC measurements were performed in hexafluoroisopropanol 

(HFIP) to suppress column interactions, except for PNonOx, which was not soluble in this particular 

solvent. The SEC chromatograms of the three polymers synthesized via route A are depicted in Figure 

3 (left) and the molecular weight as well as the polydispersity index are listed in Table 1. 
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Figure 3. Left: SEC chromatograms for the poly(2-oxazoline)s and poly(alkyl ethylene imine)s from 

direct reduction (PNonOx was insoluble in the SEC eluent hexafluoroisopropanol). Right: SEC 

chromatograms for PEEI, PMEI and PBnEI prepared by alkylation compared to linear PEI and PMeOx. 

 

Table 1: Molecular weights and polydispersity indices determined by SEC as well as glass transition 

temperatures and melting temperatures determined by DSC. 

  Mn,th 
(Da) 

Mn,SEC 
(Da) 

PDI Tg    
(°C) 

ΔCp   
(J/g·°C) 

Tm   
(°C) 

ΔH   
(J/g) 

Linear 
PEI 

4,300 18,000 1.14     69 151.1 

PMEI 5,700 8,100 1.70 29 0.39     

PMeOx 8,500 13,800 1.27 87 0.45     

PEEI 7,100 12,700 1.58 -32       

PEtOx 9,900 11,400 1.28 60 0.48     

PPEI 8,500 15,500 1.53         

PNonOx 19,700 15,100a 1.21a     148 40.4 

PDeEI 18,300 21,400 1.32     -24b   

PPhOx 14,700 13,100 1.16 114 0.37     

PBnEIc 13,300 20,600 1.31 -18 0.46     

PBnEId 13,300 13,600 1.17 -14 0.44     



 12 

a Mn and PDI determined by SEC with DMA/LiCl as eluent 
b Highest peak in spectra is depicted as melting temperature 
c PBnEI synthesized via route A 
d PBnEI synthesized via route C 
 

In general, the experimental molecular weight is increasing after the reduction reaction. Since the 

removal of the carbonyl group decreases the molecular weight, these results indicate that the 

hydrodynamic volume of the poly(2-oxazoline) in HFIP is smaller compared to the PalkylEI. Even 

though the chains of PalkylEI are more flexible compared to the poly(2-oxazoline)s, due to the absence 

of the rigid amide bonds, the larger basicity of the tertiary amines will result in strong hydrogen 

bonding with the HFIP, presumably resulting in the larger hydrodynamic volume. Furthermore, the 

SEC chromatograms for PPEI and PBnEI are similar to PEtOx and PPhOx, respectively, indicating that 

the backbone remains intact during the reduction. It should be mentioned, however, that the trace for 

PPEI is slightly broadened (tailing at higher elution times) compared to the starting PEtOx, which is 

probably caused by some interactions with the column. The molecular weight (Mn) values from SEC, 

depicted in Table 1, are higher than the theoretical values since all synthesized polymers have a DP of 

100, most likely due to the used calibration (PMMA standards) as was previously demonstrated by 

comparison with MALDI-TOF MS.[31] 

The synthesis of PEEI was performed starting from linear PEI due to the insolubility of PMeOx in any 

suitable solvent for the reduction reaction (route C, Figure 1). Linear PEI was prepared as described in 

literature by acidic hydrolysis of PEtOx (route B, Figure 1).[23,29] Subsequently, linear PEI was 

dissolved in acidic acid and NaBH4 was slowly added in a period of 1 hour. After the reaction, about 

half of the secondary amines were modified to ethylated monomer units, but some acetamido-groups 

were introduced as well. In a second step the reduction was completed utilizing BH3/DMS as reducing 

agent, facilitated by the solubility of the obtained polymer in THF. 1H-NMR spectroscopy revealed a 

qualitative conversion to PEEI (1H-NMR spectrum not shown). Further characterization was performed 
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utilizing 13C-NMR, COSY, and HMBC NMR spectroscopy, proving the absence of any acetamido-

groups (results not shown). Moreover, to complete the series of PalkylEI, poly(methyl ethylene imine) 

(PMEI) was synthesized. A known method, namely the reductive methylation to linear PMEI with 

formaldehyde and formic acid [23] was utilized with linear PEI as starting product. The polymer was 

purified by extraction with CH2Cl2 and characterization was performed with 
1H-NMR spectroscopy to 

prove a complete conversion. Finally, PBnEI was also synthesized starting from linear PEI by 

benzylation with benzyl bromide in ethanol. The purification of this polymer was simply performed by 

removal of the solvent and excess benzyl bromide under reduced pressure. Subsequent 1H-NMR 

spectroscopy revealed the PBnEI structure and no remaining PEI signals. For the three polymers 

synthesized via route C (Figure 1), SEC measurements were performed in HFIP as well (Figure 3, 

right). The linear PEI has a narrower distribution compared to PMEI and PEEI, which can be explained 

by interactions with the column material, which was also observed for PPEI. The shorter alkyl side 

chains seem to enhance the interactions with the column material even more due to a larger relative 

fraction of the interacting tertiary amine groups. However, the peak maximum for PEEI is comparable 

to linear PEI and PMeOx, but due to the broadening of the SEC chromatograms the calculated 

molecular weights are smaller. Moreover, the molecular weight of PBnEI synthesized according to 

route C appears to have a lower molecular weight compared to the PBnEI synthesized according to 

route A. This might be due to the presence of some quaternary groups in the PBnEI synthesized via 

route C. These quarternary groups might form during the reaction with excess of benzyl bromide (even 

though no quarternary groups were observed by 1H-NMR) and which could influence the solubility and 

hydrogen bonding ability with the SEC eluent hexafluoroisopropanol.  

 

Properties of the PalkylEI polymers 

Selected thermal and solubility properties of the linear PalkylEI polymers were investigated and the 

results are compared to the corresponding poly(2-oxazoline)s. It is known from literature that only 
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PNonOx is partially crystalline as a result of the crystallization of the long side chains, the reported 

melting temperature being 147 °C.[31,32] The other three poly(2-oxazoline)s PMeOx, PEtOx and PPhOx 

are amorphous and exhibit glass transition temperatures of 83 °C,[31,33] 60 °C[31,34] and 114 °C,[35,31] 

respectively, which are close to literature values. Figure 4 depicts the DSC traces of all polymers 

except PEtOx (Tg = 60 °C) and the corresponding PPEI for which no Tg or Tm could be detected. More 

detailed information can be found in Table 1.  

 

Figure 4 DSC heating curves obtained for the synthesized polymers. Left: PNonOx, PDeEI, PPhOx 

and PBnEI. Right: linear PEI, PMEI, PMeOx and PEEI (heating rate 20 °C/min). 

 

As can be observed from Figure 4 and Table 1, PNonOx exhibits a melting temperature of 148 °C, 

which is in agreement with earlier reported literature data.[32,31] PDeEI also exhibits a melting 

temperature but this temperature decreased significantly to -24 °C. This tremendous decrease in 

melting temperature is due to the removal of the carbonyl group in the side chain causing an increase in 

the chain flexibility, i.e. the rigid amide groups are converted into freely rotating tertiary amines. In 

addition, retaining the crystallinity in PDeEI indirectly proves that the crystallinity of both PNonOx 

and PDeEI is side-chain crystallinity. Furthermore, two melting transitions are observed for PDeEI, 

which is most likely caused by reorganization during melting. Furthermore, PPhOx and PBnEI both 
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show a glass transition temperature as indicated in Figure 4. As can be observed, the Tg is decreasing 

significantly from 113 °C to -18 °C for PBnEI and, as a result, the properties of the polymers are 

significantly different. PPhOx is a brittle solid polymer at room temperature while PBnEI is a viscous, 

sticky liquid. Moreover, the Tg values of PBnEI prepared via routes A and C (Figure 1) were in good 

agreement, indicating a similar polymer structure. The last PalkylEI, PPEI, which was synthesized 

according to route A, does not show a glass transition or melting temperature in DSC in the 

investigated temperature range from -80 to 200 °C. This might be caused by a transition that is too 

small to detect with DSC or by a glass transition temperature below – 80 °C. In the second graph of 

Figure 4 the thermal properties of PMEI and PEEI are depicted and compared to linear PEI and 

PMeOx. As can be observed, linear PEI has a clear melting temperature of 69 °C (peak maximum), 

which is also known from literature,[36] and no Tg could be detected. Due to the absence of any side 

groups, and the presence of both hydrogen bond donating and accepting groups, linear PEI has a strong 

tendency to crystallize. On the other hand, PMEI having a short alkyl side chain and no hydrogen bond 

donating groups was found to be amorphous with a Tg of 28.6 °C. PMEI with a DP of 2000 was 

reported in literature before and a Tg of -91 °C was determined.[21,22] PMEI with a DP of 5000 was also 

reported by Tanaka et al. and they reported a Tg of -83 °C.[23] Furthermore, PEEI with a DP of 2000 

was also reported before with a Tg of -80 °C,[21] while the linear PEEI with a DP of 100 synthesized 

within this report does not reveal a clear thermal transition in the measured temperature range. As can 

be observed from Figure 4, a small step in the heat flow is observed at -32 °C but it does not show a 

sharp glass transition temperature as is observed for PMEI. The obtained differences in glass transition 

temperature between the literature and this work might be due to the possible formation of hydrates by 

the highly hygroscopic PMEI and PEEI. 

From previous studies on linear poly(2-oxazoline)s with varying numbers of carbon atoms in the side 

chain, it is known that the glass transition temperature is decreasing linearly with increasing number of 

carbon atoms.[3] This could be explained by the increased flexibility of the longer side chains. Also for 
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PalkylEI, a decrease in Tg was expected in comparison to the poly(2-oxazoline) series . However, it 

was not anticipated that the removal of the carbonyl group would decrease the thermal transition 

temperatures with more than 100 °C for both amorphous and semi-crystalline polymers.  

 

The solubility properties of the PalkylEIs were investigated in water and water/ethanol mixtures, which 

is an interesting low-toxicity solvent mixture. It is known that poly(2-oxazoline)s with a short side 

chain like methyl and ethyl are hydrophilic polymers while polymers with larger aliphatic or aromatic 

side chains show hydrophobic properties.[1,2,37] Comparing these properties to the alkylated PEIs 

revealed a similar effect: PBnEI and PDeEI are not soluble in water or any water/ethanol mixture. Even 

though PPhOx is soluble in 80% EtOH solution[38] due to hydration of the amide groups, PBnEI is not 

soluble in any water/ethanol mixture due to the increased hydrophobicity by removal of the carbonyl 

group in the side chain. A similar effect is observed for PDeEI and PNonOx. The latter is soluble in 

ethanol after heating to melt the polymer crystals[37] while the increased hydrophobicity of PDeEI 

makes it insoluble in ethanol at room temperature and at elevated temperatures despite the lower 

melting temperature. The other polymers, namely PPEI, PEEI and PMEI, have a much shorter alkyl 

side chain and, therefore, exhibit different solubility properties in water or water/ethanol mixtures. The 

polymer with the shortest alkyl side chain, PMEI, is readily soluble in water and all water/ethanol 

mixtures at the investigated temperatures. Apparently, the amine groups are easily accessible to form 

hydrogen bonds with the water or ethanol resulting in dissolution of the polymer. The polymer with 

two carbon atoms in the side chain, PEEI, exhibits a LCST transition in water (Figure 5).  
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Figure 5. Transmittance versus temperature plots upon heating and cooling for PEEI in H2O, pH 2 and 

12 and in 10 wt% EtOH solution at 5 mg mL-1.  

 

Below the cloud point, the polymer chains are soluble in water and exist in random coil formation 

because of the hydrogen bonding interactions between the polymer and water. However, when the 

temperature exceeds the cloud point (indicative for the LCST temperature), the interactions are broken 

and the polymer chains collapse and precipitate. From previous investigations it is known that PEtOx 

with a DP of 100 exhibits a cloud point temperature in water (5 mg mL-1) at 94 °C[39] and by increasing 

the alkyl side chain to PPropOx, the cloud point at 5 mg mL-1 was decreased to 25 °C.[39] Therefore, the 

hydrophobicity of the polymer has a large effect on the cloud point. This effect can also be observed 

for PPEI and PEEI, namely, PEEI exhibits a cloud point temperature in water at 81.7 °C and at 87.0 °C 

in a 10 wt% EtOH solution while PPEI is insoluble in water and water with 10 wt% ethanol. The cloud 

points were determined at 5 mg mL-1 concentration from the transmission plots at 50% transmittance 

upon heating in the second heating run. Due to the increased hydrophobicity by removing the oxygen 

atom in the side chain, one side chain carbon atom less is sufficient to observe a cloud point when 

comparing the PalkylEI to the poly(2-oxazoline)s. Moreover, due to the improved solubility upon 

addition of ethanol, the cloud point temperature for PEEI is increasing in a 10 wt% ethanol in water 
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solution. Further increase of the amount of ethanol results in complete solubility of PEEI over the 

measured temperature range. However, it should be noted that the LCST transition of PEEI is a broad 

transition compared to PEtOx or PPropOx. This can be understood by partial protonation of the PEEI, 

which significantly influences the solubility. In contrast, the amide groups in poly(2-oxazoline) are 

much less basic and will not be protonated. The LCST temperature of PEEI was therefore also 

investigated in acidic and basic conditions and the transitions are shown in Figure 5, right.  

From these results it can be observed that PEEI in acidic solution (pH 2) is soluble over the complete 

temperature range while PEEI in basic solution (pH 12) exhibits a much sharper transition compared to 

demineralized water (H2O in Figure 5A). Therefore, it can be concluded that the degree of protonation 

is of utmost importance for the solubility of PEEI. The transmission profile of the basic solution shows 

an unexpected increase in transmission at a temperature of 90 °C. By visual inspection it could be 

observed that the solution indeed becomes more clear and individual particles were visible, which 

might be due to the initial formation of large hydrated aggregates that further collapse upon increasing 

the temperature followed by the formation of larger aggregates. Furthermore, the solubility transition 

for heating and cooling of PEEI in basic medium shows a strong hysteresis and differs several tens of 

degrees in temperature, which might be related to hydrate formation.  
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Figure 6. Transmittance versus temperature plots upon heating and cooling for PPEI in 50, 60 and 70 

wt% EtOH solution at 5 mg mL-1. 
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Additional solubility measurements were performed with PPEI in water/ethanol mixtures (Figure 6). In 

fact, PPEI is not soluble in water and only soluble in water/ethanol solutions with an ethanol content of 

at least 50 wt% EtOH. When increasing the temperature, a LCST transition was observed for the 

solutions containing 50, 60 and 70 wt% EtOH (Figure 6). As can be observed, the LCST transition is 

sharp compared to PEEI, which is probably caused by a low protonation degree in ethanol/water. 

Furthermore, the transitions upon heating and cooling overlap within a few degrees indicating the 

absence of a hysteresis. The LCST temperature is increasing from 5.7 °C for the solution containing 50 

wt% EtOH to 33.9 °C and 77.3 °C for the solutions containing 60 and 70 wt% EtOH respectively. The 

cloud point is increasing when adding ethanol to the aqueous solution due to a better solvation of the 

PPEI. When further increasing the amount of ethanol in the solution, the polymer becomes completely 

soluble in the range from -20 to 105 °C.   

 

Conclusions 

The synthesis of a series of PalkylEI was performed to investigate structure-property relations as well 

as to study the influence of the carbonyl group on the properties of the polymers. Such changes in the 

side chain between the poly(2-oxazoline) and the corresponding PalkylEI were not investigated in 

detail before. The synthesis of a series of PalkylEI polymers with varying side chain lengths of 1, 2, 3 

and 10 carbon atoms as well as a benzyl side group was performed via both direct reduction as well as 

(reductive) alkylation. From the four corresponding poly(2-oxazoline)s, only PNonOx is partially 

crystalline and exhibits a melting temperature at 150 ºC. The corresponding PDeEI also exhibits a 

melting temperature but this temperature decreased significantly to -24 °C due to an increase in chain 

flexibility by the removal of the carbonyl group. A similar behavior was obtained for PBnEI and PMEI, 

i.e. the Tg of PPhOx was decreased from 113 °C to -18 °C for PBnEI. As such, removing the carbonyl 

group was found to lower the thermal transitions more than 100 °C.  
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Solubility investigations revealed that PalkylEIs were more hydrophobic compared to the poly(2-

oxazoline)s. For example, PBnEI and PDeEI are not soluble in water or any water/ethanol mixtures 

while the corresponding PPhOx and PNonOx are soluble in 80% EtOH or pure EtOH. Furthermore, 

PEEI exhibits a LCST transition in water and in 10 wt% EtOH while PPEI exhibits a LCST transition 

in water/ethanol solutions containing 50, 60 and 70 wt% EtOH. Interestingly, PEEI was found to be 

both pH and temperature responsive in water based on the basic tertiary amine groups while the 

solubility of the poly(2-oxazoline)s is not significantly changed by variation of the pH. 
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In this study the synthesis of linear poly(alkyl ethylene imine)s is reported via direct 

reduction of the corresponding poly(2-oxazoline)s or via (reductive) alkylation. 

Poly(alkyl ethylene imine)s with side chains lengths varying from 1, 2, 3 or 10 carbon 

atoms as well as a benzyl group were synthesized and the thermal and solubility 

properties were investigated in detail to reveal the influence of removing the carbonyl 

group in the side chain.  

 


