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Synthesis of Poly(hydroxyurethane)s from Di(trimethylolpropane) 

and Their Application to Quaternary Ammonium Chloride-

functionalized Films 

H. Matsukizono and T. Endo*
 

Poly(hydroxyurethane)s (PHUs) are synthesized by polyaddition of di(trimethylolpropane) carbonate (DTMPC) and a series 

of conventional aliphatic diamines and chemically modified through their side chains to design quaternary ammonium 

chloride (QAC)-functionalized PHU films. The reaction of DTMPC with a subtle excess of diamines affords PHUs with well-

controlled molecular weights and polydispersities. The hydroxyl groups of these PHUs are modified with chloroacetyl 

chloride and then reacted with N,N-dimethyl-n-octylamine (DMOA) to easily give QAC-functionalized PHUs. On the other 

hand, the reaction of these PHUs with cross-linkable N,N,N’,N’-tetramethyl-1,6-diaminohexane (TMDAH) undergoes 

quaternization and simultaneously forms networked structures, resulting in the formation of QAC-functionalized PHU 

network films. Especially, The usage of 20 mol% of TMDAH with respect to chloroacetyl groups of the PHU unit gives a self-

supported film with well transparency and higher thermal stability. Furthermore, remaining chloroacetyl groups of the film 

can be modified with DMOA to afford PHU films with dually-structured QAC moieties. The resulting PHU film constructs 

the positively charged surfaces with a zeta potential of +8.3 mV.   

 Introduction 

Poly(hydroxyurethane)s (PHUs) have been attracting a huge 

interest in the promising alternatives of widely-used 

polyurethanes because PHUs can be synthesized by ring-

opening polyaddition of bifunctional cyclic carbonates and 

diamines without using toxic isocyanates.
1-20

 Especially, five-

membered cyclic carbonates can be derived from epoxides 

and CO2 under mild conditions, therefore, the studies on PHUs 

are interested in the field of green chemistry. Numerous PHUs 

have been synthesized from bisphenol A
3-10

 and bio-based 

polyols
11-15

 as starting materials. PHUs are also interested in 

the introduction of functionalities by the usage of functional 

diamines or by chemical modifications via hydroxyl side chains. 

Nowadays it has been reported that silicone-conjugated PHUs 

show lower glass transition temperatures and well water 

repelling properties
3
 and network gels of PHUs are obtainable 

by the reaction with aluminum or titanium alkoxides
10

 or by 

the free-radical polymerization of PHUs bearing methacryl 

groups
5
. In addition, urethane linkages of PHUs can be 

degraded at alkaline conditions and further shows 

biodegradability, thus, PHUs are one of promising candidates 

for versatile materials based on biocompatibility and 

biodegradability. However, these PHUs are generally 

synthesized via five-membered cyclic carbonates and PHUs 

from six- or seven-membered cyclic carbonates are hardly 

reported except for a few case.
16-20

 Especially, the ring-opening 

reaction of six-membered cyclic carbonates with amines 

requires the lower energy compared to five-membered 

carbonates
16-20

 because ring strain energy of 6-membered 

cyclic carbonates are larger than that of 5-membered cyclic 

carbonates.
19

 This implies that PHUs can be synthesized at 

milder conditions. Besides, differing from five- or seven-

membered cyclic carbonates, six-membered cyclic carbonates 

generate only primary alcohols (hydroxymethyl groups) after 

the ring-opening reaction with amines, therefore, simple 

structured PHUs can be obtained. 

Antimicrobial polymers are widely used for medical 

apparatus and implant materials and nowadays has attracting 

increasing attentions because of the spreading of infection 

diseases caused by multi-drug-resistant bacteria.
21,49

 Since 

silver species especially silver nanoparticles are classically 

known for effective antimicrobial agents, Ag-conjugated 

polymer materials including polyurethanes are prepared.
21-

26,39,40
 The antimicrobial activity of Ag nanoparticles is 

depended on their particle sizes, therefore, control of the size 

and uniform spreading of them in the matrices are required. 

Furthermore, the leaching of high concentrated Ag ions are 

considered to be caused by cytotoxicity.
23,24

 On the other 

hands, cationic polymers with amphiphilicity possibly show 

broad-spectrum antimicrobial properties through the 

membrane disrupting mechanism.
27,28,33-38,41-49

 For the cationic 

moieties, quaternary ammonium salts (QAS)
27,28,33-38,41-46

,  
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Scheme 1 Synthesis of quaternary ammonium chloride (QAC)-functionalized poly(hydroxyurethane) (PHU) from di(trimethylolpropane) (DTMP) by four steps: 
transesterification, polyaddition, chloroacetylation and quaternization. i) 4 equiv. of diphenyl carbonate (DPC), 140 °C, 48 h. ii) 1.0 or 1.1 equiv. of aliphatic diamines 
(n = 3, 6 or 12), DMF, 70 °C, 24 h. iii) 1.5 equiv. of chloroacetyl chloride, 1.1 equiv. of pyridine, 0 °C to ambient temperature, overnight, iv) 6 equiv. of N,N-dimethyl-n-
octylamine (DMOA), DMF, 80 °C, 6 h. 

Scheme 2 Fabrication of QAC-functionalized PHU films (QAC-Films) via quaternization by cross-linkable N,N,N’,N’-tetramethyl-1,6-diaminohexane (TMDAH) and 
subsequent modification with DMOA to form PHU films with dual QAC moieties (QAC2-Films). 

quaternary phosphonium salts
46

, protonated amine groups
47-49

 

effectively generate antimicrobial properties. Nowadays wide 

varieties of cationic polymers such as polyacrylates
22,40,45

, 

polymethacrylate
41-43,46,49

, polycarbonates
33-38

, polypeptides
47

, 

polyamines
48

 are designed and characterized for their 

antimicrobial properties in many matrices including solution, 

films and gels. In contrast, the antimicrobial PHUs are rarely 

reported.
21

 Furthermore, the film processing of antimicrobial 

polymers are of great importance for practical uses. However, 

antimicrobial polymer films reported generally require multi-

step treatments:  polymerizations, pre/post modifications of 

antimicrobial agents, formations of films by coating or casting 

and so on. Thus, it is fascinating theme for establishing the 

facile fabrication routes to antimicrobial polymer films. 

Here we report the facile fabrication of quaternary 

ammonium chloride (QAC)-functionalized PHU from 

bifunctional six-membered cyclic carbonates and conventional 

aliphatic diamines and their application to antimicrobial films. 

As a bifunctional carbonate, we selected 

di(trimethylolpropane) carbonate (DTMPC). DTMPC can be 

synthesized from commercially-obtainable 

di(trimetylolpropnae) (DTMP) through the reaction with 

diphenyl carbonates (DPCs).
50

 DPC is less toxic and easier to 

handle than conventional phosgene and its derivatives and 

moreover is obtainable from ethylene carbonate through the 

reaction with methanol and phenol or from CO and phenol.
51-

54
 Therefore, in the overall reaction, it worth synthesizing PHUs 

from DTMPC in terms of green chemistry. The introduction of 

QAC moieties in PHUs is accomplished by OH groups of PHUs 

after suitable chemical modifications such as 

chloroacetylation, which allows us to expect that the reaction 

of chloroacetylated PHUs with di(tertiary amine)s is resulted in 

the quaternization of the PHU chains and concomitant 

formation of cross-linked structures to afford easily QAC-

functionalized PHU films. First, we synthesized PHUs from 

DTMPC and conventional aliphatic diamines with different 

methylene spacers (Scheme 1). Next, we modified the OH 

groups of the PHUs with chloroacetyl chloride to obtain 

chloroacetylated PHUs and finally reacted with N,N-dimethyl-

n-octylamine (DMOA) to yield QAC-functionalized PHUs. As 

another approach, we reacted the chloroacetylated PHUs with 

a different amount of cross-linkable N,N,N’,N’-tetramethyl-1,6-

diaminohexane (TMDAH) to fabricate QAC-functionalized PHU 

films (Scheme 2). Furthermore, these films were modified with 

DMOA to obtain PHU films with dual QAC moieties. These 

QAC-functionalized PHUs and QAC-functionalized PHU films 

were characterized by 
1
H nuclear magnetic resonance (NMR), 

Fourier transform-infrared (FT-IR) spectroscopy, size exclusion 

chromatography (SEC), thermogravimetric analysis (TGA), 

UV/vis.-near infra-red (NIR) absorption spectroscopy, 

elemental analysis (E. A.) and zeta potential measurements. 

Experimental  

Materials 

Di(trimethylolpropane) (DTMP) was obtained from Aldrich Co., 

Ltd. Diphenyl carbonate (DPC) was supplied from Asahi Kasei 

Chemical Co., Ltd and purchased from Tokyo Chemical Industry 

Co., Ltd. Di(trimethylolpropane) carbonate (DTMPC) was 

synthesized from DTMP with an excess amount of DPC 

according to the procedure that we previously reported.
50

 A 

series of aliphatic diamines was purchased from Tokyo 

Chemical Industry Co., Ltd. and Aldrich Co., Ltd. and used 

without any purification. Chloroacetyl chloride, anhydrous 
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pyridine, N,N-dimethyl-n-octylamine (DMOA) and N,N,N’,N’-

tetramethyl-1,6-diaminohexane (TMDAH) were obtained from 

Tokyo Chemical Industry Co., Ltd. Other reagents and solvents 

were used without any purification. 

Synthesis of PHUs (p(DTMPC-Cn)) 

General procedure.  

DTMPC 604 mg (2.00 mmol) and aliphatic diamines (Cn) (2.20 

mmol) were dissolved in DMF (4 mL) and the solution 

([Cn]0/[DTMPC]0= 1.1) was stirred at 70 °C for 24 h. The 

solution was added to water (200 mL) and allowed to stand at 

4 °C overnight. Resulting precipitates were washed thoroughly 

with water and then dissolved in methanol. After drying by 

rotary evaporator, p(DTMPC-Cn) was obtained as white solids 

or colorless sticky liquid. PHUs obtained were characterized by 

SEC measurements, 
1
H NMR and FT-IR spectroscopy. The 

results of SEC measurements are summarized in Table 1. 

Synthesis of p(DTMPC-C3) 

p(DTMPC-C3) was synthesized by the reaction of DTMPC and 

1,3-diaminopropane (C3). Yield: 40.0%. 
1
H NMR (400 MHz, 

CD3OD, δ): 4.05-3.90 (m, 4H, CH2OC=O), 3.43 (s, 4H, CH2OH), 

3.32 (s, 0.6H, NHCO), 3.25 (s, 4H, CH2OCH2), 3.11 (t, 4H, J = 6.8 

Hz, CH2NHCOO), 2.66 (t, 0.4H, J = 7.2 Hz, CH2NH2), 1.63 (qui, 

2.2H, J = 6.5 Hz, CH2CH2NHCOO), 1.37 (q, 4H, J = 7.3 Hz, 

CH3CH2), 0.86 (t, J = 6.6 Hz, 6H, CH3). IR (ATR): ν = 3320 (w; 

ν(OH) and ν(NH)), 2958-2876 (w; ν(CH2)), 1689 (s; ν(C=O)), 

1530 (m; δ(N-H)), 1253 cm
-1

 (s; ν(C-O)). 

Synthesis of p(DTMPC-C6) 

p(DTMPC-C6) was synthesized by the reaction of DTMPC and 

1,6-diaminohexane (C6). Yield: 85.9%. 
1
H NMR (400 MHz, 

DMSO-d6, δ): 4.05-3.93 (m, 4H, CH2OC=O), 3.43 (s, 4H, CH2OH), 

3.25 (s, 4H, CH2OCH2), 3.06 (t, 4H, J = 7.0 Hz, CH2NHCOO), 2.63 

(t, 0.4H, J = 7.2 Hz, CH2NH2), 1.47 (m, 4.4H, CH2CH2NHCOO), 

1.37 (q, J = 7.2 Hz, 4H, CH3CH2), 1.32 (m, 4.4H, CH2CH2CH2NH), 

0.85 (t, J = 7.6 Hz, 6H, CH3). IR (ATR): ν = 3305 (w; ν(OH) and 

ν(NH)), 2928-2957 (w; ν(CH2)), 1665 (s; ν(C=O)), 1531 (m; δ(N-

H)), 1242 cm
-1

 (s; ν(C-O)). 

Synthesis of p(DTMPC-C12) 

p(DTMPC-C12) was synthesized by the reaction of DTMPC and 

1,12-diaminododecane (C12). Yield: 99.3%. 
1
H NMR (400 MHz, 

CD3OD, δ): 3.96-3.93 (m, 4H, CH2OC=O), 3.43 (s, 4H, CH2OH), 

3.32 (s, 0.6H, NHCO), 3.24 (s, 4H, CH2OCH2), 3.05 (t, 4H, J = 7.2 

Hz, CH2NHCOO), 2.65 (t, 0.4H, J = 7.2 Hz, CH2NH2), 1.46 (m, 

4.4H, CH2CH2NHCOO), 1.37 (q, 4H, J = 7.5 Hz, CH3CH2), 1.28 (m, 

17.6H, NHCH2CH2-(CH2)8), 0.85 (t, J = 7.4 Hz, 6H, CH3). IR (ATR): 

ν = 3316 (w; ν(OH) and ν(NH)), 2924-2853 (w; ν(CH2)), 1690 (s; 

ν(C=O)), 1534 (m; δ(N-H)), 1255 cm
-1

 (s; ν(C-O)). 

Synthesis of chloroacetylated PHUs (p(DTMPC-Cn-Cl)) 

General procedure.  

To a DMF solution of p(DTMPC-Cn) (8 mL, 4 unit mmol) were 

added slowly chloroacetyl chloride 1276 mg (11.3 mmol) and 

pyridine 722 mg (9.13 mmol) at 0 °C. The mixture was stirred 

at ambient temperature overnight and then solvents were 

evaporated. The pale yellow residues were dissolved in 

dichloromethane (250 mL) and washed three times with water 

(250 mL) and then dried over anhydrous sodium sulfate. After 

evaporation, p(DTMPC-Cn-Cl) was obtained as pale yellow 

sticky liquid. Chloroacetylated PHUs obtained were 

characterized by SEC measurements, 
1
H NMR and FT-IR 

spectroscopy. Mn and Mw/Mn were calculated from SEC traces 

and the reaction efficiency of chloroacetylation was 

determined by 
1
H NMR spectra. These results are listed in 

Table 1. 

Synthesis of p(DTMPC-C3-Cl) 

Yield: 100.6%.
1
H NMR (400 MHz, CDCl3, δ): 5.38 (br, 2H, NH), 

4.14-4.00 (m, 12.4H, CH2OC=O and ClCH2), 3.40-3.36 (m, 0.4H, 

ClCH2CONHCH2), 3.29 (s, 4H, CH2OCH2), 3.22 (m, 4H, 

CH2NHCOO), 1.72-1.65 (m, 2.2H, CH2CH2NHCOO), 1.43 (q, J = 

7.2 Hz, 4H, CH3CH2), 0.87 (t, 6H, J = 7.6 Hz, CH3). IR (ATR): ν = 

3331 (w; ν(NH)), 2972-2880 (w; ν(CH2)), 1700 (s; ν(C=O)), 1243 

cm
-1

 (s; ν(C-O)). 

Synthesis of p(DTMPC-C6-Cl) 

Yield: 96.7%. 
1
H NMR (400 MHz, CDCl3, δ): 4.95 (br, 2H, NH), 

4.10-3.99 (m, 12.4H, CH2OC=O and ClCH2), 3.28 (s, 4H, 

CH2OCH2), 3.15 (m, 4H, CH2NHCOO), 1.50 (m, 4.4H, 

CH2CH2NHCOO), 1.42 (q, J = 7.6 Hz, 4H, CH3CH2), 1.33 (m, 4.4H, 

CH2CH2CH2NH), 0.86 (t, 6H, J = 7.0 Hz, CH3). IR (ATR): ν = 3342 

(w; ν(NH)), 2969-2855 (w; ν(CH2)), 1699 (s; ν(C=O)), 1240 cm
-1

 

(s; ν(C-O)). 

Synthesis of p(DTMPC-C12-Cl) 

Yield: 99.2%.
 1

H NMR (400 MHz, CDCl3, δ): 4.87 (br, 1.6H, NH), 

4.11-3.99 (m, 12.4H, CH2OC=O and ClCH2), 3.28 (s, 4H, 

CH2OCH2), 3.15 (q, J = 6.8 Hz, 4H, CH2NHCOO), 1.49-1.40 (m, 

8.4H, CH2CH2NHCOO and CH3CH2), 1.29-1.26 (m, 17.6H, 

NHCH2CH2-(CH2)8-CH2CH2NH), 0.86 (t, 6H, J = 7.4 Hz, CH3). IR 

(ATR): ν = 3321 (w; ν(NH)), 2948-2851 (w; ν(CH2)), 1742-1667 

(s; ν(C=O)), 1240 cm
-1

 (s; ν(C-O)). 

Synthesis of QAC-functionalized PHUs (p(DTMPC-Cn-DMOA-Cl)) 

General procedure.  

To a DMF solution (5 mL) of chloroacetylated PHUs (0.5 unit 

mmol) was added DMOA (3 mmol) at ambient temperature. 

After stirred at 80 °C for 6 h, the solution was added slowly to 

THF (200 mL) at ambient temperature. Resulting precipitates 

were washed with THF and then dissolved in dichloromethane 

and then precipitated from n-hexane. After washing with n-

hexane and drying, QAC-functionalized PHUs (p(DTMPC-Cn-

DMOA-Cl)) were obtained as pale yellow solids. QAC-

functionalized PHUs obtained were characterized by SEC 

measurements, 
1
H NMR and FT-IR spectroscopy. Mn and 

Mw/Mn were calculated from SEC traces and the reaction 

efficiency of quaternization was determined by 
1
H NMR 

spectra. These results are listed in Table 1. 

Synthesis of p(DTMPC-C3-DMOA-Cl) 

Yield: 80.4%. 
1
H NMR (400 MHz, CD3OD, δ): 4.48 (s, 3.2H, 

N
+
CH2C=O), 4.18-3.97 (m, 7.9H, CH2OC=O), 3.57 (m, 4.4H, 

CH2N
+
CH2C=O), 3.35-3.26 (m, CH2OCH2 and (CH3)2N

+
), 3.09 (m, 
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4H, CH2NHCOO), 1.77 (m, 4.4H, CH2CH2N
+
), 1.71-1.62 (m, 2.4H, 

CH2CH2NHCOO) 1.48 (q, J = 7.2 Hz, 4.0H, CH3CH2), 1.36-1.30 

(m, 23.0H, CH3-(CH2)5-CH2CH2N
+
), 0.89 (t, 6H, J = 7.0 Hz, CH3). 

IR (ATR): ν = 3361 (w; ν(OH)), 3220 (w; ν(NH)), 2940-2854 (w; 

ν(CH2)), 1746 (s; ν(C=O of ester)), 1703 (s; ν(C=O of urethane)), 

1244 cm
-1

 (s; ν(C-O)).  

Synthesis of p(DTMPC-C6-DMOA-Cl) 

Yield: 78.9% . 
1
H NMR (400 MHz, CD3OD, δ): 4.47 (s, 1.6H, 

N
+
CH2C=O), 4.19-3.98 (m, 8H, CH2OC=O), 3.58 (t, J = 8.4 Hz, 

4.4H, CH2N
+
CH2C=O), 3.31-3.30 (m, CH2OCH2 and (CH3)2N

+
), 

3.06 (m, 4H, CH2NHCOO), 1.79 (br, 4.4H, CH2CH2N
+
), 1.49-1.48 

(m, 8.4H, CH2CH2NHCOO and CH3CH2), 1.38-1.32 (m, 26.4H, 

(CH2)2-CH2CH2NH and CH3-(CH2)5-CH2CH2N
+
), 0.91 (t, 6H, J = 6.8 

Hz, CH3). IR (ATR): ν = 3360 (w; ν(OH)), 3222 (w; ν(NH)), 2953-

2855 (w; ν(CH2)), 1746 (s; ν(C=O of ester)), 1700 (s; ν(C=O of 

urethane)), 1244 cm
-1

 (s; ν(C-O)). 

Synthesis of p(DTMPC-C12-DMOA-Cl) 

Yield: 81.8%. 
1
H NMR (400 MHz, CD3OD, δ): 4.45 (s, 3.2H, 

N
+
CH2C=O), 4.16-3.96 (m, 12.4H, CH2OC=O), 3.55 (t, J = 8.4 Hz, 

4.2H, CH2N
+
CH2C=O), 3.33-3.20 (m, CH2OCH2 and (CH3)2N

+
), 

3.03 (t, J = 6.8 Hz, 4H, CH2NHCOO), 1.77 (br, 4.0H, CH2CH2N
+
), 

1.47-1.44 (m, 8.2H, CH2CH2NHCOO and CH3CH2), 1.36-1.28 (m, 

38.6H, NHCH2CH2-(CH2)8-CH2CH2NH and CH3-(CH2)5-CH2CH2N
+
), 

0.89 (t, 6H, J = 6.8 Hz, CH3). IR (ATR): ν = 3348 (w; ν(OH)), 3215 

(w; ν(NH)), 2917-2852 (w; ν(CH2)), 1747 (s; ν(C=O of ester)), 

1699 (s; ν(C=O of urethane)), 1246 cm
-1

 (s; ν(C-O)). 

Fabrication of QAC-functionalized PHU films (QAC-Films) 

To a THF (2 mL) dissolving chloroacetylated PHUs (p(DTMPC-

Cn-Cl)) (2 unit mmol) was added TMDAH (0-4 mmol ). The 

solutions with a different mole ratio of TMDAH to chloroacetyl 

group from 0 to 50 mol% were stirred for a few minutes at 

ambient temperature and moved to a glass Petri dish in 6 cm 

diameter. After dried at 40 °C within 2 h, the PHU films were 

formed. 

Fabrication of dually-functionalized PHU film (QAC2-Film) 

The QAC-Film prepared with 20 mol% of TMDAH was 

immersed in a DFM solution (50 mL) of DMOA 950 mg (6.00 

mmol, ca. 5 equiv. with respect to chloroacetyl groups of PHU 

unit) and allowed to stand at 60 °C for 6 h. After the reaction, 

the film was rinsed three times by immersion in acetone and 

dried under an ambient atmosphere to yield dually-

functionalized PHU film (QAS2-Film).  

Characterization  

1
H NMR spectroscopy were performed with a JEOL ECS-400 

NMR spectrometer operating at 400 MHz using a 

tetramethylsilane as an internal reference. FT-IR spectroscopy 

was carried out with a Thermo Fisher Scientific Nicolet iS10 

equipped with an ATR instrument. SEC was conducted with a 

Tosoh HLC-8320GPC equipped with an analytical column (6 

mmØ x 150 mm) using DMF as an eluent operating a flow rate 

of 0.5 mL min
-1

 at 40 °C. Number averaged molecular weight  

 

Figure 1 Time-course analysis of the polymerization of DTMPC and C6 with 
different DTMPC/C6 feed ratios in DMF at 70 °C. Initial C6/DTMPC mole ratios 
([C6]0/[DTMPC]0) were a) 1.0 or b) 1.1. The Mn and Mw/Mn were calculated by 
SEC traces and plotted as a function of reaction time. 

(Mn) and polydispersity index (Mw/Mn) were calculated from 

SEC traces using polystyrene standards. TGA was performed 

with a Seiko Instrument Inc. TG/DTA 6200 at a heating rate of 

10 °C min
-1

 under nitrogen gas at a flow rate of 200 mL min
-1

. 

UV/vis absorption spectra were recorded on a Jasco 

V570UV/Vis/NIR spectrophotometer. Zeta potential of film 

samples was measured with a Zeta-potential and Particle size 

analyser ELSZ-2 (Otuka Electronics Co., Ltd.) using a flat surface 

cell unit. The sample were measured in 10 mM NaCl solution 

at 26 °C and pH 7. The zeta potential values in volts were 

determined by the Smoluchowski method. 

Results and discussion 

Synthesis of PHUs from DTMPC and a series of conventional 

aliphatic diamines 

DTMPC was synthesized from DTMP and an excess amount of 

DPC according to the procedure we previously reported
50

. The 

reaction of DTMPC and 1,6-diaminohexane (C6) was performed 

in DMF at 70 °C at different C6/DTMPC feed ratios without any 

catalysts. The reaction mixtures were characterized by SEC 

measurements (Figure S1) and Mn and Mw/Mn were calculated 

by their SEC traces. The results obtained were plotted as 

functions of reaction time in Figure 1. When the mixture at a 

C6/DTMPC feed ratio of 1.0 was reacted for 5 h, Mn and Mw/Mn 

were 2,800 g mol
-1

 and 2.20, respectively. These values 

gradually increased with an increase in reaction time and at 

100 h reached up to 7,000 g mol
-1

 and 4.0, respectively.  

Page 4 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

 

Figure 2 
1
H NMR spectrum of p(DTMPC-C6) in CD3OD. p(DTMPC-C6) was synthesized from DMF solution of DTMPC and C6 ([C6]0/[DTMPC]0 = 1.1) and purified by 

precipitation. The attribution of these signals is shown in the figure. 

Table 1 Characterization of PHUs synthesized from DTMPC and aliphatic diamines with different numbers of methylene spacers ([Cn]0/[DTMPC]0 = 1.1, n = 3, 6, 12) before/after 

successive modification with chloroacetyl chloride and N,N-dimethyl-n-octylamine (DMOA).

aDetermined by SEC measurements with polystyrene standards. bFractions of the modification of chloroacetyl groups calculated from 1H NMR spectra. cFractions of the 

modification of DMOA calculated from 1H NMR spectra.

Meanwhile, at a C6/DTMPC ratio of 1.1 in which C6 is slightly 

greater than DTMPC, Mn and Mw/Mn were determined to be 

4,500 g mol
-1

 and 2.5, respectively at 6 h. The Mn value is 

closely related to that calculated theoretically (Mn = M. W. of 

PHU unit x n + M. W. of both chain ends = 418.52 x 10 + 115.20 

+ 1.01 = 4,301 g mol
-1

). At this ratio, these values did not 

change in longer reaction time, indicating that the reaction 

was almost completed within 6 h. On the other hand, PHUs 

with well-controlled Mn and Mw/Mn were obtained from the 

solution at the C6/DTMPC ratio of 0.91 (Date are not shown). 

After the mixture of DTMPC and C6 at a C6/DTMPC ratio of 

1.1 was reacted for 24 h, the resulting p(DTMPC-C6) was 

purified by precipitation from water and obtained as sticky 

liquids with a yield of 85.9%. The 
1
H NMR spectrum of the 

p(DTMPC-C6) in CD3OD is shown in Figure 2. The signal 

ascribed to the methylene groups adjusting to N-H bonds (f) 

appears at ca. 3.1 ppm. In addition, the peaks of methylene 

groups adjusting to the oxygen atom of urethane bonds (c) or 

hydroxyl groups (e) are observed at 3.9 or 3.5 ppm, 

respectively. Their FT-IR spectrum also represents the 

formation of urethane bonds and hydroxyl groups (Figure S2). 

Furthermore, the signal ascribed to the protons of methylene 

groups adjusting to the non-reacted amine groups at end 

chains (f’) is confirmed at 2.7 ppm. These results clearly 

indicate the formation of urethane bonds and isolation of 

p(DTMPC-C6). The SEC trace of the p(DTMPC-C6) is same as 

that before purification (Figure S3). Similarly, 1,3-

propanediamine (C3) and 1,12-dodecanediamine (C12) were 

reacted with DTMPC and p(DTMPC-C3) and p(DTMPC-C12) were 

obtained, respectively and characterized by SEC 

measurements, FT-IR and
 1

H NMR spectroscopy (Figure S2-4). 

The yield, Mn, Mw/Mn of these PHUs are summarized in Table 

1. These PHUs can be also obtained at relatively high yields 

and the Mn and Mw/Mn are effectively controlled. 

R 
p(DTMPC-Cn) p(DTMPC-Cn-Cl) p(DTMPC-Cn-DMOA-Cl) 

Yield (%) Mn (g mol
-1

)
a
 Mw/Mn

a
 Yield (%)  f(Cl) (%)

b
 Mn (g mol

-1
)

a
 Mw/Mn

a
 Yield (%) f(N) (%)

c
 

C3H6 40.0 3,800 2.11 89.2 100.6 4,100 2.15 80.4 99.1 

C6H12 85.9 5,300 2.56 96.7 98.5 5,800 2.46 78.9 98.9 

C12H24 99.3 6,300 2.61 99.2 99.3 8,800 2.25 81.8 90.0 
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Figure 3 
1
H NMR spectrum of p(DTMPC-C6-Cl) in CDCl3 with 0.1 v/v% of TMS. p(DTMPC-C6) was synthesized from DMF solution of DTMPC and C6 ([C6]0/[DTMPC]0 = 

1.1) and then subsequently chloroacetylated. The attribution of these signals is shown in the figure. 

Figure 4 
1
H NMR spectrum of p(DTMPC-C6-DMOA-Cl) in CD3OD. p(DTMPC-C6) was synthesized from DMF solution of DTMPC and C6 ([C6]0/[DTMPC]0 = 1.1) and then 

subsequently chloroacetylated followed by reacted with DMOA. The attribution of each signal is shown in the figure.
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Synthesis of QAC-functionalized PHUs 

PHUs possess two hydroxyl groups in their unit, which can be 

chemically modified to give functionalities. PHUs synthesized 

from 5-membered cyclic carbonates have been modified with 

functional substrates such as methacryl isocyanate and acyl 

chloride to give functional polymers.
5,6,8,10

 In this study, to 

employ the quaternization reaction of tertiary amines with 

alkyl halides, we selected commercially-obtainable 

chloroacetyl chloride. Chloroacetylated PHUs p(DTMPC-Cn-Cl) 

were obtained by one-pot synthesis; p(DTMPC-Cn) synthesized 

from DTMPC and different diamines in DMF were not purified 

and reacted with chloroacetyl chloride. Figure 3 shows the 
1
H 

NMR spectrum of p(DTMPC-C6-Cl) in CDCl3 after purification. 

The signal at 3.4 ppm assigned to the methylene protons 

adjusting to the OH groups completely disappears and strong 

singlet signal newly appears at 4.1 ppm. The total value of 

these signals (c + e + i) is 12.22, indicating that 98.5% of the OH 

groups were converted to the chloroacetyl groups. The 

chloroacetylation was also supported by FT-IR spectroscopy 

showing that the strong stretching vibration at ca. 3400 cm
-1

 

based on hydroxyl groups disappeared and the stretching 

vibration assigned to carbonyl bonds of ester groups appears 

as a shoulder peak at ca. 1740 cm
-1

 (Figure S5). The SEC curve 

of p(DTMPC-C6-Cl) gave a broad peak and Mn and Mw/Mn were 

determinedto be 5,800 g mol
-1

 and 2.41, respectively (Figure 

S6 and Table 1). The Mn value is well corresponded to 

theoretical value (M. W. = M. W. of chloroacetylated PHU unit 

x n + M. W. of both chloroacetylated chain ends = 571.49 x 10 

+ 191.68 + 77.49 = 5984.07 g mol
-1

) and the Mw/Mn value was 

not changed, indicating that the chloroacetylation was 

performed with neither the cleavage nor the cross-linking of 

PHU chains. For other two PHUs (p(DTMPC-C3) and p(DTMPC-

C12)), chloroacetylation was performed by the same way and 

corresponding chloroacetylated PHUs were obtained in high 

yields (Figure S5-7). 

The chloroacetylated PHUs p(DTMPC-C6-Cl) were reacted 

with DMOA in DMF at 80 °C for 6 h. After the solution was 

added to THF, pale orange insoluble oils were formed. Since 

p(DTMPC-C6-Cl) is soluble in THF, the precipitation suggests 

that the reaction proceeded. The precipitates were purified by 

successive precipitation from THF followed by n-hexane and 

finally yielded as pale orange solids. The FT-IR spectrum of the 

solids shows an increase in the stretching vibration peaks 

based on methylene groups, which implies the modification of 

DMOA (Figure S8). Figure 4 is the 
1
H NMR spectrum of the 

solids in which characteristic signals ascribed to methyl (j, n) 

and methylene groups (k-m) adjusting to quaternary 

ammonium ions appear at 3.5 and 1.8 ppm. Judging from their 

proton ratios, it is clear that chloroacetyl groups are 

quantitatively reacted with DMOA to give p(DTMPC-C6-DMOA-

Cl). The PHU can be soluble in water and from the 
1
H NMR 

spectrum in D2O it proved to be to some extent aggregated in 

aqueous media (data are not shown). Although we do not 

characterize by SEC measurement, judging from the 
1
H NMR 

spectrum, the cleavage of main and side chains of the PHUs 

does not occur. Similarly, two chloroacetylated PHUs  

 

Figure 5 a-c) Photographs of PHU films prepared from p(DTMPC-C6-Cl) and a 
different amount of TMDAH as cross-linkers. The mole factions of TMDAH were 
a) 10, b) 20 or c) 30 mol% with respect to the chloroacetyl group of PHU unit. d) 
Photograph of QAC2-Film prepared by the reaction of QAC-Film with DMOA in 
DMF at 60 °C for 6 h. The QAC-Film was prepared at 20 mol% of TMDAH. 

 

Figure 6 TGA profiles of QAC-functionalized PHU films prepared from p(DTMPC-
C6-Cl) with different amounts of TMDAH. The mole fraction of TMDAH were 0 
(black line), 10 (red line), 20 (blue line), 30 (green line), 40 (orange line) or 50 
mol% (purple line) with respect to chloroacetyl groups of PHU unit. 

p(DTMPC-C3-Cl) and p(DTMPC-C12-Cl) were converted into 

p(DTMPC-C3-DMOA-Cl) and p(DTMPC- C12- DMOA-Cl), 

respectively and confirmed that their modification were 

quantitatively conducted (Figure S8, S9). 

Fabrication of QAC-functionalized PHU films 

PHU films were prepared by the aging of a THF solution of 

p(DTMPC-C6-Cl) with a different amount of cross-linkable 

TMDAH at 40 °C within 2 h in a glass Petri dish. During this 

process, solvents are removed and simultaneously the reaction 

of chloroacetyl groups with tertiary amines proceeds. Using 

more than 10 mol% of TMDAH with respect to chloroacetyl 

groups of PHU unit, a stable film with well-transparency was  
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Table 2 E. A. results of the PHU film prepared with 20 mol% of TMDAH (QAC-Film) and the PHU film after modification of DMA (QAC2-Film). 

a
Determined as the  p(DTMPC-C6-Cl)/TMDAH ratio of  1/4 (C290H534N30O82Cl22). 

b
Determined as the  p(DTMPC-C6-Cl)/TMDAH/DMOA ratio of  1/4/14 (C430H856N44O82Cl22).

obtained. As the solution without TMDAH led to only sticky 

liquids after the same treatment, the film formation is 

obviously caused by the cross-linking with TMDAH. Especially, 

when more than 20 mol% of TMDAH was used, resulting films 

became less sticky and were easier to be detached from glass 

Petri dishes to obtain self-supported films. Figure 5 exhibits 

photographs of the resulting films prepared with 10-30 mol% 

of TMDAH. Although these films are colored to be slightly 

yellow, more than 80% of transmittance are shown at a broad 

range from 420 to 2000 nm and transparency is not depended 

on the amount of TMDAH used (Figure S10). Further increase 

in the amount of TMDAH also gave films but these films have 

the large amounts of opaque domains (Figure S11). Finally, 

when 50 mol% of TMDAH were used, resulting films showed 

less than 30% of transmittance. 

These films were also characterized for their thermal 

stability by TGA and TGA curves are shown in Figure 6. Pure 

chloroacetylated PHUs without TMDAH showed a slight weight 

loss by 250 °C and thermal decomposition gradually proceeded 

from 250-500 °C, which is similar to that of conventional PU.
55

 

PHU film prepared with 10 mol% of TMDAH gave two-step 

weight loss in which the first thermal decomposition began at 

160 °C and ended at 250 °C and the second occurred at 250-

500 °C. As the second weight loss is ascribed to the 

decomposition of urethane linkages, the first is obviously 

caused by the TMDAH linkers. Notice that for the PHU film 

with 10 mol% TMDAH, the temperature at which the urethane 

linkages are decomposed was higher than that for the pure 

PHUs without TMDAH. This result strongly indicates the 

contribution of the formation of networked structures. For the 

PHU films with 20 or 30 mol% of TMDAH, the weight loss 

based on the TMDAH linkers were increased but the 

decomposition temperature of urethane linkages remained 

unchanged. However, further increase in TMDAH up to 40 or 

50 mol% gave lower decomposition temperature of urethane 

linkages. This could be due to a decrease in the hydrogen 

bonding among urethane linkages and an increase in 

unreacted tertiary amines of TMDAH. From these results, it is 

found that the reaction of p(DTMPC-C6-Cl) with 20 or 30 mol% 

of TMDAH affords to self-supported films with well 

transparency and thermal stability. In addition, Table 2 exhibits 

the E. A. of the QAC-Film prepared at 20 mol% of TMDAH. The 

C/N and Cl/N values calculated are well equalled to those 

theoretically evaluated. 

The PHU films prepared with less than 50 mol% of TMDAH 

remain chloroacetyl groups, which can be further reacted with 

tertiary amines to prepare PHU films with different QAC 

moieties. In this paper, as a preliminary experiment, we added 

the PHU films prepared with 20 mol% of TMDAH in a DMF 

solution of DMOA to prepare QAC2-Films (Scheme 2). The 

resulting film became slightly swollen and colored yellow 

(Figure 5d). Compared to the QAC-Film, the QAC2-Film gave a 

larger decrease in the weight at 160-250 °C based on the 

thermal decomposition of quaternized moieties (Figure S12 

and Figure 6). Besides, FT-IR spectrum of the film showed an 

increase in the characteristic signals at 2900-2800 cm
-1

 

assigned to the methylene groups (Figure S13), which implies 

the secondary quaternization with DMOA. From E. A., the C/N 

and Cl/N values are calculated to be 8.37 and 1.33, 

respectively. These values are well corresponded to those 

founded as the p(DTMPC-C6-Cl)/TMDAH/DMOA ratio of 

1/4/14, indicating that remaining chloroacetyl groups were 

quantitatively reacted with DMOA (Table 2). 

Zeta potential measurements give valuable information of 

the charges of the film surfaces by characterization of the 

electrochemical double layer at the solid-liquid interfaces.
56

 

Our films were analyzed for their surface charges and the 

effects of the amounts of QAC moieties loaded in our films 

were evaluated. In spite of the existence of quaternary 

ammonium groups, the zeta potential of QAC-Film fabricated 

using 20 mol% of TMDAH was calculated to be -15.1 mV. 

Although we cannot explain clearly the reason why the surface 

possesses the negative charge, the surface might be form the 

environment in which negatively charged OH
-
 and/or Cl

-
 are 

preferentially adsorbed via urethane bonds.
56,57

 In addition, 

QAC moieties serve as cross-linking points and thus would be 

distributed mainly in the inner side of the film and the net 

charge of the QAC structures is effectively neutralized. As 

other reason, a subtle amount of ester bonds might be 

hydrolyzed to form carboxylic acids, which are contributed to 

the formation of negative charged surfaces. When the 

amounts of TMDAH increased to 30 mol%, the resulting QAC-

Film showed a zeta potential of +1.1 mV. This inversion of the 

surface charge is due to an increase in the QAC moieties in the 

film. On the other hand, after remaining chloroacetyl groups of 

QAC-Film prepared using 20 mol% of TMDAH were completely 

converted to QAC structures, the zeta potential of the 

resulting QAC2-Film was +8.3 mV. The difference of the 

surface charge is +23.4 mV before/after the modification with 

 C (%) H (%) N (%) Cl (%) C/N Cl/N 

QAC-Film 
found 50.83 7.65 5.92 11.28 8.59 1.91 

calcd
a
 53.31 8.24 6.43 11.94 8.29 1.86 

QAC2-Film 
found 53.97 9.44 6.45 8.58 8.37 1.33 

calcd
b
 59.12 9.88 7.05 8.93 8.39 1.27 
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DMOA, which is clearly ascribed to an increase in the amounts 

of QAC moieties. In the literatures, film materials containing 

tertiary amines or quaternary ammonium salts have shown a 

zeta potential of ca. +50 mV at neutral conditions,
57,58

 which 

are quite greater than that of our films. We consider that the 

weak positive charge of QAC2-Film is caused by the 

neutralization of the net charge of QAC moieties covered with 

hydrophobic n-octyl groups. From these results, we found that 

to some extent, positive-charged surfaces can be constructed 

by the control in the amounts of QAC moieties through the 

reactions with TMDAH and DMOA. 

Conclusions 

In this paper, we describe the synthesis of QAS-functionalized 

PHUs using DTMPC and aliphatic diamines as starting materials 

and facile fabrication of PHU films bearing dual QAS moieties. 

The reaction of DTMPC with a slight excess of diamines leads 

to PHUs with well-controlled molecular weights and 

polydispersities. The resulting PHUs possess two OH groups in 

their repeating unit, which can be chemically modified with 

functional groups. In facts, we successfully synthesized QAC-

functionalized PHUs in high yields from these PHUs via 

chloroacetylation by chloroacetyl chloride followed by 

quaternization by DMOA. During these reactions, neither 

cleavage nor cross-linking of PHU chains occurred and more 

than 90% of QAC moieties were introduced. On the other 

hand, the simple reaction of chloroacetylated PHUs with 

bifunctional tertiary amine TMDAH underwent both 

quaternization and formation of networked structures, 

resulting in QAC-functionalized PHU films. Especially, the 

reaction with 20 mol% of TMDAH gave self-supported films 

with excellent transparency and flexibility. In addition, 

different structured QAC moieties were successfully 

introduced in the film by the secondary quaternization 

reaction of DMOA. The film with dual QAC moieties possessed 

weak positively-charged surfaces, which implies that the film 

effectively interacts with microbes with negative charges and 

is possibly applied as an antimicrobial film. 

Since DTMPC can be synthesized through non-phosgene and 

green sustainable routes, the studies on the DTMPC-based 

PHUs are worth in green chemistry. To the best of our 

knowledge, the studies on QAC-functionalized PHU films have 

not been reported yet and our report is first example. 

Furthermore, the fabrication route to PHU films we described 

here simultaneously accomplished quaternization and film 

formation, which expects that this method will be regarded as 

a fundamental technique to designing and fabricating 

antimicrobial PHU films. The characterization of antimicrobial 

activity of these PHUs and PHU films are in progress. 

Acknowledgements 

This work was financially supported by JSR Co., Ltd. Zeta 

potential measurements of the film samples were performed 

by Kanagawa Industrial Technology Center. 

Notes and references 

 
1 B. Nohra, L. Candy, J.-F. Blanco, C. Guerin, Y. Raoul, Z. 

Mouloungui, Macromolecules 2013, 46, 3771-3792. 
2 X. Sheng, G. Ren, Y. Qin, X. Chen, X. Wang, F. Wang, Green 

Chem. 2015, 17, 373-379. 
3 B. Ochiai, H. Kojima, T. Endo, J. Polym. Sci. Part A: Polym. 

Chem. 2014, 52, 1113-1118. 
4 R. H. Lambeth, T. J. Henderson, Polymer 2013, 54, 5568-

5573. 
5 B. Ochiai, S. Sato, T. Endo, J. Polym. Sci. Part A: Polym. Chem. 

2007, 45, 3400-3407. 
6 B. Ochiai, S. Sato, T. Endo, J. Polym. Sci. Part A: Polym. Chem. 

2007, 45, 3408-3414. 
7 B. Ochiai, Y. Sato, T. Endo, Green Chem. 2005, 7, 765-767. 
8 B. Ochiai, S. Inoue, T. Endo, J. Polym. Sci. Part A: Polym. 

Chem. 2005, 43, 6613-6618. 
9 B. Ochiai, J. Nakayama, M. Mashiko, Y. Kaneko, T. Nagasawa, 

T. Endo, J. Poly. Sci. Part A: Polym. Chem. 2005, 43, 5899-
5905. 

10 N. Kihara, Y. Kushida, T. Endo, J. Polym. Sci. Part A: Polym. 
Chem. 1996, 34, 2173-2179. 

11 M. Kathalewar, A. Sabnis, J. Appl. Poly. Sci. 2015, DOI: 
10.1002/APP.41391. 

12 L. Naisonneuve, A. S. More, S. Foltran, C. Alfos, F. Robert, Y. 
Landais, T. Tassaing, E. Grau, H. Cramail, RSC Adv. 2014, 4, 
25795-25803. 

13 L. Annunziata, A. K. Diallo, S. Fouquay, G. Michaund, F. 
Simon, J.-M. Brussion, J.-F. Carpentier, S. M. Guillaume, 
Green Chem. 2014, 16, 1947-1956. 

14 M. Fleischer, H. Blattmann, R. Mülhaupt, Green Chem. 2013, 
15, 934-942. 

15 S. M. Guillaume, Eur. Polym. J. 2013, 49, 768-779. 
16 Y. He, H. Keul, M. Müller, React. Funct. Polym. 2011, 71, 175-

186. 
17 L. Maisonneuve, A.-L. Wirootius, C. Alfos, E. Grau, H. Cramail, 

Polym. Chem. 2014, 5, 6142-6147. 
18 H. Tomita, F. Sanda, T. Endo, J. Polym. Sci. Part A: Polym. 

Chem. 2001, 39, 860-867. 
19 H. Tomita, F. Sanda, T. Endo, J. Polym. Sci. Part A: Polym. 

Chem. 2001, 39, 162-168. 
20 H. Tomita, F. Sanda, T. Endo, J. Polym. Sci. Part A: Polym. 

Chem. 2001, 39, 4091-4100. 
21 S. Marius, H. Lucian, M. Marius, P. Daniela, G. Irina, O. R.-

Iulian, D. Simona, M. Viorel, J. Mater. Sci.: Mater. Med. 2011, 
22, 789-796. 

22 Y.-H. Huang, M. H.-C. Chen, B.-H. Lee, K.-H. Hsieh, Y.-K. Tu, J.-
J. Lin, C.-H. Chang, ACS Appl. Mater. Interfaces 2014, 6, 
20324-20333. 

23 D. Paul, S. Paul, N. Roohpour, M. Wilks, P. Vadgama, J. Funct. 
Biomater. 2013, 4, 358-375. 

24 I. Francolini, V. Ruggeri, A. Martinelli, L. D'Ilario, A. Piozzi, 
Macromol. Rapid Commun. 2006, 27, 233-237. 

25 L. R. M. Estevão, L. C. S. Mendonça-Hagler, R. S. V. 
Nascimento, Ind. Eng. Chem. Res. 2003, 42, 5950-5953. 

26 R. M. Joyce-Wöhrmann, T. Hentschel, H. Münsted, Adv. Eng. 
Mater. 2000, 2, 380-386. 

27 A. A. El-Sayed, F. A. Kantouch, A. Kantouch, J. Appl. Polym. 
Sci. 2011, 121, 777-783. 

28 P. Kurt, L. Wood, D. E. Ohman, K. J. Wynne, Langmuir 2007, 
23, 4719-4723. 

29 H. Xu, H. Ning, Y. Chen, H. Fan, B. Shi, Prog. Org. Coatings 
2013, 76, 924-934. 

30 K. H. Hong, G. Sun, J. Appl. Polym. Sci. 2010, 115, 1138-1144. 
31 K. Barnes, J. Liang, S. D. Worley, J. Lee, R. M. Broughton, T. S. 

Huang, J. Appl. Polym. Sci. 2007, 105, 2306-2313. 

Page 9 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

32 J. Luo, Z. Chen, Y. Sun, J. Biomed. Mater. Res. Part A 2006, 
823-831. 

33 V. W. L. Ng, J. P. K. Tan, J. Leong, Z. X. Voo, J. L. Hedrick, Y. Y. 
Yang, Macromolecules 2014, 47, 1285-1291. 

34 W. Chin, C. Yang, V. W. L. Ng, Y. Huang, J. Cheng, Y. W. Tong, 
D. J. Coady, W. Fan, J. L. Hedrick, Y. Y. Yang, Macromolecules 

2013, 46, 8797-8807. 
35 A. C. Engler, J. P. K. Tan, Z. Y. Ong, D. J. Coady, V. W. L. Ng, Y. 

Y. Yang, J. L. Hedrick, Biomacromolecules 2013, 14, 4331-
4339. 

36 Y. Qiao, C. Yang, D. J. Coady, Z. Y. Ong, J. L. Hedrick, Y.-Y. 
Yang, Biomaterials 2012, 33, 1146-1153. 

37 S. Q. Liu, C. Y. Y. Huang, X. Ding, Y. Li, W. M. Fan, J. L. Hedrick, 
Y.-Y. Yang, Adv. Mater. 2012, 24, 6484-6489. 

38 S. J. Kim, Y. S. Nam, D. M. Rhee, H.-S. Park, W. H. Park, Eur. 
Polym. J. 2007, 43, 3146-3152. 

39 P. Bober, J. Liu, K. S. Mikkonen, P. Ihalainen, M. Pesonen, C. 
Plumed-Ferrer, A. Wright, T. Lindfors, C. Xu, R.-M. Latonen, 
Biomacromolecules 2014, 15, 3655-3663. 

40 R. Hu, G. Li, Y. Jiang, Y. Zhang, J.-J. Zou, L. Wang, X. Zhang, 
Langmuir 2013, 29, 3773-3779. 

41 M. Khan, Y. Feng, D. Yang, W. Zhou, H. Tian, Y. Han, L. Zhang, 
W. Yuan, J. Zhang, J. Guo, W. Zhang, J. Polym. Sci. Part A: 
Polym. Chem. 2013, 51, 3166-3176. 

42 P. Li, Y. F. Poon, W. Li, H.-Y. Zhu, S. H. Yeap, Y. Cao, X. Qi, C. 
Zhou, M. Lamrani, R. W. Beuerman, E.-T. Kang, Y. Mu, C. M. 
Li, M. W. Chang, S. S. J. Leong, M. B. Chan-Park, Nature 

Mater. 2011, 10, 149-156. 
43 H. Han, J. Wu, C. W. Avery, M. Mizutani, X. Jiang, M. 

Kamigaito, Z. Chen, C. Xi, K. Kuroda, Langmuir 2011, 27, 
4010-4019. 

44 S. Ye, P. Majumdar, B. Chisholm, S. Stafslien, Z. Chen, 
Langmuir 2010, 26, 16455-16462. 

45 C. M. Dvoracek, G. Sukhonosova, M. J. Benedik, J. C. Grunlan, 
Langmuir 2009, 25, 10322-10328. 

46 E.-R. Kenawy, Y. A.-G. Mahmoud, Macromol. Biosci. 2003, 3, 
107-116. 

47 F. Costanza, S. Padhee, H. Wu, Y. Wang, J. Revenis, C. Cao, Q. 
Li, J. Cai, RSC Adv. 2014, 4, 2089-2095. 

48 D. D. Iarikov, M. Kargar, A. Sahari, L. Russel, K. T. Gause, B. 
Behkam, W. A. Ducker, Biomacromolecules 2014, 15, 169-
176. 

49 A. E. Madkour, J. M. Dabkowski, K. Nüsslein, G. N. Tew, 
Langmuir 2009, 25, 1060-1067. 

50 H. Matsukizono, T. Endo, J. Appl. Polym. Sci. 2015, 
DOI:10.1002/APP.41956. 

51 R. Kanega, T. Hayashi, I. Yamanaka, ACS Catal. 2013, 3, 389-
392. 

52 T. Murayama, T. Hayashi, R. Kanega, I. Yamanaka, J. Phys. 
Chem. 2012, 116, 10607-10616. 

53 R. Nishihara, Catal. Surv. Asia 2010, 14, 140-145. 
54 K. Okuyama, J. Suguyama, R. Nagahata, M. Asai, M. Ueda, K. 

Takeuchi, Green Chem. 2003, 5, 563-566. 
55 P. Nayak, D. K. Mishra, D. Parida, K. C. Sahoo, M. Nanda, S. 

Lenka, P. L. Nayak, J. Appl. Polym. Sci. 1997, 63, 671-679. 
56 M. A. Elrehim, B. Voit, B. Bruchmann, K.-J. Eichhorn, K. 

Grundke, C. Bellmann, J. Polym. Sci. Part A; Polym. Chem. 
2005, 43, 3376-3393. 

57 J. Ma, C. Ma, G. Zhang, Langmuir 2015, 31, 6471-6478. 
58 H.-S. Lee, D. M. Eckmann, D. Lee, N. J. Hickok, R. J. Composto, 

Langmuir 2011, 27, 12458-12465. 

 

Page 10 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


