[bookmark: _GoBack]Syntéza hvězdicovitých polymerů pro polyurethanové nátery pomocí iontové polymerace


Synthesis of star polymers applicable as filler for polyurethane coatings by ionic polymerization

Bohacik P.1, Podzimek S.1,2, Spacek V.2, Bandzuch J.2, Machotova J.1, Kadlecova M.1

1University of Pardubice, Faculty of Chemical-technology, Institute of Macromolecular Substances and Technology, Studentska 573, 532 10 Pardubice
2Synpo a.s., S. K. Neumanna 1310, Pardubice
Peter.bohacik@student.upce.cz

Summary
    Star polymers were prepared by ionic polymerization. As the star core polyols served e.g.: trimethylol propane (TMP), pentaerythrythol (PETP) and dipentaerythrythol (DPETP) and the star arms were built up from ε-caprolactame, lactide in different ratios of both components. Coatings based on TMP have often anti-slip properties high gloss but lower hardness. On the contrary, coatings based on PETP and DPETP have high hardness, but no anti-slip properties. 
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Introduction
    Star polymers are branched molecules containing multiple arms connected at central core that have unique properties compared to their linear analogues.1,2 The first report about this configuration was made in 1948 by Shaefgen and Flory.3 Star polymers are interest because they provide most of the properties of high molecular weight materials at lower viscosity than linear materials. 
    The selectivity of ionic polymerization is due to the very strict requirements for stabilization of anionic and cationic propagating species. Ionic polymerizations, especially cationic polymerizations, are not as well understood as radical polymerizations because of experimental difficulties involved in their study. In ionic polymerizations are usually use inorganic initiators. Is difficult to obtain kinetic data because ionic polymerizations proceed at very rapid rates and are extremely sensitive to the presence of small concentrations of impurities and other adventitious materials. The rates of ionic polymerizations are usually greater than radical polymerizations. Anionic systems are not more reproducible because the reaction components are better defined and easily purified.4 
Mark-Houwink plot provides information about molecular structure. Generally, polymer molecules in the thermodynamically good solvents have the exponent a from about 0.65 to about 0.75, and in the theta solvent 0,5.5 The exponent a of the Mark-Houwink equation decreases with increasing degree of branching. Typical feature of randomly branched polymers is decreasing slope of the Mark-Houwink plot towards the higher molar masses. In the ultimate case of the star-like branched molecules the exponent reaches the value of 0. In addition, the knowledge of intrinsic viscosity and molar mass allows the calculation of hydrodynamic radius and of the root mean square (RMS) radius (also called radius of gyration) using the Flory-Fox and Ptitsyn-Eizner equantions.5,6
Size Exclusion Chromatography (SEC) based on entropic separation is typically used for the analysis of polymers. SEC is often used for polymerization kinetics studies, investigation of polymer degradation and ageing, determination of low-molar-mass additives in polymers and characterization of oligomers.5,6 
Branching polymers have attractive properties e.g. reduce molecular size, inhibition of polymer crystallization (branching discourages the chain from fitting closely together, the structure is amorphous and have relatively large amount of empty space). Branched molecules can be of varied structures e.g. stars, randomly branched polymers, combs, dendrimers and hyperbranched polymers. 5

Experimental Part and Discussion
    For characterization was used A4F-MALS from Wyatt Technology Corporation with Isocratic pump (Agilent 1100 Series, Agilent Laboratories), Auto sampler (Waters 717 Plus, Waters Corporation), MALS detector (DAWN HELEOS, Wyatt Technology Corporation) and RI detector (Optilab TrEX, Wyatt Technology Corporation). Concentration of prepared samples were 3 mg/ml and injected amount were 100 µL in each sample. Was used long separation canal with 350 µm spacer with 5kDa regenerated cellulose membrane and channel temperature 25 °C. Channel-flow was 1 mL/min, cross-flow gradient from 3 to 0.16 mL/min over 20 minutes, isocratic at 0.16 mL/min over 10 minutes and cross-flow off over 5 minutes. A4F-MALS was used to determinate apparent molecular weights Mn and Mw, molecular weight distributions, Mw/Mn of polymers samples (Đ). For acquire data for reaction kinetics was used Size Exclusion Chromatography (Alliance Waters 2695, Waters USA), with polystyrene standards in Tetrahydrofurane (THF) and columns Agilent Plgel Mixed C 300 x 7.5 mm.  The viscosity was determinate by Brookfield viscometer (Brookfield CAP 2000/C6/100 rpm/25°C). Gloss was measured by TRI GLOSS BYK, Gardner in three angle of measurement geometry 20°, 60°and 85°. 
    ε-caprolactame (CAPA,99%), 1,1,1-Three(hydroxymethyl)propane (TMP,98%), catalyst Tin(II) 2-ethylhexanoate (92.5-100%), 3,6-Dimethyl-1,4-dioxane-2,5-dione (LAC) and isophorone diisocyanate (IPDI,98%) were obtained from Sigma Aldrich. These chemicals were used without further purification.
    For the synthesis star polymers was used typical laboratory glassware. All equipment was dried at 150°C for 4 hours, next the equipment was dried under nitrogen. The reaction was run under a positive pressure of nitrogen. All chemicals were dried by molecular sieves 3Å. The synthesis was run in two steps, for 6 hours in 130°C. Then heat up to 160°C till AV was below 5 mg KOH/g. In one 500 mL four necked flask with positive nitrogen pressure is charged polyol (e.g. TMP), CAPA/LAC and catalyst. Every 30 min we were took samples of reaction mixtures, for checking reactions kinetics.
    The coatings were prepared on glass panels with dimensions 150 x 100 mm by applicator ruler with slit 100 µm. Prepared coatings were cured in oven in 80°C during 120 min. Polyurethane coatings were based on star polymers and isophorone diisocyanate. Dibutyl tin laurate (DBTL) was used in 1% solution in methyl ketone like catalyst.  Prepared coatings were tested by tests widely used in coatings industry, e.g. pendulum hardness (Perzos pendulum), micro hardness (UHL, VMH-002VM).
    The experiment is in Table I, where is summarized core-forming polyols, arms forming chemicals, determined molecular averages, polydispersity and AV OH mg/g. The synthesis of star polymers has decrease of AV OH mg/g. This decrease is targeted, because we anticipated change of coatings properties with decreasing R-OH groups in arm chain. For different R-OH groups was used CAPA, LAC with different ratios of both. This different rations results in decrease of reactive R-OH groups in polymer arm and change properties of prepared coatings.     In first group based on Buthan-1,4-diol is possible star named by star-like polymers or pseudo star polymers. Because core is based on two functional monomers, and resulting “star” polymers is linear. On the contrary the polymers based on TMP, PETP and DPETP has three, four and six reactive OH groups – arise three, four and six arm polymer star. 
     The polymer “star” based on Buthan-1,4-diol have dispersity from 1.20 to 2.00, usually dispersity is lower, but still this dispersity is in normal lane. In prepared star polymers based on TMP, PETP and DPETP is dispersity from 1.14 to 1.61, this dispersity is better than dispersity in Buthal-1,4-diol based polymers. 
Molecular averages Mn and Mw is gradually increasing with higher amount of star forming monomers. This effect is based on longer arms on the star’s polymers and higher number of star arms. 








Table I. Characterization of star polymers prepared by ionic polymerization
	Basic characterization of star polymers 

	Sample name
	Molecular averages (g/mol)
	Viscosity
	 
	 
	 

	 
	Mn
	Mw
	Đ
	mPa.s
	AV OH (mg/g)
	Star core
	Arm Made from

	Star 1
	613
	734
	1.20
	532
	143.5
	Bu-diol
	CAPA

	Star 2
	937
	1,123
	1.20
	1,022
	135.7
	Bu-diol
	CAPA/LAC

	Star 3
	1,715
	2,373
	1.38
	1,800
	105.6
	Bu-diol
	CAPA/LAC

	Star 4
	4,578
	7,536
	1.65
	32,810
	37.9
	Bu-diol
	CAPA/LAC

	Star 5
	8,586
	17,738
	2.00
	123,000
	12.6
	Bu-diol
	CAPA/LAC

	Star 6
	1,833
	2,270
	1.24
	1,520
	146.3
	TMP
	CAPA

	Star 7
	2,668
	3,560
	1.33
	5,515
	84.5
	TMP
	CAPA/LAC

	Star 8
	3,077
	4,152
	1.35
	6,170
	77.5
	TMP
	CAPA/LAC

	Star 9
	4,131
	5,713
	1.38
	20,285
	54.4
	TMP
	CAPA/LAC

	Star 10
	8,547
	12,260
	1.43
	100,350
	21.5
	TMP
	CAPA/LAC

	Star 11
	1,609
	1,829
	1.14
	1,475
	213.1
	PETP
	CAPA

	Star 12
	1,939
	2,167
	1.15
	669
	142.1
	PETP
	CAPA

	Star 13
	3,672
	4,782
	1.30
	9,870
	83.1
	PETP
	CAPA/LAC

	Star 14
	5,504
	7,608
	1.38
	36,070
	56.5
	PETP
	CAPA/LAC

	Star 15
	8,393
	14,154
	1.69
	14,095/60°C*
	29.5
	PETP
	CAPA/LAC

	Star 16
	2,276
	2,724
	1.20
	78,900
	181.4
	DPETP
	CAPA/LAC

	Star 17
	4,018
	5,223
	1.30
	16,125
	107.2
	DPETP
	CAPA/LAC

	Star 18
	5,685
	7,257
	1.28
	61,950
	71.8
	DPETP
	CAPA/LAC

	Star 19
	9,829
	14,010
	1.43
	61,540
	44.5
	DPETP
	CAPA/LAC

	Star 20
	10,344
	16,620
	1.61
	136,600
	32.5
	DPETP
	CAPA/LAC



*  This sample was measured in 60°C, because the sample started crystalize few minutes after synthesis. 

    In the Figure 1 is compare of hardness prepared coatings with the stars based on Buthan-1,4-diol and TMP, coatings were cured by IPDI in oven during 120 min. Hardness was measured seven days after curing. Thus, coatings are soft and have anti-slip properties, but coatings based on Star 5, 9 and 2 was after curing gluey. These coatings aren’t useable in painting industry. On the contrary coatings made from Star 1, 2, 3, 4, 6, 7, 8, and 10 have after curing anti-slip properties, but these coatings are soft and doesn’t gluey and have high gloss (high gloss is up for 60 in geometry of measured 60°, below number 60 is coating matte). One of more possibilities how utilize anti-slip properties is use thus coatings e.g. coating on the floor in shower or in the pool. Gluey coatings are possible use like industry glue, or mixed them with another type of polyol and another type of isocyanate substances for change properties. In the next time, will be this route tested and thus polymer stars will be mixed with another type of oligomers (polyol) for change viscosity and coatings properties.


Figure 1. Compare of the hardness prepared coatings based on Buthan-1,4-diole and TMP.

    In the Figure 2 is compare of hardness prepared coatings with the stars based on PETP and DPETP, coatings were cured by same way as coatings based on Buthan-1,4-diol and TMP. 




Figure 2. Compare of the hardness prepared coatings based on PETP and DPETP.


Conclusion

Molecular averages and index of polydispersity were measured by A4F-MALS. The slopes of the Mark-Houwink plots prepared star polymers were closed to zero which confirms very compact molecular structure. Reaction kinetics was determined by SEC and yield of all reaction was about 99.5%. Were prepared coating on glass panels from synthetized star polymers cured by IPDI. Some prepared coating has been useable in shower or pool for their anti-slip properties. In some gluey coating is, may be possible change their properties by another type of polyol, this way will be tested. Thus, prepared coatings have hardness from 1.4 to 2.5 N/mm2.
Coatings based on PETP and DPEPT are have high hardness from 75 to 180 N/mm2, without one sample Star 16 based on DPETP core. Coating made from Star 16 was softy, matte and gluey. Another once coatings were gloss and hard. 
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