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Polyurethane-urea latex particles were synthesized by 

miniemulsion polyaddition of fatty acid-based diol 

derivatives and isophorone diisocyanate. The influence of 

the solid content, the surfactant and the hydrophobic agent 

was studied. Stable monodispersed latex particles with 

diameters around 200-300nm were obtained with solid 

content up to 50wt%, without use of any additional 

hydrophobic agent. 

Due to the depletion of fossil carbon resources, biomass as a 

sustainable resource is gaining importance. Among them, vegetable 

oils are interesting molecules for polymer synthesis through the 

derivatization of their functional groups.1–6 They are easily turned 

into diols or polyols that can be used for the synthesis of 

polyurethanes (PU).7–12 Moreover, the literature also describes few 

examples of vegetable-based diisocyanates.13–15 

Polyurethanes are commodity polymers that are used in a wide range 

of applications, from foams to textile fibers or glues. Polyurethane 

latexes are interesting for coating and adhesive applications. Most 

aqueous PU dispersions are made via the commonly called “acetone 

process”.16 The principle is to polymerize in a volatile organic 

solvent, usually acetone, and to subsequently disperse the polymer 

mixture in water and then to evaporate the organic solvent. This 

enables the production of non-VOC aqueous PU dispersions. Recent 

works use vegetable-based polyols17,18 from triglycerides and also 

vegetable-based diisocyanates19,20 to get fully biobased PU. Still, this 

method uses organic solvents. 

A greener route to non-VOC aqueous PU dispersions can be 

through miniemulsion polymerization. It was initially designed for 

radical polymerizations but the polymerization mechanisms have 

been extended over the years. In 2000, Landfester et al. were the 

first to describe polyadditions by miniemulsion polymerization with 

bis-epoxides and diamines.21 They further described the 

miniemulsion polyaddition of isophorone diisocyanate (IPDI) and 

1,12-dodecanediol using hexadecane as a hydrophobic agent.22 The 

polyurethane latexes obtained with solid contents around 20wt% 

exhibit particle sizes around 200 nm. More recently, Chiu et al. 

produced high molecular weight PU by miniemulsion 

polymerization of IPDI and poly(tretramethylene oxide).23 The 

authors obtained large particles around 800-900nm with molecular 

weights up to 26 kg/mol but did not report the solid content. Other 

works introduced natural triols as polyols, such as castor oil. Cramail 

and coll. reported aqueous PU latexes with 5wt% solid content and 

particle sizes of 200-300nm24. Sayer and coll. also obtained latexes 

with 20wt% of solid content with particle sizes of 180 nm and PU 

molar mass around 5800 g/mol with a dispersity of 1.55. 25  

In all these examples of PU synthesis through miniemulsion 

process, the authors pointed out the formation of urea linkages. This 

is due to the side reaction between water and isocyanate to form 

amine units that subsequently react with isocyanate to form urea 

functions. According to Landfester, this side reaction is slower than 

the reaction of IPDI with alcohol thus limiting the urea content in the 

final polymer.22  

Furthermore, during the miniemulsion polymerization, a 

hydrophobic agent is needed to prevent Ostwald ripening. This agent 

may modify the resulting polymer and the coating features. 

Hexadecane is the most widely used hydrophobic agent but 

vegetable oils such as olive oil and açaí oil have been tested as 

hydrophobic agents to prepare polyurethane latexes.24–26  

To remain on the “green” track, such additives have to be removed. 

There are scarce examples in the literature of hydrophobe-free 

miniemulsion polymerization.27–29 In all cases, the surfactant is the 

sole stabilizer and plays also the role of hydrophobe: for Charleux 

and coll. and Landfester and coll., the surfactant is a comb-like 

charged copolymer while for Liu and coll., it is a Y-like branched 

castor oil derivative. More recently, Singha and coll. performed 

RAFT polymerization of a fluorinated acrylate in miniemulsion. The 

RAFT agent used contains a long alkyl chain with 12 carbons. The 

high hydrophobicity of the monomer and the RAFT agent allowed 

miniemulsion polymerization with SDS or Triton X-450 as 

surfactant.30  

In this study, a hydrophobe-free formulation was developed to 

get semi-biobased aqueous PU latexes. Sodium dodecyl sulphate 

(SDS) was used as a surfactant. Two bio-based diols from ricinoleic 

acid were easily synthesized. The polymerizations were performed 

in bulk and miniemulsion with solid contents up to 50wt%.  

  



 

 

Materials and Method 

The biobased diols used in this study are the butanediol monoester 

RicBmE and the propanediol monoester RicPmE obtained from 

ricinoleic acid (Fig.1). The synthesis of such diols has already been 

described by Cramail et al.31 Isophorone diisocyanate IPDI is used 

as the comonomer and dibutyltin dilaurate (DBTDL) as the catalyst, 

the latter being used at the concentration of 0.4wt% of the organic 

phase. 

 
 Fig. 1: Castor oil diol derivatives RicBmE, RicPmE and isophorone 
diisocyanate IPDI. 

The organic phase is composed of the monomers, the catalyst and 

the hydrophobic agent while the aqueous phase consists of deionized 

water and a surfactant (sodium dodecyl sulphate). 

The miniemulsions are obtained by ultrasonicating the system for 

120 sec in an ice bath (Bioblock Scientific VibracellTM, 750W, 40% 

amplitude). Then the polymerization is carried out at 60°C for 4h 

with mechanical stirring at 300 rpm. Particle sizes were measured by 

dynamic light scattering (DLS) with a Zetasizer Nano ZS from 

Malvern. Samples were diluted in continuous phase before analysis.  

Results and Discussion 

RicBmE and RicPmE are easily synthesized in a single step by 

trans-esterification of ricin oil with 1,4-butanediol or 1,3-

propanediol and then polymerized with IPDI catalysed by DBTDL 

to yield polyurethane. Bulk polymerization of RicPmE and IPDI at 

60°C leads to an amorphous polymer with a glass transition 

temperature of 14°C, and Mn of 30 000g/mol (Ɖ≈3.3). Similar 

results are obtained with RicBmE. 

The system was transposed to miniemulsion. In order to obtain 

the highest solid content and monomer conversion, parameters such 

as the solid content, the hydrophobic agent and the number of IPDI 

equivalent were studied. Finally, the side reaction of isocyanate with 

water giving urea units was investigated. 

Influence of the hydrophobic agent 

Two hydrophobic agents were studied: hexadecane and stand oil. 

The first one is a largely used hydrophobic agent and the second one 

is a linseed oil derivative. For 20wt% of solid content, 

miniemulsions were obtained with similar characteristics whatever 

the hydrophobic agent. The droplet size of the miniemulsion and the 

particle size of the latex were similar, around 200nm. The same 

experiment was performed without hydrophobic agent and similar 

results were obtained. Results are summarized in Table 1.  

Surprisingly, no hydrophobic agent was needed to improve the 

stability of the droplets and the latex particles. This phenomenon is 

explained by the high hydrophobicity of RicBmE molecule32,† 

which plays the hydrophobe role and thus prevents the Ostwald 

ripening. 

Table 1: Influence of the solid content and the hydrophobic agent on the 

particle size. 

Solid content 

(wt%) 

Hydrophobic agent (3.2wt% 

of the organic phase) 

[SDS] 

(CMC)a 

Particle size 

(nm)[PDI] b 

20 Hexadecane 3.5 220 [0.206] 

20 Stand oil 3.5 210 [0.139] 

20 No hydrophobe 3.5 230 [0.180] 

30 No hydrophobe 3.5 200 [0.118] 

40 No hydrophobe 5.2 c 245 [0.176] 

50 No hydrophobe 5.2 c 270 [0.183] 

RicBmE and IPDI were used in stoichiometric proportions. DBTDL 

concentration was 0.4wt% of the organic phase. a 1 CMC= 2.34mg/mL — 

critical micellar concentration of SDS. b Measured by DLS  with a 90° angle. 
c Lower amounts of SDS gave unstable miniemulsions. 

The solid content can be increased up to 50wt%. Nevertheless, the 

concentration of SDS in the continuous phase has to be slightly 

increased for 40 and 50wt% solid content systems to obtain stable 

systems. When increasing the solid content, the number of particles 

raises and thus the surface of the interface too. Then, more surfactant 

is needed to cover the entire surface. Moreover, the particle size 

increases slightly with the solid content, up to 270nm at 50wt%.  

Very interestingly, stable polyurethane latexes could be obtained 

with solid content up to 50wt% in hydrophobe-free condition. 

FTIR analysis of such latexes revealed the presence of urea units 

in the polymer backbone (see ESI S6). Urea formation during 

polyurethane synthesis is a known side reaction.22 As the reaction of 

isocyanates and water leads to the production of amines, and the 

subsequent reaction of amines with isocyanates to urea, the 

isocyanate (NCO) concentration is dropping along with the 

polymerization. Therefore, hydroxyls (OH) are not fully converted at 

the end of the polymerization. 

Hu et al. developed a method to calculate the amount of urea and 

urethane in waterborne PU using 1H NMR in deuterated DMSO.33 

Protons linked to the nitrogen atom have different chemical shifts in 

urea and urethane (see Fig.2.) enabling to calculate the urea content 

in the polymers by integration of the corresponding peaks. This 

method was used to determine the urea content in our systems using 

RicPmE as a diol (see ESI S4, S5). The results are summarized in 

Table 2.  



 

 

 

Fig.2: 1H NMR in deuterated DMSO of lyophilized polymer latex with partial assignment. (RicPmE and IPDI were used as monomers, with 3.5 CMC 
of SDS. No hydrophobic agent was added. DBTDL concentration was 0.4wt% of the organic phase.) 

Table 2: Influence of the hydrophobic agent on the urea content 

Solid 

content 

(wt%) 

Hydrophobic agent (3.2wt% 

of the organic phase) 

Particle size 

(nm)a 

Urea 

content b 

(%) 

20 Hexadecane 240±8 24 
20 Sunflower oil 250±14 32 
20 No hydrophobe 238±19 24 

RicPmE and IPDI were used in stoichiometric proportions, with 3.5 CMC of 

SDS. DBTDL concentration was 0.4wt% of the organic phase. 
a Measured by DLS  with a 90° angle. The value given is the average value 

of three measurements. Polydispersity indexes are between 0.143 and 0.232. 
b Measured from 1H NMR in DMSO on lyophilized latex. 

The results obtained without hydrophobe and with hexadecane are 

similar with a urea content of 24%. It means that the addition of a 

hydrophobic agent has no effect on this side reaction. This feature 

confirms the hypothesis that such side reaction occurs only at the 

interface of the droplets and that water is not diffusing in the organic 

phase. Furthermore, the urea content with sunflower oil as 

hydrophobic agent is higher. Sunflower oil mainly consists of 

triglycerides (95-99%), but also contains other components such as 

unsaponifiable derivatives, which could explain the higher urea 

content. 

Influence of the NCO/OH ratio on hydrophobe-free 

miniemulsion polymerizations  

Studies on the influence of the NCO/OH ratio were performed on the 

system at 20wt% of solid content, with 3.5 CMC of SDS, using 

RicPmE as diol, without hydrophobic agent. The latexes obtained 

were lyophilized in order to analyse the crude polymers. The same 

reactions were performed in bulk to compare the polymer 

characteristics. 

Table 3 summarizes the molar mass of the polymers obtained 

with different NCO/OH ratio both in miniemulsion and bulk 

polymerization in brackets. In bulk, the molar masses follow the 

Carothers law: they logically drastically decrease when NCO/OH is 

far from the stoichiometry. Obviously, the glass transition 

temperature follows the same trend.  

Table 3: Characteristics of PU latex and [bulk PU] 

NCO/OH 

ratio 

Mw a,d 

(kg/mol) 
Ð a,d 

Particle 

size b 

(nm) 

Tg c,d 

(°C) 

Urea 

contentd 

(%) 

0.8 3.2 [9.6] 1.3 [1.1] 249±11 -16 [-12] 21 [5] 

1 3.7 [38.2] 1.4 [3.5] 238±19 -5 [14] 24 [-]d 

1.2 4.8 [24.5] 1.5 [2.3] 243±7 9 [12] 30 [-]d 

1.5 5.8 [9.6] 1.6 [1.7] 226±14 32 [-9] 34 [18] 

1.8 5.2 [2] 1.5 [1.4] 239±18 69 [-22] 43 [22] 

2 4.7 [2] 1.5 [1.4] 228±16 69 [-29] 55 [25] 

2.5 4.2 1.4 232±14 nd 55 

3 nd nd  220±6 nd 55 

RicPmE and IPDI were used as monomers, with 3.5 CMC of SDS. No 

hydrophobic agent was added. DBTDL concentration was 0.4wt% of the 

organic phase. a Measured by SEC in THF calibrated with polystyrene 

standards. b Measured by DLS  with a 90° angle. The value given is the 

average value of three measurements. Polydispersity indexes are between 

0.162 and 0.234. c Measured by differential scanning calorimetry. d Polymers 

insoluble in deuterated DMSO. nd: not determined 

Following the mini-emulsion process, the molar masses are 

lower in comparison to the ones obtained in bulk polymerization and 

remain practically constant with the NCO/OH ratio. Moreover the 

particle size is not affected and remains around 240 nm. Indeed, the 

stoichiometry between the diol and the diisocyanate is difficult to 

achieve because of the side reaction between isocyanate and water, 

proved by the presence of unreacted alcohol in the final material. 

The conversion of each alcohol function (primary and secondary) 

can be calculated from 1H NMR spectra in CDCl3 by integration of 

the peaks corresponding to the protons in alpha of the hydroxyl 



 

 

functions (see ESI S7). These hydroxyl functions are those of some 

RicPmE left and of the resulting polymer chain-ends. Results are 

shown in Fig.3 for both miniemulsion and bulk polymerisation.  

For bulk polymers, as expected, the conversion is complete for 

both hydroxyl functions when there is enough diisocyanate to reach 

equivalence.  

 

Fig.3: Conversion of primary and secondary alcohols according to 1H 
NMR in CDCl3. (RicPmE and IPDI were used as monomers, with 3.5 
CMC of SDS. No hydrophobic agent was added. DBTDL concentration 
was 0.4wt% of the organic phase.) 

For miniemulsion polymers, around the stoichiometric ratio, some 

unreacted RicPmE is left due to the formation of urea. For a 

NCO/OH ratio of 1.5, there is no more unreacted RicPmE but still a 

lot of secondary OH chain-ends. Thus, by increasing the NCO/OH 

ratio, one can increase the alcohol conversion without changing the 

latex particle size and stability. Indeed, full conversion can be 

achieved with a NCO/OH ratio of 3. In the meantime, the urea 

content increases thus affecting the polymer properties (Fig.4). 

 
Fig.4: Evolution of the polymer characteristics with the NCO/OH ratio 
at t0 for the miniemulsion systems with 3.5 CMC of SDS at 20wt% of 
solid content. (RicPmE and IPDI were used as monomers, with 3.5 
CMC of SDS. No hydrophobic agent was added. DBTDL concentration 
was 0.4wt% of the organic phase.) 

The conversion and the urea formation increase with the NCO/OH 

ratio, from a urea content of 24% to 55% when NCO/OH≥2. These 

poly(urethane-urea)s have different thermomechanical properties 

compared to polyurethane. Urea functions harden the polymer, as 

proved by the higher Tg obtained with the urea content (Table 3). 

These transition temperatures can be compared to the Tg of the bulk 

polyurethane obtained with NCO/OH=1 which has a Tg of only 

12°C (with a negligible quantity of urea).  For NCO/OH ratios of 0.8 

to 1.2, the Tg is below 12°C, explained by the presence of unreacted 

RicPmE (Fig.3) that plasticises the polymer and thus decreases the 

Tg. 

Finally, full diol conversion can be reached by playing with the 

NCO/OH ratio, and the polyurethane-urea thermomechanical 

properties can be modulated. 

Conclusions 

High solid content bio-based poly(urethane-urea) latexes were 

obtained through miniemulsion polymerization. No hydrophobic 

agent was needed. The hydrophobic vegetable-based diol itself 

allows stabilizing the droplets against Ostwald ripening. Thus, the 

use of solvents or additives is avoided during the whole 

polymerization process. Lower molar masses compared to the bulk 

polymerization were observed, however the thermomechanical 

properties of these polymers can be modulated using different 

monomer ratios. 
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S1: Polymerization protocols 
 

Bulk polymerization: 

Both monomers and the catalyst are introduced in a tubular schlenk. The polymerization is 

performed at 60°C under magnetic stirring for 4h. The stirring is no more efficient when the 

viscosity of the mixture increases. Then the oil bath is removed and samples are taken for 

analysis. 

Miniemulsion polymerization: 

Preparation of the aqueous phase: 

Sodium dodecyl sulfate is dissolve in deionized water under magnetic stirring until complete 

dissolution. 

Preparation of the organic phase and emulsification: 

Both monomers and the catalyst are stirred manually with a spatula for about 10s. The organic 

phase is then introduced in the aqueous phase previously prepared. Sonication is applied to the 

system. During sonication, an ice bath is used to cool the system. An emulsion is obtained. 

Polymerization: 

Shortly after emulsification, the emulsion is inserted in a round-bottom flask equipped with a 

mechanic stirrer at 60°C. Polymerization is performed for 4h at this temperature with a stirring of 

300rpm. 
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S2: Experimental data 
 

1H and 13C-NMR spectra were recorded on Bruker Avance 400 spectrometer.  

Size exclusion chromatography (SEC) analyses were performed in THF (40°C) on a PL-GPC 50 

plus Integrated GPC from Polymer laboratories-Varian with a series of four columns from 

TOSOH (TSKgel TOSOH: HXL-L (guard column 6,0mm ID x 4,0cm L); G4000HXL (7,8mm 

ID x 30,0cm L) ;G3000HXL (7,8mm ID x 30,0cm L) and G2000HXL (7,8mm ID x 30,0cm L)). 

The elution of the filtered samples was monitored using simultaneous refractive index and UV 

detection. The elution times were converted to molar mass using a calibration curve based on 

low dispersity (Mw/Mn) polystyrene (PS) standards. 

Differential scanning calorimetry (DSC) thermograms were measured using a DSC Q100 

apparatus from TA instruments. For each sample, two cycles from -50 to 100 °C (or 120 °C for 

higher melting point polyurethanes) at 10 °C.min-1 were performed and then the glass transition 

temperatures were calculated from the second heating run.   

 

Table 1: Characteristics of PU latex and [bulk PU] 

Entry 
NCO/OH 

ratio 

Mw a,d 

(kg/mol) 
Ð a,d 

Particle 

size b (nm) 
Tg c,d (°C) 

Urea 

content d 

(%) 

ME0[YP40] 

ME1 

 

0.8 3.2 [9.6] 1.3 [1.1] 249±11 -16 [-12] 21 [5] 

ME1[YP41] 1 3.7 [38.2] 1.4 [3.5] 238±19 -5 [14] 24 [-]e 

ME2[YP42] 1.2 4.8 [24.5] 1.5 [2.3] 243±7 9 [12] 30 [-]e 

ME3[YP43] 1.5 5.8 [9.6] 1.6 [1.7] 226±14 32 [-9] 34 [18] 

ME4[YP44] 1.8 5.2 [2] 1.5 [1.4] 239±18 69 [-22] 43 [22] 

ME5[YP45] 2 4.7 [2] 1.5 [1.4] 228±16 69 [-29] 55 [25] 

ME8 2.5 4.2 1.4 232±14 nd 55 

ME9 3 nd nd  220±6 nd 55 

RicPmE and IPDI were used as monomers, with 3.5 CMC of SDS. No hydrophobic agent was added. 

DBTDL concentration was 0.4wt% of the organic phase
 

a Measured by SEC in THF calibrated with polystyrene standards. b Measured by DLS  with a 90° angle. 

The value given is the average value of three measurements. Polydispersity indexes are between 0.162 

and 0.234. c Measured by differential scanning calorimetry. d Polymers insoluble in deuterated DMSO. 

nd: not determined 
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S3: 1H NMR of RicBmE and RicPmE in CDCl3 
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S4: Method to calculate the urea content 

 
Figure 1: NMR Spectra in DMSO of a lyophilized latex and of RicPmE 
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Figure 2: NMR Spectra in DMSO of a lyophilized latex 

𝑈𝑟𝑒𝑎 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑢𝑟𝑒𝑎

𝑢𝑟𝑒𝑎 + 𝑢𝑟𝑒𝑡ℎ𝑎𝑛𝑒
 

𝑾𝒉𝒆𝒓𝒆: 
• 𝒖𝒓𝒆𝒕𝒉𝒂𝒏𝒆 = 𝒅 

 

• 𝒖𝒓𝒆𝒂 =
(𝒄+𝒆)−(𝒂+𝒃+𝟐𝒇) 𝟐⁄

𝟐
 

 

Equation 1: Definition of the urea content 
 

a, b, c, d, e and f are the integrals corresponding to the following peaks: . f is the integral of the 

peak at 4.49ppm corresponding to the proton of the unreacted primary alcohol of RicPmE. f=0 

when there is no more unreacted primary alcohol.  
a + b is set to 4, as it corresponds to 4 protons. 

 

 
Figure 3: 13C-1H NMR of a lyophilized latex in DMSO. 

It shows that the protons between 5 and 7.5ppm are not linked to a carbon atom. Only the protons 
of the double bond are visible in this range 
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Figure 4: 1H-1H NMR spectrum in DMSO of a lyophilized latex 

Around 7ppm (X axis), two correlation signals appear (in pink and green): they correspond to the 
proton of the NH of urethane functions. There are two signals because of the asymmetrical 
structure of IPDI. 

 

 

 

 

 

Between 5 and 6ppm (X axis), signals corresponding to the double bond protons are visible. Two 
signals are visible (in blue), they correspond to the urea formed with the structure below.  

 

 

 

 

 

 

Two other urea structures could be formed, but they are not visible on the NMR spectra. This 
can be explained by the different reactivity of the two isocyanate functions of the IPDI due to 
steric hindrance. The more reactive functions react with alcohols, then the less reactive with the 
alcohol functions remaining. Thus, when the side reaction of isocyanate and water occurs, the 
less reactive isocyanate function is the main one remaining. 
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S5: NMR spectra of lyophilized latex and bulk polymers 

in DMSO 

 

  
Figure 2: NMR spectra of lyophilized latex ME0 to ME9 in DMSO 



ESI 9 
 

 
Figure 3: NMR spectra of bulk polymers in DMSO 
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S6: FTIR spectra of lyophilized latex 

 

The peak at 1645cm-1 is due to the carbonyl group of urea. The peak at 1700cm-1 is due to the carbonyl 

group of urea.  Urea increases with the amount of IPDI introduced which is in accordance with the urea 

contents calculated from 1H NMR. 
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S7: 1H NMR of lyophilized latex and bulk polymers in 

CDCL3 

 
Figure 4: NMR spectra of lyophilized latex ME0 to ME9 in CDCl3 
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Figure 5: NMR spectra of bulk polymers in CDCl3 
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S8: SEC graphs of lyophilized latex and bulk polymers 

ME0 
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ME1 
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ME2 
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ME3 
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ME4 
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ME5 
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ME8 
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YP40 
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YP41  
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YP42 
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YP43 
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YP44 
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YP45 
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S9: DSC Thermograms 
ME1 

 
YP45 

 


