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A series of new waterborne polyurethane (PU)/acrylic hybrid latexes have been successfully synthesized by the
emulsion polymerization of acrylic monomers (butyl acrylate and methyl methacrylate) in the presence of a soybean
oil-based waterborne PU dispersion using potassium persulfate as an initiator. The waterborne PU dispersion has
been synthesized by a polyaddition reaction of toluene 2,4-diisocyanate and a soybean oil-based polyol (SOL).
The resulting hybrid latexes, containing-160 wt % SOL as a renewable resource, are very stable and exhibit
uniform particle sizes of 125 20 nm as determined by transmittance electronic microscopy. The structure,
thermal, and mechanical properties of the resulting hybrid latex films have been investigated by Fourier transform
infrared spectroscopy, solid stdf€ NMR spectroscopy, dynamic mechanical analysis, extraction, and mechanical
testing. Grafting copolymerization of the acrylic monomers onto the PU network occurs during the emulsion
polymerization, leading to a significant increase in the thermal and mechanical properties of the resulting hybrid
latexes. This work provides a new way of utilizing renewable resources to prepare environmentally friendly hybrid
latexes with high performance for coating applications.

Introduction polymerizationt'-*2interpenetrating polymer networks (IPRJ),
and crosslinkingf* and graft copolymerizatio#:16

Polyurethanes (PUs) ranging from high performance elas-  Nowadays, the worldwide demands for replacing petroleum-
tomers to tough thermoplastics are of great interest for applica- derived raw materials with renewable, plant-based materials in
tions in coatings, adhesives, medical devices, binders, sealantsghe production of valuable polymeric materials are quite
and the textile industry” Conventional PU products, such as  sjgnificant from both a social and an environmental viewp#int.
coatings and adhesives, contain a significant amount of organicy/egetable oils, possessing a triglyceride structure with unsatur-
solvents and sometimes even free isocyanate mMoNGMIS.  ated fatty acid side chains, are considered to be an important
meet the increasing concern for health, safety, and the environ-ranewable material for the production of bio-based polyrife?s.
ment, the solvent-based PUs have been gradually replaced bys o015 derived from vegetable oils have found utility in bio-
waterborne PUs. Waterborne PUs present many advantagegaqeq py thermosets with excellent chemical and physical

relative to conventional solvent-borne PUs, including low C ; ; .
. . : : v properties, including enhanced hydrolytic and thermal staBilig?.
viscosity at high molecular weight and good applicabitignd However, vegetable oil-based waterborne PU dispersions have

are now one of the most rapidly developing and active branchesnot attracted much attention so far. One of us recently reported

of PU chemlstry and. teghnoloé’y. ) waterborne PU dispersions from the polyaddition reaction of
Emulsion polymerization, a heterogeneous free radical po- jsonhorone diisocyanate and mixtures of dimethylol propanoic
Iymerlzat|or_1 process involving emulsification of one or more facid and a castor oil or rapeseed oil-based pciy&h.The
Monomers in a continuous aqueous phase gnd stab|l|zat|c_m 0resulting dispersions are very stable and the resulting films
the droplets by a surfactant, is a unique cheml_cal process WIOIelyexhibit excellent mechanical properties that can be varied by
used_ to prodl_Jce waterbqrne resins with various coII0|da_I and simply adjusting the composition of the reactants.
physicochemical properti€sThe most advanced materials )
produced by emulsion polymerization are acrylic polymer Soybean oil represents one of the cheapt_ast anpl most abundqnt
latexes containing a combination of monomers, such as butyl @hnually renewable natural resources available in large quanti-
acrylate, methyl methacrylate, and acrylic acid, "efrylic ties. However, 'Fhere have been no reports in the. open literature
polymer latex films possess excellent weatherability, hardness, of the preparation and properties of soybean oil-based water-
and water and alkali resistance due to the main polymer chain’sborne PUs or hybrid latex materials with acrylic resins. The
carbonr-carbon bOﬂdS, making them very useful for CoatingS, ObjeCtive of this work is to eXp'Ore the feaSIbIllty of deVG'Oping
paper and textile finishes, cement additives, and other applica-2 soybean oil-based waterborne PU dispersion and PU/acrylic
tions® However, the elasticity and abrasion resistance of acrylic hybrid latex materials with high performance. In this work, we
resins are inferior to those of urethane resifi: improve the report the synthesis of a soybean oil-based waterborne PU
performance of acrylic polymers with respect to toughness, dispersion, and its use in the preparation of waterborne PU/
flexibility, abrasion resistance, and film-forming properties, acrylic hybrid latexes using emulsion polymerization. The
considerable effort has been devoted to combining PUs andstructure, morphology, and properties of these novel hybrid
acrylics into hybrid latexes by blendidf,seeded emulsion latexes and films have been investigated by Fourier transform
infrared spectroscopy, transmission electron microscopy, solid
*To whom all correspondence should be addressed. Pherk: state *C NMR spectrometer, dynamic mechanical analysis,
5152944660. Fax+1-5152940105. E-mail: larock@iastate.edu. extraction, and mechanical testing.
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Experimental Section solution in an ice bath. Monomer conversion was determined gravi-

metrically from these samples. By changing the weight ratio of between

Materials. Wesson soybean oil was purchased at the local super- PU and acrylics from 100:0 to 90:10, 75:25, 65:35, 50:50, 25:75, and

market and used directly without further purification. Toluene 2,4- 0:100, a series of PU/acrylic hybrid latexes have been successfully
diisocyanate (TDI), dimethylol propionic acid (DMPA), methyl meth-  prepared. Films were prepared by drying the emulsions at room
acrylate, and butyl acrylate were purchased from Aldrich Chemical Co. temperature in a glass mold, except for the pure acrylic film, which

Sodium hydroxide, hydrochloride acid (37%), hydrogen peroxide (30%), was obtained by drying at a slightly higher temperature of@5The

formic acid (88%), sodium dodecy! sulfate (SDS), potassium persulfate nomenclature used for the urethane/acrylic hybrid latex film is the
(KPS), triethylamine (TEA), magnesium sulfate, methyl ethyl ketone following. PU and PA represent films from the polyurethane dispersion
(MEK), acetone, and ethyl acetate were purchased from Fisher Scientific and polyacrylate latex, respectively. The hybrid latex films are identified
Company. All materials were used as received without further purifica- a5 PUA-10, PUA-25, PUA-35, PUA-50, and PUA-75, where the

tion. number represents the weight percentage of acrylics in the latex. For

Preparation of an Epoxidized Soybean Oil and a Soybean Oil- the pure acrylate emulsion polymerization, the KPS content is 0.5 wt
Based Polyol An epoxidized soybean oil was prepared by reaction of o4 pased on acrylate monomers.

the unsaturation sites of the soybean oil with a mixture of formic acid
and hydrogen peroxide according to a literature procetfuiiehe

soybean oil (100 g) was added to a 500 mL flask, and then hydrogen ona Nllcolet 460 FT-IR spectrom.eter (MadISOIjl) usmg KBr pellets.
peroxide (64 g) was added, followed by formic acid (37 g) under The!H NMR spectra were obtained on a Varian Unity spectrometer

vigorous stirring. The reaction was carried out at room temperature (Varian Associates, Palo Alto, CA) at 400 MHz using deuterated
for 2.5 h. Then, 150 mL of ethyl acetate and 100 mL of distilled water chloroform as the solvent. The solid sta%€ NMR spectra of the PU
were added, resulting in two layers. The organic layer was washed and hybrid latexes were recorded on a Bruker AVANCE-600 NMR
with aqueous sodium biocarbonate solution, until a slightly alkaline (Karlsruhe, Germany).

pH was obtained, and the organic layer was then dried over MgSO  Solvent extraction was performed in a Soxhlet extractor with
and filtered. Finally, a clear viscous oil was obtained after removal of approximatel 1 g of drylatex film. The samples were first extracted
the organic solvent under vacuum. The soybean oil epoxide possessesvith toluene for 24 h to remove the linear polyacrylates and then with
an average of 2.5 epoxide groups per triglyceride as determinéld by  N,N-dimethylformamide (DMF) for 24 h. The residual weight of the
NMR spectroscopy on a Varian Unity spectrometer (Varian Associates, vacuum-dried samples was determined and used to calculate the

Characterizations. The FT-IR spectra of the films were recorded

Palo Alto, CA) at 400 MHZ2 'H NMR (CDCl): 6 0.8—1.1 (CH3 of incorporation of polyacrylates into the PU.

fatty acids), 1.2-1.8 ((H; of fatty acids), 1.9-2.4 (~CH.C=0-), 2.7 The morphology of the latex particles was observed on a transmission
(=C=C—CH>C=C-), 2.8-3.2 (—CH of the oxirane rings), 4:14.3 electron microscope (JEOL 1200EX). The emulsions prepared were
(=CHz-0—-C=0), 5.2-5.6 (~CH=CH-). diluted with deionized water to about 0.4 wt %. One drop of the diluted

The soybean oil-based polyol (SOL) was prepared using the method emyision was placed on the coated side of a 200-mesh nickel grid in
reported by Guo et & Briefly, hydrochloric acid (40 g, 37%, 0.4 4 petri dish. After drying, the samples were characterized.
mol) and acetone (150 mL) were mixed in a flask equipped with a
mechanical stirrer and dropping funnel. The resulting mixture was
stirred vigorously, while the epoxidized soybean oil (100 g) was added
dropwise. The reaction mixture was stirred for an additich& at
40°C. After purification using the same method used for the epoxidized
soybean oil mentioned above, a clear, yellow, viscous polyol was ) ) )
obtained. The OH value of the resulting polyol is 130.9 mg KOH/g as A Perkin-Elmer Pyns-7' thermograwme_ter was used to measure the
determined by titration according to a literature procedtr&he weight loss of the latex films under an air atmosphere. The samples

The dynamic mechanical behavior of the specimens was determined
using a dynamic mechanical analyzer (TA instrument DMA Q800) with
tensile mode at 1 Hz and a heating rate 63min in the temperature
range from—60 to +100 °C. Specimens with a typical size of about
10 mm x 5 mm (lengthx width) were used.

molecular weight of the SOL was determined to be about 10° were heated from 50 to 65C at a heating rate of 2ZL/min. Generally,

g/mol by a Waters Breeze GPC system (Milford, MA) using THF as 1015 mg samples were used for the thermogravimetric analysis.

a mobile phase. The mechanical properties of the latex films were determined using
Preparation of a Soybean Oil-Based PU DispersionThe SOL an Instron universal testing machine (model-4502) with a crosshead

(30 g, 0.0699 mol of OH groups), 11.6 g of TDI (0.0667 mol), and speed of 100 mm/min. Rectangle specimens of 80xmh® mm (length
4.2 g of DMPA (0.0313 mol) were added to a four-necked flask x width) were used. An average value of at least five replicates of
equipped with a mechanical stirrer, nitrogen inlet, condenser, and each material was taken.
thermometer, and the reaction was carried out at@%or 3 h under
a dry nitrogen atmosphere. The reaction was then cooled to about
40 °C and 30 g of MEK was added to reduce the viscosity of the Results and Discussion
polymer, while the solution was stirred vigorously. This PU was then
neutralized by the addition of TEA (3.4 g), followed by dispersion at  Monomer Conversion.The conversion-time profiles for the
high speed with distilled water (250 g) to produce a waterborne PU amulsion polymerization at 80C are shown in Figure 1. The
dispersion. The soybean oil-based PU dispersion with a solid content o yision polymerization of the pure acrylics is complete within
of about 20 wt % was finally obtained after removal of the MEK under 554t 30 min, and essentially all of the monomers are polym-
vacuum. _ _ erized. However, when compared with the pure acrylics emul-

Preparation of Waterborne PU/Acrylic Hybrid Latexes. SDS sion, the hybrid emulsions exhibit a lower rate of polymerization,
(3 g) and KPS (1 g) were dissolved in 414 g of distilled water. Mixtures . sy . L

which decreases with increasing PU content. Similar results have

totaling 100 g of a mixture of methyl methacrylate (MMA) and butyl - . .
acrylate (BA) in the weight ratio 60:40 were added to the above aqueous also been reptzrted for other PU or alkyd resins qsed |r.1.hyb.r|d
latex systemg3-35 The reason may be that some impurities in

solution with vigorous stirring to obtain the pre-emulsions. The desired A N - O
weight of the PU dispersion and the acrylate pre-emulsion was placed th€ resin inhibit polymerization or the resin itself reduces the
in a flask and stirred for 30 min at room temperature under an N POlymerization rate by diluting the monomer concentration and
atmosphere and then brought to the polymerization temperature of Dy resin chain transfer that produces less active radféals.
80°C for 4 h toobtain the hybrid emulsion. During the polymerization, ~Although a slightly lower rate of polymerization is observed
approximatef 5 g portions of the emulsion were taken by a syringe at for the hybrid emulsion, greater than 97% of the monomers
intervals and injected into a petri dish containing 0.5% hydroquinone have been polymerized after 2 h. CDV
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Figure 1. Total monomer conversion of the emulsion polymerization

) ' Figure 3. Insoluble percentage of hybrid latexes as a function of
as a function of time for the latexes.

acrylic content.

results for the PU and hybrid latexes as a function of PA content.

a A total of 49 wt % insoluble materials are observed after
extraction of the PU film, indicating the network nature of this
material. If no crosslinking or grafting were to occur between

b the PU and the PA, the hybrid latex should behave like a

physical blend of PU and PA, and thus the insoluble percentage
of the latex should decrease linearly with an increase in the PA
content as shown in Figure 3. However, a significant increase
in the percentage of insoluble materials, when compared with
that from physical blends, is observed for the hybrid latexes.
This means that grafting copolymerization or crosslinking
reactions have occurred in the hybrid latex systems. Similar
grafting or crosslinking reactions has been observed in petroleum-
based PU/acrylic hybrid latex systeri¥.Soybean oil consists
of triglyceride molecules with, on average, approximately 4.5
carbon-carbon double bonds per molecule in the fatty-acid side
chains. The number of epoxide groups in the epoxidized soybean
Structure and Morphology of the Hybrid Latexes. The oil used for preparation of the SOL total about 2.5. So there
hybrid latexes, containing %60 wt % of the SOL as a  are still approximately two carbercarbon double bonds left
renewable resource, are very stable at room temperature andn the fatty acid chains. During emulsion polymerization,
show no precipitation even after 6 months. The hybrid latex grafting can occur by chain transfer from the propagating free
films prepared by casting the hybrid emulsion are very tough radical to the PU resffi-3” as shown in Scheme 1a. The free
and clear. The structure of the films derived from the PU and radical resulting from the fatty acid chain is much less reactive
hybrid latex PUA-50 has been confirmed by FTIR as shown in when compared with the acrylic radical, leading to a reduction
Figure 2. The interactions between chemical groups on eitherin the hybrid emulsion polymerization rate, which has been
the same or different molecules can cause a shift of the IR peakconfirmed by monomer conversion-time plots of the PU/acrylic
positions of the participating groups, which is commonly hybrid latexes as shown in Figure 1. Another possible mecha-
observed in macromolecular systems due to the existence ofnism for grafting may involve copolymerization between the
hydrogen bond& The spectrum of the PU exhibits absorption polymerizing radical and the double bonds in the soybean oil-
peaks of a typical PU at 3338 cth(NH, hydrogen-bonded), based PU (Scheme 1b). Besides grafting polymerization,
3445 cnt! (NH, non-hydrogen-bonded), 1740 ch(C=0, non- crosslinking can also take place between PU networks, which
hydrogen-bonded), 1725 cr(C=0, hydrogen-bonded), and also makes the latex more insoluble.
1536 cnt! (CONH). The spectrum of the PUA-50 exhibits a In order to confirm the occurrence of graft copolymerization
typical absorption peak for the OC4Hg group at 841 cmt, in the hybrid latex systems, solid-stat&c NMR spectra for
indicating the existence of the acrylics in the hybrid latex. the PU and hybrid latex films were obtained (Figure 4). The
However, the absorption of the free<© groups is found to PU spectrum exhibits characteristic peaks at 152 ppm anet 126
shift from 1740 to 1735 cm¥, and the hydrogen-bonded=0O 133 ppm. The former peak is attributed to the carbon present
groups at 1725 cri disappear in the hybrid latex. This implies in the urethane moiety, and the latter peak is mainly attributed
that the intra- and intermolecular hydrogen bonds of the PU to the carbor-carbon double bonds in the SGEThe carbon
have been destroyed due to grafting of the acrylics and in the urethane functionality can be used as an internal standard
entanglement of the macromolecular chains between the PU andecause its concentration is constant during hybrid polymeri-
the PA, leading to good miscibility of the resulting hybrid latexes zation. Thus, the ratio between the carbon in the urethane groups
as shown later. and the carbon of the carbegarbon double bonds in the fatty
The functionality of the SOL used in this work is 2.3, so the acid can be used to determine the extent to which the carbon
resulting PU film is a thermosetting polymer, which does not carbon double bonds in the PU soft segment have polymerized.
totally dissolve in organic solvents, such as THF, DMF, DMAc, However, the sixth carbon present in the benzene ring of the
toluene, methylene chloride, etc. Figure 3 shows the extraction 2,4-TDI has a chemical shift of 133 ppm, which also appe&%sv

1740\

L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™
Figure 2. FT-IR spectra for PU (a) and PUA-50 (b).
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Scheme 1. Proposed Reaction Mechanisms Occurring in the Hybrid Latexes
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in the same region as the carbararbon double bond$.Figure incorporated. However, further increasing the acrylic monomer
4b—d shows the solid state®C NMR spectra of the PU and  content makes it difficult for the PU to envelop the acrylic
hybrid latexes in the region 12060 ppm after subtraction of ~ polymer and form stable hybrid emulsion particles, resulting in
the contribution from the sixth carbon of the benzene ring. For larger hybrid emulsion particlésCompared with seeded hybrid
pure PU, the ratio between the urethane carbons and the carbonemulsion polymerization processésthe emulsion process
of the carbon-carbon double bonds in the fatty acid is 0.89, employed in this work, which mixes the PU dispersion with
which is consistent with the theoretical value of 0.899. However, the acrylic monomer pre-emulsion, can sustain more dramatic
with an increase in acrylics from 50 to 75 wt %, the ratios of changes in the composition between the PU and the acrylics
these two carbons are 0.79 and 0.48, respectively, implying thatwithout severely influencing the particle size of the final hybrid
some of the carboncarbon double bonds in the fatty acid have emulsion.
been reacted and copolymerized with the acrylic monomers, Thermal Properties of the Hybrid Latexes. The storage
which is in good agreement with the ex_tractiqn results. ~ modulus E') and loss factor (ta) of the latex films as a
The TEM morphology of the PU dispersion and hybrid g,nction of temperature are shown in Figure 6. The PU film
Ia}texes is shown in Figure 5 The TEM confirms that the partlcle exists in the glassy state at a very low temperature, and the
size of the PU and hybrid latexes is very uniform with an ,q,1ys deceases slightly with increasing temperature. Then,
average diameter of 1.25 20 nm. T_he pa_rtlcle d'a”_‘eter of the_ a sharp decrease in tfi2 value is observed in the temperature
hybrid latexes hardly increases with an increase in the acrylics range from 10 to 6(°C. This corresponds to the primary
content. This indicates that this process is much different from relaxation process of the PU, where the tad goes through
the conventional seeded emulsion polymerization process, Wherea maximum T.). Similar to thé PU. all latex films exhibit a
the ratio of the urethane and acrylics substantially changes thedramatic drop in th& value in the témperature range from 20
particle size and size distribution of the resulting PU/acrylic to 80 °C. When compared with the PU, tHi& values of the

. P :
hybrid latexes:' This maybe attributed to the fact that, when resulting latex films are significantly increased due to incorpora-

using the seeded emulsion polymerization process, the particle,; - . - L
size of the hybrid emulsions is nearly the same as that of the.tlon of the acrylics by hybrid emulsion polymerization. For

PU dispersion, when a small amount of acrylic monomer is instance, thek' values of the hybrid latex films at room
P ’ y temperature containing 10, 25, 50, and 75 wt % acrylics are

approximately 2.0, 1.6, 2.9, and 5.7 times higher, respectively,
than the PU itself, due to grafting and interpenetration between
the acrylics and the PU network&The peak positionT,) of
tano relaxation for the PU and PA, defined &gin this work,
are located at about 45 and 76, respectively. These values
are higher than the correspondifgvalues of 22 and 38C as
J% determined by DSC (not shown). Such a difference is very

) d VA,J wa common when comparing two methods. DSC measures the
1.0:089 ok change in heat capacity going from the frozen to the unfrozen
chain, whereas DMA measures the change in the mechanical
response of these chaiffsAll hybrid latex films exhibit only
one narrow loss factor peak in the temperature range 51

|
|
10:079 € MWW 68 °C. This is intermediate between the loss factor peaks of
b

the component polymers, indicating that phase separation is not
occurring. This is supported by the perfect clarity of the hybrid

ﬁ latex films. It should be pointed out that, when compared with

1.0:0.48

T T T T T
160 150 140 130 120

the hybrid latex films, the PU/PA blend latex films are
translucent and brittle when the PA content is higher than 30
. ‘ ‘ . . . . _ wt %, due to their poor miscibility. Considering the polymer-
180 160 140 120 100 80 60 40 20 oppm ization mechanism, the structure of the resulting hybrid latex
Figure 4. Solid state 13C NMR spectra for PU (a and d), PUA-50 can be taken as a mixture of graft-interpenetrating polymer
(c), and PUA-75 (b). networks (graft-IPN) and semi-interpenetrating polymer r&%—v
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Figure 6. Storage modulus (a) and loss factor (tan d, b) of latex
films as a function of temperature.
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Figure 5. TEM microphotographs of particles from the PU dispersion
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works (semi-IPN), where the acrylics are grafted onto the PU
to form a graft-IPN, whereas the linear ungrafted acrylic polymer Figure 7. Plots of Ty obtained from DMA (O) as a function of acrylic

can be interpenetrated into the PU network to form another semi- content of the hybrid latexes. The curve is that predicted by the Fox

IPN. Thus, the most likely reason for the complete mutual ©uation-

solubility of these hybrid latexes is extensive grafting and experimental values increase with an increase in the acrylic
interpenetratiorl®*1Generally, the predicted, value of a single content of the hybrid latexes and fit well with the predicted

phased IPN can be calculated from the Fox equétion value, except for PUA-10. This is indicative of high miscibility
between the PU and the acrylics due to extensive grafting and
UTy=wy/Tyy +Wy/Tep interpenetration. Similar results have also been observed for the

solvent-borne poly(1,4-oxybutylene) glycol-based PU-polyacry-
wherew; (W2) andTg: (Tg2) are the weight fractions and glass late IPNg?and for latex IPNs with crosslinked poly(butadiene-
transitions of the polymers 1 and 2, respectively. Figure 7 shows statstyrene) as the seed latex interpenetrated with acrylics and
a comparison of th& values of the hybrid latexes obtained bearing a poly(styrenstatacrylonitrile) shell layef? PUA-10
from DMA with that predicted from the Fox equation. The exhibits a higheily than expected, which might be due to higfgﬁSV
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Figure 8. TGA curves for PU, PA and their hybrid latex films.

Table 1. TGA Data for the PU, PA, and Hybrid Latex Films
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Figure 9. Mechanical properties of the hybrid latex films as a function
of PA content.

20

sample Ts/°C Ts0/°C Tmax!/°C residue/%

PU 249.1 397.2 310/409/487 7.3

PUA-10 254.9 402.1 309/410/432 5.2

PUA-25 264.4 421.3 310/452/492 55 <

PUA-50 276.2 415.8 309/424 2.7 E

PUA-75 294.1 422.5 320/430 0.8 3

PA 343.1 398.6 402 0.4 ﬁ
@

crosslinking of the resulting hybrid latex. In this case, the
addition of a small amount of acrylic monomers into a large
amount of PU containing reactive carbecarbon double bonds
might favor crosslinking between PUs rather than grafting of 0 50 100 150 200 250 300 350
the acrylic onto the PU networks. Strain / %

The thermal stabilities of the PU, PA and hybrid latex films  gig,re 10, Stress—strain curves for the PU, PA and hybrid latex films.
have been evaluated by TGA as shown in Figure 8 and the

results are summarized in Table 1. Generally, PU exhibits a f,om PU-polystyrene and PYpoly(methyl methacrylate)
relatively poor thermal stability, due to dissociation of the systemg546 |ncreasing the acrylic content will increase the
urethane bond occurring around 20D?°43PA exhibits a one-  yyaen content in the hybrid latex system, thus more complete

step thermal degradation, where the maximum degradation ,mpystion takes place, leaving less residue (char content) in
occurs at around 408C. This is in good agreement with the o resulting hybrid sampleg.

value reported by Wang et #l.As seen in Figure 8, the TGA . . .

curves of the hybrid latexes below 43C shift to a higher Mephamcal Propertles of thg Hybrid Latexes.Thg me-

temperature when compared with the pure PU, indicating a chan_lcal properties of the _hyb_rld latexes as a function of the

higher thermal stability for the hybrid latexes. The interesting acry!:c Contenthare jh?Wn in F'QUFE 9. 'll('h? Eoung ; modulus,

parameters for the thermal stability of the hybrid latexes have €nsile strength, and e oggatlon at break of the PU film are 154

been taken from the onset of degradation, which is usually taken™MP2: 8.8 MPa, and 200%, respectively. These values are very

as the temperature at which 5% degradation occlis the close to those of the waterborne PUs from castor oil- or rapeseed

. 03 ; :

midpoint temperature of the degradatidhdj, the temperature  Oil-based polyol§?3t For the hybrid latex films, both the

Young’s moduli and the tensile strengths are significantly

of maximum weight loss rateTfay in each stage, and the | '
nonvolatile residue, which remains at 650, denoted as the increased respectively from 154 to 537 MPa and from 8.8 to

char. The thermal degradation behavior of the hybrid latexes is 16-9 MPa with an increase in the acrylic content from 0 to 75
largely influenced by the acrylic resin content. Increases in the Wt %. The elongation at break of the hybrid latex films first
Ts value from 249 to 294C and theTso value from 397 to increases with increasing acrylic content and reaches a maximum
423°C are observed for the hybrid latexes with an increase in ©f 365% at 50 wt % acrylic content. These improvements in
the acrylic content from O to 75 wt %. It is worth noting that the mechanical properties of the hybrid latex films can be
the hybrid latexes exhibit highefso values than the pure  attributed to extensive grafting and interpenetration between the
components. The PU shows three significant thermal degradation®U and the acrylics, resulting in the highly miscible hybrid
peaks at 310, 409, and 48T, respectively Tmax in Table 1). latexes. As mentioned earlier, due to the poor miscibility
However, the correspondinfina value of the hybrid latexes ~ between component polymers, physically blended films from a
shifts to a higher temperature when compared with the pure PU dispersion and a PA emulsion are very brittle when the PA
components. These results indicate that the acrylics play ancontent is higher than 30 wt %. However, hybrid latex films
important role in enhancing the thermal stability of the PU/ with good mechanical properties can be prepared over the entire
acrylic hybrid latexes. The improved thermal stability of the range of composition by hybrid emulsion polymerization
hybrid latexes can be explained by the occurrence of extensivetechnology. Moreover, the mechanical properties of this novel
grafting, crosslinking, and interpenetration. A similar enhance- hybrid latex films containing 1560 wt % of the renewable
ment in the thermal stability has also been reported for the IPNs SOL are comparable to those of other PU/acrylic hybrid Iateé(B?/
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with similar compositions, where the PU was prepared from
petroleum-based polyols, such as polypropylene glycol (PPG).
Figure 10 shows the stresstrain curves for the PU, PA,
and hybrid latex films. The deformation feature of the hybrid
latex films at room-temperature greatly depends on the acrylic
content. When the acrylic content is less than 50 wt %, the latex
films exhibit characteristics typical of soft and tough polymers
that show uniform extension. However, the hybrid latex film
containing 75 wt % acrylics displays behavior typical of rigid
and tough plastics with a necking down across the width of the
specimen, similar to the behavior of the PA copolymers.

Conclusions

A variety of new hybrid latexes prepared from a soybean
oil-based waterborne PU and acrylic MMA/BA copolymers have
been successfully synthesized by hybrid emulsion polymeriza-
tion. The resulting PU/acrylic hybrid latexes, containing-15
60 wt % of the SOL as a renewable resource, are very stable
and exhibit uniform particle size of 12k 20 nm. The particle
size of the final hybrid latexes is not severely affected by the
urethane/acrylic composition ratio, indicating that the emulsion
process employed in this work has a different particle growth
mechanism from seeded hybrid emulsion polymerization pro-
cesses. The occurrence of extensive grafting of the acrylics onto
the PU and interpenetration between the acrylics and the PU
results in miscible hybrid latexes with enhanced thermal and
mechanical properties. The mechanical properties of these novel
hybrid latex films are comparable to those of polypropylene
glycol-based PU/acrylic hybrid latex films. This work provides
a new way of utilizing renewable resources to prepare envi-
ronmentally friendly hybrid latexes with high performance for
coating applications.

Acknowledgment. The authors gratefully acknowledge
financial support from the lllinois-Missouri Biotechnology
Alliance, lowa State University of Science and Technology
under Contract No. DE-AC02-07CH11358 with the U.S.
Department of Energy, and the Grow lowa Values Fund. We
also thank Dr. Shu Xu of the Department of Chemistry for his
assistance with the solid-state NMR analysis, Dr. Michael
Kessler of the Department of Materials Science and Engineering,
Dr. Surya K. Mallapragada of the Department of Chemical
Engineering, and Dr. Jay-Lin Jane of the Department of Food
Science and Human Nutrition at lowa State University for the
use of their facilities.

References and Notes

(1) Liaw, D.-J.; Huang, C.-C.; Liaw, B. YPolymer1998 39, 3529~
3539.

(2) Liaw, D.-J.J. Appl. Polym. Sci1997, 66, 1251-1265.

(3) Kim, B. S.; Kim, B. K.J. Appl. Polym. Sci2005 97, 1961-1969.

(4) Modesti, M.; Lorenzetti, AEur. Polym. J.2001, 37, 949-954.

(5) Lee, S.Y; Lee, J. S.; Kim, B. KPolym. Int.1997, 42, 67—76.

(6) Chern, C. SProg. Polym. Sci2006 31, 443-486.

(7) Wang, C.; Chu, F.; Graillat, C.; Guyot, A.; Gauthier, A.; Chapel, J.
P. Polymer2005 46, 1113-1124.

(8) Okamoto, Y.; Hasegawa, Y.; Yoshino, Prog. Org. Coat.1996
29, 175-182.

(9) Li, M.; Daniels, E. S.; Dimonie, V.; Sudol, D. E.; El-Aasser, M. S.
Macromolecule005 38, 4183-4192.

Lu and Larock

(10) Kukanja, D.; Golob, J.; Zupaievalant, A.; Krajnc, M.J. Appl.
Polym. Sci.200Q 78, 67—80.

(11) Hirose, M.; Kadowaki, F.; Zhou, ®rog. Org. Coat1997, 31, 157—
169.

(12) Vijayendran, B. R.; Derby, R.; Gruber, B. A. U.S. Patent 5,173,526,

1992.

(13) Ruckenstein, E.; Li, HJ. Appl. Polym. Sci1995 55, 961—970.

(14) Lee, J. S.; Kim, B. K.,J. Appl. Polym. Sci2001, 82, 1315-1322.

(15) Mekras, C. I.; Gerge, M. H.; Barrie, J. Rolymer1989 30, 745—
751.

(16) Zhang, H. T.; Guang, R.; Yin Z. H.; Lin, L. L1. Appl. Polym. Sci.
2001 82, 941-947.

(17) Uyama, H.; Kuwabara, M.; Tsujimoto, T.; Nakano, M.; Usuki, A.;
Kobayashi, SChem. Mater2003 15, 2492-2494.

(18) Salunkhe, D. K.; Chavan, J. K.; Adsule, R. N.; Kadam, Sv8rld
Oilseeds: Chemistry, Technology, and Utilizatioren Nostrand
Reinhold: New York, 1992.

(19) Lu, Y.; Larock, R. CBiomacromolecule00§ 7, 1692-2700.

(20) Li, F.; Larock, R. CBiomacromolecule2003 4, 1018-1025.

(21) Li, F.; Larock, R. CJ. Appl. Polym. Sci2001, 80, 658-670.

(22) Kundu, P. P.; Larock, R. Giomacromolecule2005 6, 797—806.

(23) Andjelkovic, D. D.; Larock, R. CBiomacromolecule2006 7, 927—
936.

(24) Knot, S. N.; Lascala, J. J.; Can, E.; Morye, S. S.; Williams, G. I.;

Palmese, G. R.; Kusefag S. H.; Wool R. PJ. Appl. Polym. Sci.
2001, 82, 703-723.

(25) Lligadas, G.; Ronda, J. C.; Galid.; Cadiz, V. Biomacromolecules
2006 7, 2420-2426.

(26) Guo, A.; Cho, Y.; PetrovicZ. S.J. Polym. Sci. A: Polym. Chem.
200Q 38, 3900-3910.

(27) Lligadas, G.; Ronda, J. C.; Galid.; Biermann, U.; Metzger, J. O.
J. Polym. Sci. Part A: Polym. CherR006 44, 634—645.

(28) Lligadas, G.; Ronda, J. C.; Galisl.; Cadiz, V. Biomacromolecules
2007, 8, 686-692.

(29) Zlatanic, A.; PetrovicZ. S.; Dusek, KBiomacromolecule002 3,

1048-1056.

(30) Lu, Y.; Tighzert, L.; Dole, P.; Erre, DPolymer2005 46, 9863~
9870.

(31) Lu, Y.; Tighzert, L.; Berzin, F.; Rondot, &arbohydr. Polym2005
61, 174-182.

(32) La Scala, J. J.; Wool, R. B. Appl. Polym. Sci2005 95, 774-783.

(33) Wang, S. T.; Schork, F. J.; Poehlein, C. W.; Cooch, JJWAppl.
Polym. Sci.1996 60, 2069-2076.

(34) Wu, L.; You, B.; Li, D.J. Appl. Polym. Sci2002 84, 1620-1628.

(35) Cooch, J. W.; Dong, H.; Schork, F.J.Appl. Polym. Sci200Q 76,
105-114.

(36) Lu, Y.; Zhang, L.Polymer2002 43, 3979-3986.

(37) Odian, GPrinciples of PolymerizationViley: New York, 1991; p
716.

(38) Silverstein, R. M.; Bassler, G. C. Morrill, T. CSpectroscopic
Identification of Organic CompoungdgViley: New York, 1991.

(39) Lu, Y.; Weng, L.; Cao, XCarbohydr. Polym2006 63, 198-204.

(40) Frisch K. C.; Klempner, D.; Migdal, S.; Frisch, H. L.; Ghiradella,
H. Polym. Eng. Scil974 14, 76-78.

(41) Sperling, L. H.Interpenetrating Polymer Networks and Related
Materials Plenum Press: New York, 1981.

(42) Hu, R.; Dimonie, V. L.; El-Aasser, M. S.; Pearon, R. A.; Hiltner,
A.; Mylonakis, S. G.; Sperling L. HJ. Appl. Polym. Sci1997, 35,
2193-2206.

(43) Javni, |.; Petrovic, Z. S.; Guo, A.; Fuller, R. Appl. Polym. Sci.
200Q 77, 1723-1734.

(44) Wang, Y.; Li, Y.; Zhang, R.; Huang, L.; He, WPolym. Compos.
2006 27, 282-288.

(45) Siddaramaiah; Mallu, P.; VaradarajuluRPolym. Degrad. Stall.999
63, 305-309.

(46) Lee, J. H.; Kim, S. CPolym. J.1984 16, 453-459.

(47) Kumar, H.; Anil Kumar, A.; Siddaramaiatfolym. Degrad. Stab.
2006 91, 1097-1104.

(48) Wang, C.; Chu, F.; Graillat, C.; Guyot, A.; Gauthier,Ralym. Ad.
Technol.2005 16, 139-145.

BM700522Z

Ccbv



