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ABSTRACT: New acrylate-based nonionic reactive surfactants have been successfully designed, synthesized,
and polymerized. Their homo- and copolymerization properties were studied, and while a low degree of
homopolymerization was achieved, good copolymerization behavior with methyl methacrylate was observed.
High solids content acrylic latexes were prepared using these new amphiphilic reactive molecules and were shown
to have these reactive surfactants covalently incorporated. Well-defined latex particles with narrow particle size
distributions were produced. Both scanning electron microscopy and atomic force microscopy (AFM) techniques
were used to confirm the size and size distribution of the particles formed. AFM measurements conducted on the
films formed from these latexes demonstrated their low degree of water sensitivity. This seems to indicate a low
level of surfactant migration during the film formation and that the surfmers have been successfully incorporated
into the final copolymers produced via heterophase polymerizations.

Introduction molecules give the greatest potential molecular diversity.
Anionic, cationic, and nonionic surfmers have been synthesized
and applied in emulsion polymerizatioHsThe use of surfmers

has been shown to improve the water resistance and surface
adhesion in comparison to conventional emulsifié’S.Water

and vapor permeability were also shown to be reduced when

Emulsion polymerization is one of the most important
techniques for preparing polymers from an industrial point of
view. In emulsion polymerization, carried out to obtain film-
forming latexes (useful in waterborne coatings), it is necessary
to introduce surfactants in the polymerization recipe in order
to control both the size of the particles and the stability of the surfmers were used. . .
latexes. However, the presence of these species, which are. The reactivity (.)f the poly_n_wenzable sur_factan_t _and_lts adsorp-
generally low molecular weight compounds and are mainly tion characteristics are critical factors in defining its perfor-

associated with the polymeric particles through adsorption that mance. To be effective, the sqrfm_er must react suqh th?t’ during
involves weak associative bonds such as Hrdionding, may the main part of the polymerization, its incorporation into the

result in adverse effects on the latex stability and the final polymer being produced is low. This avoids the surfmer getting

polymer properties. For instance, lack of stability under specific buried ![n t?e bl;”( of E[hebpolymenctparttlf[:rl‘e andfmaxur_lrlﬁes trlﬁ
constraints, such as high shear, freezing, or high ionic strength,amoun of surimer to be present at the surtace. Thus, the
may arise from the use of conventional surfactants. Fur‘thermore,surf"letant appwty is maximized and the quantities requwed. are
these amphiphilic molecules may migrate through the matrix k_ept to a minimum. HOV\_/ever, toward the e_nd of the reaction,
upon film formatiort-3 and affect the overall properties of the high surfmer incorporation should be achieved to avoid the

final polymeric material such as adhesion, water sensitivity, and presence of Wea"ted Speciés in the fmgl polymgr, which may
gloss*~7 Migration of these molecules may also lead to their eventu_ally migrate through_ thel film during the final product
association and agglomeration leading to phase separation an(ﬁormatlon (e.g., film formationj!

an increase in the anisotropy in the final polymer that may affect . A wide fange O_f surfmers have already been developed
its mechanical properties. The use of polymerizable surfactants'Ncorporating reactive groups such as acrylates, methacrylates,

can avoid these issues as they can deliver the amphiphilicStyrenyls’ and maleates. The main limitation on surfmer use at
properties of standard surfactants andcan also chemically interac he moment s related to _the reactivity Of. the polymerizable unit.

(e.g., covalently bound) with the growing polymer chains. In rad_ltlonally, the reactlvny“of thg ijnctlonaI groups has been

doing so, the secondary effects on the final polymer are reducedresm(.:ted to prevent the purylng phgnomenon. Thus, the

as they are chemically bound to the matrix. Then, the surfactantsSitations that they are applied to are niche opporturifie

cannot migrate in the same way as conventional surfactants and Here, we report the synthesis of new _a”_“ph'ph"'c _aIkyI
the risk of desorption is dramatically reduced. A reactive o-methylacrylate-based molecules and their incorporation as

surfactant can participate in the polymerization process as anreactive surfactants in heterophasg polymerizations. H.ydroxym-
initiating moiety (nisurf), a moiety capable of chain transfer ethylacry_late esters (R.HMA) are vinyl monomers, Wh'(?h h_ave
(transurf), or a group capable of copolymerization during the a \_/ery_hlgh sus_ce_ptlbmty to unc_iergo radical polymerization.
free-radical polymerizations(irfme).8-1% Most of the work This high reactivity can be tailored by the nature of the

dealing with reactive surfactants involved surfmers as '[hesefumt'onal groups present in the molecu!e. The polarity,
resonance, and steric effects of the substituents all play an

important role in defining the reactivity of RHMA monomers.
* To whom correspondence should be addressed. E-mail: jean.morizur@ For instance, conventional acrylate monomers havirajkyl
usm.edu. ’ . e
T University of Southern Mississippi. double bond substituents larger than a methyl group exhibit poor
* University of Nottingham. or no ability to polymerize under free-radical polymerization
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(o) @) Instrumentation and Characterization. Molecular weights and
R1. )I\ molecular weight distributions of the polymers obtained by solution
(0] O Ry polymerization were measured using size exclusion chromatography
on a system equipped with four styrene gel mixed-bed columns
Figure 1. RHMA-based monomer. (American Polymer Standard Corporation, Mentor, OH) using THF
as the eluent. Polystyrene standards (molecular weights ranging
Table 1. Structures of the Synthesized Acrylate-Based Reactive from 4630 to 400 000 g/mol) were used for calibration. Molecular
Surfactants weights and molecular weight distributions of the final latexes were
surfmer structure MW (g/mol)  purity (%)@ determined by gel permeation chromatography (GPC) with THF
S 3 as the eluent. SolutiolH and*3C NMR spectra were collected on
o a Varian Inova-500 MHz instrument. NMR spectra were recorded
St /6\%‘\°ﬂ‘)k"%\/ ts 70055 % at room temperature in CD@With TMS as the internal reference.
o o FT-IR spectra were obtained using a Bio-Rad FTS 6000 Digilab
FT-IR spectrometer equipped with a Ge MIRacle single reflection
s2 Moﬂ‘)ko%\/}\ 588.35 o7 using 32 co-added scans. The particle sizes and particle size
e distributions of latexes were measured by dynamic light scattering

t-BHMA (20 g, 0.126 mol) and excess of thionyl chloride were

) i f (Microtrac UPA 150).
s3 /< \/%g o)© 538.2 % Synthesis ofo-(Chloromethyl)acryloyl Chloride (CMAC) A.

o o o added to a 100 mL round-bottom flask and stirred at ambient
. )k temperature for 24 h. Most of the thionyl chloride was removed
/< \A\O)Hho o under vacuum. Vacuum distillation of the residue gawéchlo-
e 634.28 98 romethyl)acryloyl chloride as a clear liquid in ca. 60% yield.
O§<0 FT-IR (cnr?, NaCl): 3107, 2966, 1742, 1637, 1407, 1284, 967,

896. H NMR (CDCl, 8): 4.26 (s, 2H, CHCI), 6.41 and 6.74
(s, 2H, CH=C). 13C NMR (CDClk, 8): 41.53 (CHCI), 136.14

i (CH;=C), 141.14 (G=CH,), 166.78 (G=0).
85 /éo\/%o)ﬁ/\o/ﬁgaw’ 816.17 o7 Synthesis of MPEG a-(Chloromethyl)methacrylate (MPC-

8 e MA) B. In a 250 mL round-bottom flask, poly(ethylene glycol)
methyl ether (20 g, 57.1 mmol) was added to 100 mL of dried
THF. The solution was stirred at10 °C for 30 min. CMAC (10.32
conditions due to steric effect§*?In contrast, the substitution g, 74.3 mmol) diluted in 50 mL of dried THF was then added
of an oxygen atong to the double bond increases the reactivity dropwise to the stirring mixture. The resulting mixture was stirred
of the monomer (a) by helping to overcome these steric effects overnight at room temperature. The precipitate was filtered off, and
and (b) due to a combination of hydrogen bonding and electronic the solvent was removed under reduced pressure. Excess CMAC
effects from the ester group promoting propagation while Was removed by washing the crude oil with aliquots{®0 mL)

; ; A4 R _ of hexane to give MPCMA as a light brown oil in ca. 94% yield.
decreasing chain transfér! As a result, RHMA-based mono FT-IR (e, NaCl): 3407, 1742, 1641, 1407, 1118, 812NMR

mers as shc_)wn in_ I_:igurg 1 present an excellent capabili_ty for (CDCl, 6): 4.30 (s, 2H, CHCI), 6.01 and 6.41 (s, 2H, GH-C),
polymerization, giving rise to very high mo!ecular_ weight 4 35 (t, 2H, CHC=CH,), 3.38 (s, 1H, CHOCH), 3.61 (s, 2H,
polymers. More importantly, when copolymerized with other cH,cH,0). 3¢ NMR (CDCk, 8): 41.53 (CHCI), 128.96
acrylates or methacrylates, these monomers lead essentially t§CH,=C), 136.74 (G=CH,), 164.85 (G=0), 64.32 (CHC=0),
random copolymers, and good control of the final polymer 70.54 (CHO), 58.99 (CHOCH).
composition can be achieved. Synthesis of the Surfmers S+S3. First, potassium salts of

In this article, we report the synthesis of new RHMA-based stearic acid, decanoic acid, and benzoic acid were obtained by
reactive surfactants (Table 1) and their incorporation into high mixing at room temperature in THF the corresponding acid (1 mol)
solids content acrylic latexes. The study of the surface of latex @nd potassium hydroxide (1.05 mol) in slight excess. The salts were
films incorporating these reactive surfactants by atomic force then iollc_scted by filtration of the crude mixture and dried overnight
microscopy (AFM) is also reported, wherein the influence of at 60°C in a vacuum oven. In a 250 mL round-bottom flask, the

: orresponding acid potassium salt (26.1 mmol) was dispersed in
the surfactants on the topographical features, roughness, an HF. MPCMA was then added to the salt solution dropwise at

aEvaluated by HPLC.

surface defects of the film is probed using this technique. room temperature. The resulting mixture was allowed to stir at room
. . temperature for 24 h. The precipitate was filtered off and the solvent
Experimental Section removed under reduced pressure to give the corresponding mono-
Materials. The following reagents with the exception of methyl ~mers in quantitative yields.
methacrylate (MMA) and 2;2azobis(2-methylpropionitrile) (AIBN) Surfmer SIFT-IR (cnm!, NaCl): 3492, 2871, 1730, 1641, 1118.

were used as received without further purification. MMA (Aldrich  *H NMR (CDCl;, 6): 4.77 (s, 2H, CHO), 5.81 and 6.34 (s, 2H,
Chemical Co.) was redistilled over calcium hydride (Aldrich), and CH,=C), 4.30 (t, 2H, CHC=CH,), 3.34 (s, 1H, CHOCH), 3.61
AIBN was recrystallized from methanol (Ficher Scientific). Poly- (s, 2H, CHCH,0). 13C NMR (CDC, ¢): 62.13 (CHC=CH,),
(ethylene glycol) methyl ether (MPEGM,, = 350 g/mol) and 127.42 (CH=C), 135.30 (G=CH,;), 165.09 (G=0), 173.13
thionyl chloride were purchased from Acros Organiest-Butyl (C=0), 64.09 (CHC=0), 70.56 (CHO), 59.01 (CHOCH), 14.13
acrylate, paraformaldehyde, 2,2-bis-(hydroxymethyl)-propionic acid, (CHsCH,), 22.68 (CHCH;z), 24.91 (CHCH,C=0), 29.68 (CH),
benzoic acid, stearic acid, decanoic acid, pentadecafluoro-1-octanol31.92 (CHCH,CHjz), 34.19 (CHC=O0).

triethylamine, 1,4-diaza[2.2.2]bicyclooctane, and sodium dodecyl  Surfmer S2FT-IR (cn?, NaCl): 3490, 2872, 1731, 1641, 1118.
sulfate (SDS) were purchased from Aldrich. Acetic anhydride, butyl 'H NMR (CDCl;, 6): 4.78 (s, 2H, CHO), 5.82 and 6.32 (s, 2H,
acrylate (BuA, technical grade), potassium hydroxide, and acrylic CH,=C), 4.31 (t, 2H, CHC=CH,), 3.32 (s, 1H, CHOCH), 3.61
acid (AA) were purchased from Fluka. Ammonium persulfate (APS, (s, 2H, CHCH,0). 13C NMR (CDCk, 6): 62.10 (CHC=CH,),
ACS reagent) was purchased from Acros Chemical Company. 127.38 (CH=C), 135.28 (GCH,;), 165.04 (G=0), 173.06
Toluene, tetrahydrofuran, and other solvents were obtained from (C=0), 64.07 (CHC=0), 70.54 (CHO), 58.98 (CHOCH;), 14.12
Aldrich or Ficher.tert-Butyl a-hydroxymethylacrylate (t-BHMA) (CH3CH,), 22.66 (CHCHz), 24.88 (CHCH,C=0), 29.65 (CH),
was prepared using previously published procedure. 31.89 (CHCH,CHg), 34.16 (CHC=0).
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Surfmer S3FT-IR (cnT?, NaCl): 3492, 1740, 1641, 1622, 1118. Table 2. Recipe Used To Obtain the Seed (30% Solids)
1H NMR (CDCl3, 0): 5.04 (s, 2H, CHO), 5.93 and 6.42 (s, 2H, compound seed (g)
CH,=C), 4.33 (t, 2H, CHC=CH,), 3.34 (s, 1H, CHOCH;), 3.61
(s, 2H, CHCH,0), 8.04 (t, 1H, CH=C), 7.44 (t, 1H, CH=CH), water 300
7.54 (t, 1H, CH=CHCH). 3C NMR (CDCh, ): 62.77 (CHC= e B
CH,), 127.73 (CH=C), 135.18 (G=CH,), 165.07 (G=0), 165.84 AA 4
(C=0), 64.14 (CHC=0), 70.49 (CHO), 58.96 (CHOCHj), surfactant (SDS) 23
129.77 (G=CO), 129.62 (CHC), 128.42 (CH=CH), 133.17 (CH= initiator (APS) 1.15
CHCH). total 323.7

Synthesis of 2,2-Bis(acetoxymethyl)-propionic Acidin a 250 ) ) o )
mL Erlenmeyer flask, 2,2-bis(hydroxymethyl)-propionic acid (15 Table 3. Recipe Used in the Semicontinuous Emulsion
g, 0.11 mol) and acetic anhydride (23.79 g, 0.233 mol) in slight Polymerizations® (50% Solids)
excess were mixed overnight . The excess acetic anhydride was compound initial charge (g) feed 1 (g) feed 2 (g)
rgmoved by vacuum digtillgtion_ of the cryde rgsidue to give 22 seed 50
bis(acetoxymethyl)-propionic acid as a white solid in ca. 99% yield. .o 100 50
FT-IR (cm i, KBr): 2929, 1745, 1376, 1234H NMR (CDCls, MMA 1.88 20
0): 2.08 (s, 3H, CHC=0), 1.29 (s, 3H, CHC), 4.25 (s, 2H, BuA 4.10 44
CH,C=0), 11.58 (OH)13C NMR (CDCk, 0): 17.77 (CHC), 20.76 AA 2
(CHsC=0), 46.0 (CCH), 65.29 (CHC=0), 170.95 (G=0), 178.44 surfactant 3
(C=0). QPaCQ 0.02 00.7?60

. al .

Synthesis of Surfmer S4.To a 250 mL round-bottom flask Total 158 66 53

containing 75 mL of dry THF was added MPCMA (15 g, 33.1
mmol) and triethylamine (4.7 mL, 33.1 mmol). To the stirring aReaction conditions:T = 65 °C; stirring rate= 200 rpm; reaction
solution was added 2,2-bis(acetoxymethyl)-propionic acid dropwise. time in semibatch= 2 h; reaction time in batcks 2 h; flow rate 1= 0.55

The resulting mixture was allowed to stir overnight at room 9/min; flow rate 2= 0.45 g/min.

temperature. The precipitate was filtered off and the solvent

removed under reduced pressure to give the surfmer S4 as a lightllows good control of the reaction batch temperature, particle
brown oil in ca. 95% yield. FT-IR (cm, NaCl): 2871, 2930, nucleation, final particle size, and particle size distribution. The
1730, 1641, 1119'H NMR (CDCls, 0): 1.27 (s, 3H, CHC), recipe for the seed is given in Table 2, and the recipe for the seeded
2.06 (s, 3H, CHC=0), 3.38 (s, 3H, CKD), 4.24 (s, 2H, ChKC), reaction is given in Table 3. The reactions were carried out in a
4.34 (t, 2H, CHOC=0), 4.87 (s, 2H, ChC=0), 5.86 and 500 mL glass reactor equipped with a reflux condenser, a stainless
6.41 (s, 2H, CH=C). 13C NMR (CDCk, 6): 17.80 (CHC), 20.71 steel stirrer (200 rpm speed), a nitrogen inlet, and a water bath for

(CH3;C=0), 46.27 (CCH), 63.03 (CHC=CH,), 58.99 (CHOCH), temperature control. The seed was prepared by means of batch
64.14 (CHC=0), 65.35 (CHC=0), 70.49 (CHO), 127.73 emulsion polymerization using the following procedure. The
(CH,=C), 134.83 (G=CH,), 164.82, 170.50, and 172.15%0). monomers, water, and the surfactant were mixed together, and the

Synthesis of Surfmer S5.In a 250 mL round-bottom flask, resulting mixture was poured into the reactor placed in a water
pentadecafluoro-1-octanol (10.42 g, 26.1 mmol) was mixed with bath, temperature controlled at 88, and allowed to stir for 30
potassium hydroxide (1.46 g, 26.1 mmol) in THF (100 mL) for 5 min under a nitrogen blanket. The initiator (APS) was dissolved in
h. MPCMA (13 g, 19.9 mmol) diluted in 30 mL of dried THF was 2.5 mL of water and injected into the reactor. The reaction was
then added dropwise. The resulting mixture was allowed to stir at carried out overnight to ensure complete monomer conversion. The
60 °C for 24 h. The precipitate was filtered off and the solvent final seed latex had a solids content of 30% and a final average
removed under reduced pressure to give surfmer S5 as a light browrparticle size of 89 nm determined by dynamic light scattering (DLS)
oil in ca. 89% yield. FT-IR (cm?, NaCl): 3490, 1730, 1641, 1118, measurements. Two separated streams were used in the preparation
936, 813.H NMR (CDCl;, 9): 3.32 (s, 3H, CHO), 3.99 (m, 2H, of the final latex; one with the neat monomers and the other which
CH,CF,), 4.28 (t, 2H, CHOC=0), 4.31 (s, 2H, CkD), 5.86 and contained the surfactant, initiator, and buffer. Feeding of the streams
6.33 (s, 2H, CH=C). 13C NMR (CDCk, ¢): 58.85 (CHO), 61.43 was achieved by use of two Masterflex diastolic pumps (Cole-

(CH,C=CH,), 63.93 (CHC=0), 67.64 (CHCF,), 72.54 (CHO), Parmer Instrument Co.), one each for the monomer and the aqueous
127.14 (CH=C), 135.75 (G=CH,), 165.27 (G=0). streams. The addition of both monomer and aqueous solution was
Solution Free-Radical Homopolymerization of Surfmers 1-5. controlled by a Camille 2000 data acquisition system (Dow, Camille

In a typical polymerization procedure, the surfmer (2 mmol) was Products, LLC) coupled to the Camille TG (v4.0.5) acquisition
dissolved in deionized water (20 mL) and stirred under nitrogen Software. In these reactions, the initial charge was purged with
for 30 min in a 100 mL round-bottom flask. The temperature was hitrogen for 30 min, before starting the feeding. After the feeding
gradually increased and stabilized at’T@ Ammonium persulfate ~ Period, the system was left to react overnight to ensure high
(0.045 g, 0.2 mmol) was dissolved in water (1 mL) and added to Monomer conversion.
the stirring solution in one portion. The solution was allowed to Latex Characterizations. At the end of the reaction, samples
stir for 4 h under nitrogen atmosphere. The resulting polymer was were taken to determine the particle size via DLS measurements.
filtered off and dried overnight in a vacuum oven to give the The mean particle size was measured by light scattering (Microtrack
corresponding homopolymer. UPA 150). The amount of coagulum was measured by collecting
Solution Free-Radical Copolymerization of Surfmers +5 the coagulum on the reactor wall and stirrer and by filtering the
and MMA . In a typical copolymerization procedure, the surfmer latex. The result is presented as weight of coagulum per total weight
(1.97 mmol) and MMA (0.79 g, 7.91 mmol) were mixed in 10 mL  of monomer added. Gravimetric analysis was performed to deter-
of THF, under nitrogen, in a 50 mL three-neck round-bottom flask mine the percentage of solids in the final latex product and the
equipped with a condenser. The solution temperature was graduallypercentage conversion for the corresponding emulsion polymeri-
brought to 60°C. The resulting solution was allowed to stir for 30  zation. The latex (1 g) was poured into a preweighed vial. The
min prior to addition of AIBN (0.031 g, 0.188 mmol) in one portion, polymer was precipitated by the addition of methanol. Methanol
which had been predissolved in THF. The flask was sealed, andwas decanted off, and the polymer was washed several times with
the solution was stirred for 24 h under nitrogen atmosphere. The aliquots of methanol to remove any unreacted monomer, surfmer,
final copolymer was isolated by precipitating in hexane. or initiator. The vial was then placed in a vacuum oven to remove
Latex Preparation. MMA/BUA/AA copolymer latexes were the methanol. The resulting polymer weight was then compared to
prepared by means of seeded semicontinuous emulsion polymerthe original emulsion solids content to determine the overall
ization. This polymerization technique has been chosen because itmonomer conversion. The latexes were centrifuged, and analysis
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24 hours Ice Bath
. . . 12 H
Figure 2. Synthesis ofa-(chloromethyl)acryloyl chloride (CMAC). o o o
207 o
via NMR spectroscopy of both the final serum after centrifugation O)FO
and the recovered polymer allowed the evaluation of the final BN
reactive surfactant incorporation. 24 Hours THE
Film Formation. Latexes were drawn down on a glass mi- 24 s
croslide substrate (carefully washed with acetone and deionized
water prior to latex deposition) ugira 3 mil draw-down bar and Surfmers 1.2.3.5 Surfmer 4

allowed to dry at room temperature overnight. The films formed
were then used in the AFM measurements.

o
Latex Stability. The stability of the latexes synthesized was /(/\9)1\ (E)\/OH
assessed by the following methoa T g oflatex, the same amount g OH FoC 78
of the electrolyte test solutions (0.1 M Mgg®.1 M NaCl, 0.5 M R= o

o]
NaCl, and 1.0 M NaCl) was added and the time for flocculation to MOH ©)\0H

occur was assessed visually. For the fregbaw test, a small

amount of the latex (2 mL) was kept a0 °C for 24 h. After 24

h at room temperature, the flocculation of latex sample was assessechgure 3. Synthesis of surfmers SIS5.
by visual observation.

Scanning Electron Microscopy (SEM).Particle morphology ¢, d g 9 . k O n r
and particle distribution were visualized using SEM. In a typical /OV\(O/\}O\/\O)HAOW\/\
sample preparation, the specimen was prepared by depositing a®  ° g T | mote Tgd S
diluted latex onto a carbon adhesive tab, allowing it to dry, and )
then coating the dried residue with gold (5 nm) using a sputter J/dve op
coater Emitech K550X. The images were obtained with a FEI =
Quanta 200 SEM under high vacuum conditions.

Atomic Force Microscopy (AFM). Surface topography of the
films formed by spreading on glass microslide the corresponding

latex was investigated. The topography of the-&ilm surface was b

characterized using a Dimension 3000 scanning probe microscope ) flm k 9Cnr
(Digital Instruments, Santa Barbara, CA). The probe for surface ' h id a ;
topography was purchased from Veeco probes, CA. Surface | | | J I l ’ l |

topography and roughness were obtained in tapping mode using L
an etched silicon probe, 128n long with a resonant frequency of 150 100 50 0
275 kHz, nominal force constant of 40 N/m, and a nominal tip Figure 4. *3C NMR spectrum of surfmer S1 (CD4}!
radius of 10 nm. Height and phase images were collected
simultaneously on &m x 5 um scan size with an image resolution  CMAC to form the intermediate MPCMA (structure B in Figure
of 256 x 256 pixels at a scan rate of 1 Hz. Surface roughness and 3) that was subsequently reacted with different carboxylic acids
section analysis were performed opi® x 5um scan areaforall o alcohols in the presence of a base. To form surfmers S1, S2,
the samples using NanoScope v5.30 r2 image analysis software.and S3, MPCMA was reacted at room temperature with different
aliphatic and aromatic carboxylic acid potassium salts. This mild
procedure gave high purity products in high yields after filtration
Synthesis and Characterization of the SurfmersAll the of the reaction mixture and evaporation of the solvERtNMR
reactive surfactants synthesized are composed of a hydrophobiavas used to follow the formation of the desired products by
part, a polymerizable double bond, and a hydrophilic part. In monitoring the appearance of the proton peaks at 4.78, 4.77,
this study, the hydrophobic part is either an aliphatic, aromatic, and 5.04 ppm corresponding to themethylene protons of the
or perfluorinated moiety while the hydrophilic part in all cases ester form of the respective monomers. The surfmer S4 was
is a poly(ethylene glycol) methyl ether moiety. Different synthesized following the same procedure by reaction of
hydrophobic moieties were incorporated in order to determine MPCMA with the potassium salt of 2,2-bis(acetoxymethyl)-
their effect on particle stability during the emulsion polymer- propionic acid; the acid was obtained by the reaction of 2,2-
ization as well as the final polymer characteristics. A meth- bis(hydroxymethyl)-propionic acid and an excess of acetic
acrylate group links both hydrophobic and hydrophilic moieties anhydride at room temperature. The fluorinated surfmer S5 was
and constitutes the reactive site. This group will become obtained by the reaction of MPCMA and pentadecafluoro-1-
involved in the emulsion copolymerization reactions with MMA,  octanol in the presence of potassium hydroxide. The structures
BuA, and AA. These macromonomers were all synthesized by of the different intermediates and macromonomers were con-
functionalization of thea-(chloromethyl)acryloyl chloride firmed by'H and3C NMR and FT-IR, while their purity was
(CMAQC) intermediate A, which was synthesized according to evaluated by HPLC (Table 1). As an exampg NMR and
the synthetic scheme presented in Figure 2. This compoundFT-IR spectra of S1 are shown in Figures 4and 5.
allows two different functional groups to be incorporated on Homopolymerization of the Reactive Surfactants.In the
either side of the polymerizable double bond. The reactive first series of experiments, the homopolymerization of the
surfactants shown in Table 1 were synthesized following the reactive surfactants S1S5 in water was investigated in order
general synthetic routes presented in Figure 3. to determine their capacity to homopolymerize in an aqueous
MPEG of molecular weight 350 g/mol, chosen to constitute medium. The results of these experiments are given in Table 4.
the hydrophilic part of these molecules, was first reacted with The monomers were all homopolymerized in deionized water

Results and Discussion



8942 Morizur et al. Macromolecules, Vol. 40, No. 25, 2007

in Figures 4 and 6. The disappearance of the resonances
corresponding to the vinyl carbons of the monomers and their
appearance as backbone peaks is consistent with the surfmer
24 having undergone vinyl polymerization. The copolymerization
results shown in Table 5 suggest that these monomers have
copolymerized well with the corresponding comonomer, with
the surfmer incorporation being fairly close to the monomer
14 feed ratio.

Earlier studies showed that hydroxymethylacrylate esters
(RHMA)-based monomers lead essentially to random copoly-
mers when copolymerized with MMA. Similar copolymeriza-
0+ tions were carried out with-butyl acrylate also showing high
incorporation of the amphiphilic comonomer in the final
copolymer. As mentioned earlier, the reactivity of the surfmer
Wavelength (cm™) and its adsorption characteristics are critical in surfmer perfor-
mance. The surfmer should not homopolymerize too efficiently
in order to avoid destabilization of the latex particles as they

Absorbance

T T T
4000 3000 2000 1000

Figure 5. FT-IR spectrum of surfmer S1 (NacCl).

Table 4. Homopolymerization Characteristics of Surfmers S+S5 are forming. Furthermore, to minimize the negative effects on
M,/1000 conversiof the fina_l material perf_ormance (@) the reactive s_urfa}ctant
sample  surfmer  solvent (g/mol) PDI (%) conversion should be high at the end of the polymerization to
H1 S1 water 39 1.23 623 ensure there is little or no free surfactant in the.fina_ll polymer
H2 S2 water 6.7 1.4 54.2 and (b) large amounts of surfmer homopolymerization should
H3 S3 water 5.3 1.32 40.3 be avoided to minimize the presence of surface active, am-
Ha S4 water b phiphilic polymeric coproducts. It is believed that a competition
H5 S5 water 6.8 15 70.1 N o .
_ _ between homopolymerization and copolymerization will take
@ Determined by gravimetry> No polymer was formed. place during the emulsion polymerization, and the observed

. . ) balance between the homo and copolymerization behavior of
at 80 °C using ammonium persulfate as the water soluble g g\rfmers reported in this study suggests that they have great
initiator. Polymerizations were carried out for 24 h to ensure ,qentia| for use in heterophase polymerization techniques. This
maximum conversions. As shown in Table 4, low yields and g hecause their molecular structure has been demonstrated to
low molecular weights were obtained for all systems. All these |04 t0 a preference toward efficient copolymerization with
polymers precipitatgd from the soluti_on durin_g polymerization ., nomers such as MMA and BUA. Thus, during the course of
due to agglomeration of the growing chains. Attempts {0 he emulsion polymerization, they will not produce significant
polymerize these monomers in organic solvents, for example, 5 auns of the homopolymer due to their relative bulkiness nor

tetrahydrofuran, gave even lower molecular weight polymers. i they leave unreacted surfmer due to their high potential
This suggests that preorganization of the amphiphilic molecules ;4414 copolymerization.

in water by the formation of micelles leads to higher degrees
of polymerization in agueous medium than in organic solvent.
It is well-known that polymeric surfactants show generally lower

Emulsion Polymerizations.High solids content MMA/BUA/
AA (29/69/2) latexes were prepared via seeded semicontinuous

values of critical micelle concentration (cmc) than those of small emulsion ponmenzaUc_ms. Table 6 lists the_percentage of
molecules. Thus, in agueous medium, the amphiphilic moleculescoa1g|UIum and the particle size of the latexes investigated.
will be above their cmc and arranged into micelles. However, ~ These data show that a high conversion of monomers was
the critical concentration is continually decreasing during achieved as determined by gravimetry. No vinyl peak from the
homopo|ymerization as the polymeric chain is growing_ At the double bond of the reactive surfmers could be noticed in the
same time, the homopolymer has a vastly reduced degree of'H NMR spectra (O) of the latexes, suggesting high incor-
freedom in which to orientate themselves due to the steric poration of the surfmer into the polymer. Further characterization
restrictions placed on them by their neighboring monomers. Both Of the centrifuged latexes was attempted using NMR spectros-
of these factors restrict the ability of the surfmers to organize €OPY. NMR-supported analysis of the final serum after cen-
themselves into micelles, and their influence on the system trifugation systematically showed that no surfmer was remain-
continues to increase until the point when agglomeration occursing. This result indicates either that complete incorporation
resulting in the precipitation of the polymer in water. It should occurred or that centrifugation was not effecient in eliminating
be noticed that surfmer polymerization in the aqueous phasethe physically adsorbed species. Then, for all latexes, the
should be minimized because it can promote flocculation and recovered polymer was washed with hot methanol in order to
wasting of the surfmer. remove the adsorbed species and was analyzetHbjMMR
Copolymerization of the Reactive SurfactantsDuringthe ~ SPectroscopy in CD@lsolution.'H NMR allowed determining
course of emulsion polymerization, the surfmer may be incor- the incorporation of surfmer in the final copolymer produced
porated into the polymer backbone by both copolymerization Py heterophase polymerization. As an example, Figure 7 shows
and chain transfer to the surfmer. The extent of surfmer ‘H NMR spectra of both the surfmer S1 and the corresponding
copolymerization depends on the reactivity ratios of the surfmer Polymer recovered from latex L1. Proton peaks at 3.64 and 1.25
and the monomers. In the second series of experiments,PPM were observed in the polymer spectrum corresponding to
copolymerization of the reactive surfactants-S5 in THF has ~ the MPEG and the hydrocarbon unit of S1, respectively. This
been investigated in order to determine their capacity to attests to the efficient incorporation of the surfmer in the final
copolymerize with a less bulky monomer, methyl methacrylate. Polymeric matrix.
The 13C NMR spectra of a typical surfmer (S1) and the Although surfmers S1, S2, S3, and S5 lead to stable polymeric
corresponding copolymer with methyl methacrylate are shown emulsions, coagulation occurred during the emulsion polymer-
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Figure 6. 3C NMR spectrum of Sto-MMA copolymer (CDCE).
Table 5. Copolymerizations Characteristics of Surfmers StS5 Q o
© N
surfmer surfmer T T
MMA molar temp My/1000 yield incorporatioft
sample feedratio solvent (°C) (g/mol) PDI (%) (%) Latex L1
PO 0 THF 65 2052 1.22 98.0
P1 1:4 THF 65 17.0 1.48 97.3 92.5
P2 1:4 THF 65 17.5 1.32 88.7 75.5
P3 1:4 THF 65 19.4 135 91.2 98
P4 1:4 THF 65 18.5 141 924 78
P5 1:4 THF 65 17.2 1.25 82.0 83

aDetermined by analysis dH NMR spectra of copolymers.
ization involving S4 and no stable latex could be formed. It is Surfmer 81
believed that the high degree of hydrophilicity of the surfmer
S4 compared to the other surfactants resulted in an inability to
efficiently stabilize the growing particles during the polymer-
ization process, because too much surfmer was loaded into the
aqueous phase. In all the emulsion polymerizations reported in
this paper, the amount of surfmer added to form the latex was
approximately 1 mol % as shown in Table 6. This value could nucleation arising during the polymerization. For instance, the
be lowered as the critical micelle concentration (cmc) of some lower molecular weight observed for latex L3 may be due to
of these surfactants was much lower than the fixed surfactantthe higher degree of hydrophilicy of this compound compared
concentration. For instance, the cmc for surfmer S1 was to those of other reactive surfactants investigated. It should be
evaluated to 0.095 g/L. noticed that these data are based on polystyrene standards and

Apparent molecular weights obtained for the corresponding that some degree of incertitude should be taken in account when
surfmer latexes formed are summarized in Table 7. We observedconsidering these results. Nevertheless, we should expect some
a wide range of molecular weights for the latexes obtained. impact on the final molecular weight of the polymer as the
These differences may be attributed to some degree of secondarpydrophilicity of the corresponding surfactant is increased.

LA B A A I AL EL L L LR
4.0 3.0 20 1.0 0.0
Figure 7. *H NMR spectra of latex L1 and surfmer S1 (CRCI

Table 6. Characteristics of the Final Latexes

feed time Dp seed surfactant concn initiator/ coagulum PDI appearance
latex surfactant (h) (nm) (wt %/mol %) (9) (%) Dp (nm) (nmy of latex
LO SDS 2 89 1 mol % APS/0.30 <1 151.3 43.2 a
L1 S1 2 89 4.16/1.00 APS/0.32 25 163.4 75.2 a
L2 S2 2 89 4.03/1.15 APS/0.34 1.5 1715 65.7 a
L3 S3 2 89 4.04/1.26 APS/0.30 <1 190.3 67.5 b
L4 S4 2 89 4.10/1.08 APS/0.30 c
L5 S5 2 89 4.14/0.85 APS/0.31 1.7 164.5 54.6 b

aTypical latex appearancéVery thick latex.c Emulsion polymerization was not successfully achievd@article size polydispersity index.
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Table 7. Molecular Weights of Latexes 200

i A AN
Mn/1000  M,/1000 conversion 180
latex surfactant ~ (g/mol) (g/mol) PDI (%)2 1 hos o g
160
LO SDS 220.3 386.4 1.75 95 ] g9
L1 S1 158.3 350.7 2.22 98 "1 &
L2 S2 183.1 384.9 2.10 96 b= 1 v
L3 s3 84.9 204.4 2.40 99 > 120
L5 S5 284.4 358.6 1.26 94 N 100
aDetermined by gravimetry. % e0l?® o Latex L1
© 1 o LatexL2
Evolution of the particle size during the polymerization T 90 s Latex L3
reaction was followed for each system by withdrawing aliquots - 401 v Latex L5
of the latex at different times and carrying out DLS measure- 1
ments. The particle size evolution for each system is shown in
Figure 8. It was found that the final particle size was obtained 0 S PO e S PY. Sy e
after 4 h by analysis of the data collected over a 24 h period.

DLS measurements also showed that low particle size polydis- Reaction Time (min.)
persity indexes were obtained for all latexes investigated (Table Figure 8. Particle size evolution for each latex.
6). As an example, DLS distribution profile corresponding to
latex L1 is shown in Figure 9. SEM allowed confirming this 1o0.
data as shown in Figure 10 (latex L5). The SEM pictures were |
taken in the high vacuum mode and the particle size and particle i L
size distribution could be seen to be in good agreement with . L
the DLS measurements. 1 3
As reported in Table 6, a low amount of the coagulum was *° - - 800
noted, suggesting a low amount of destabilization during the ]
heterophase polymerization. Urize¢ al. reported that in a
similar reaction at 50% solids with 1 mol % of nonionic
methacrylate-based reactive surfactant a large amount of co- g S 1| Y
agulum was obtaine#.It was suggested that this behavior was 0.0010 0.0100 0.1000 1.000 10.00
a consequence of the homopolymerization of methacrylate
surfmer in the aqueous phase, leading to the formation of a type
of water soluble polymer capable of causing bridging floccula-
tion. By comparison, while homopolymerization of the surfmers
S1-S5 is certainly possible, as shown in the homopolymeriza- water. This technique allowed the particle sizes previously
tions reported earlier in this paper, the low amount of coagulum determined via dynamic light scattering to be confirmed, as the
that was observed in the emulsion polymerizations detailed in AFM measurements of the particle sizes and particle size
this study suggests that these materials exhibit low amounts ofdistributions for all latexes were in good agreement with DLS
homopolymerization and are able to copolymerize efficiently measurements. Figure 11 shows typical AFM pictures (height
during the heterophase polymerization. Thus, it is concluded and phase) obtained under tapping mode conditions for the films
that the molecular design of the surfmers in this work has studied where individual latex particles could be observed.
successfully influenced the balance between aqueous phase Asua and co-workers showed that the surface of a film
homopolymerization and heterophase copolymerization such thatincorporating conventional nonreactive surfactants such as
their performance is better tuned toward achieving a successfulsodium lauryl sulfate is totally covered with the surfactant,
emulsion polymerization, which produces a high-quality final obscuring the individual particle identities. In our study, this
polymer than other reactive surfactants used in the past. behavior could be confirmed as no particle could be identified
Film Surface Morphology. During setting and drying of a by AFM characterization of the film incorporating sodium
latex film, any surfactant that is only physically adsorbed (and dodecyl sulfate (SDS). However, the particles appeared well
not chemically bound) to the resulting polymer may either defined for all the other films by AFM measurements, attesting
remain at the particle surface or phase separate with the polymerto low migration of the surfactant upon film formation.
If the surfactant undergoes phase separation, the water flux mayFurthermore, the narrow polydispersities previously reported by
carry it to the film surface. Alternatively, it may accumulate in DLS measurements were also found to be in good agreement
the interstices between the particles. From there it will migrate with the AFM results for all films formed. Differences in the
to the film—air or film—substrate interface through a long-term root-mean-square surface roughness between the original film
exudation process. The surfactant may also segregate from theand the film washed with deionized water were determined by
matrix and form aggregates and pockets that could affect the AFM for each system as reported in Table 8. The nonbonded
overall polymer properties. The mobility of surfactants during and highly water soluble reactive surfactant should be washed
film formation has been widely studied using a wide range of away when rinsed with deionized water. The roughness of the
different technigues such as attenuated total reflectance FT-IR,remaining film is caused by disruption of the particle packing
transmission electron microscopy, X-ray photoelectron spec- by the migrating surfactant phase, as described by ‘Jutue
troscopy, secondary ion mass spectrometry, and AFFA. al*® Very little difference could be observed in roughness
AFM is an attractive technique due to the fact that it is measurements for these systems compared to the film incor-
nondestructivé® In this study, AFM was used to observe the porating SDS as the surfactant, which is consistent with the
surface morphology of the films directly and also to evaluate conclusion that surfactant migration has been minimized in these
the roughness of the tested film before and after exposing to systems.

% Pass % Chan
0 ~100.0

Size (um)

Figure 9. Particle size distribution profile of the final latex L1
determined by laser light scattering.
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Figure 10. SEM micrographs of latex L5.

0 500 pm 0 5.00 pm

Data type: Height Data type: Phase
- o - {+]
Z range: 90.00 Z range: 90.00
Figure 11. Height and phase images of the film obtained from latex L5 on glass substrate ¢&5 um).
Table 8. Roughness Analysis Results Conducted Using Atomic Force Table 9. Freeze-Thaw Test and Stability in Different Electrolyte
Microscopy of the Films Obtained from the Latexes Solutions?
roughness Dp 0.1M 05M 1.0M 0.1M freezing
latex (nm) (nm) latex NaCl NaCl NaCl MgSOy —20°C
LO (neat) 5.14 n/a L1 ++ +++ +++ +++ +++
LO (washed) 14.32 L2 +++ +++ ++ +++ +++
L1 (neat) 3.04 1735 L3 ++ + + + +++
L1 (washed) 3.23 L5 ++ ++ ++ + +++
::g E\r/]v?izt%ed) ?éii 1625 aLegend: +++ immediate flocculation:+ partly flocculated after 1
L3 (neat) 2_'87 1945 day; + complete flocculation after 1 month.
tg E‘r’]":‘:ged) ;’gg 166.7 and S5 were found to be the most stable latexes. Strueture
L5 (washed) 210 property relationship of the surfmers is currently in progress to

better understand this behavior.
Latex Stability. The stability of the polymeric emulsions .

produced was assessed by addition of certain amount ofonclusion

electrolyte solution to the corresponding latexes. The results New acrylate-based, nonionic reactive surfactants were
are summarized in Table 9. All latexes showed entire floccula- specifically designed to optimize the reactivity of the surfmer
tion after 24 h at—20 °C. However, the latexes showed by balancing the bulkiness of the macromeric surfmers with
differences in flocculation behavior depending on the electrolyte the reactivity of the polymerizable double bond they contained.
solution used in the test. Latexes that incorporated surfmers S3The aim of the design was to create species which had a more
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reactive double bond that is usually found in nonmigratory (7) Guyot, A.; Tauer, KAdv. Polym. Sci1994 111, 43.
surfactants to maximize the incorporation into the emulsion (8) Schoonbrood, H. A. S.; Asua, J. Mcta Polym.199§ 49, 671.

| d th d d . facial eff d (9) Tauer, K. InPolymeric Dispersions: Principles and Applications
po ymer and thus reduce ‘.iny secondary interfacial e PthS. an Asua, J. M., Ed.; Kluwer Academic Publishers: Dordrecht, 1997; p
leaching of the surfmer during the course of the polymerization. 463.
These target molecules were synthesized successfully and use¢l0) Guyot, A.Curr. Opin. Colloid Interface Scil996 1, 580.

Lo - . o (11) Holmberg, K.Prog. Org. Coat.1992 20, 235.
in high solids content emulsion polymerization of butyl acrylate, (12) Urquiola, M. B.. Dimonie, V. L.; Sudol, E. D.; El-Aasser, M. $.

methyl methacrylate, and acrylic acid. Analysis of the final Polym. Sci., Part A: Polym. Cheri992 30, 2619.
polymers from these emulsion reactions via NMR supports the (13) Urquiola, M. B.; Dimonie, V. L.; Sudol, E. D.; El-Aasser, M. $.
conclusion that a high level of surfmer incorporation into the Polym. Sci., Part A: Polym. Cheri992 30, 2631.

Isi | hi d. Additi I | | | of (14) Urquiola, M. B. Ph.D. Dissertatiom.ehigh University, 1992.
emulsion polymer was achieved. iionally, a low level o (15) Schoonbrood, H. A. S.; Unzue, M. J.; Beck, O. J.; Asua, J. M.

coagulum was observed in these reactions, suggesting a high ~ Macromolecules997, 30, 6024. _
stability of the emulsion during the reaction. Well-defined (16) fgg%%kgzﬁgiA-;Asua, J. M. Polym. Sci., Part A: Polym. Chem.
particles and narrow particle size dl_strlbunor_]s were observed (17) Guyot, A.: Taver, KAd. Polym. Sci1994 111, 43.
by DLS and confirmed by other microscopic measurements (18) Unzue, M. J.; Schoonbrood, H. A. S.; Asua, J. M.; Montoya, A.;
(SEM and AFM). Homogeneous and transparent films were Sherrington, D. C.; Stahler, K.; Goebel, K. H.; Tauer, K.; Sjoberg,
i ihi - i i M.; Holmberg, K.J. Appl. Polym. Sci1997, 66, 1803.

fo”ped fromhthe Iate>|<es "Eh'Ch exh|rl])|ted "ttfl.? d'ﬁergnﬁe fIT (19) Yokota, K.; Ichihara, A.; Shinike, H. U.S. Patent 5,324,862, 1994.
surface roughness values between the neat films and the TimS;0) Aramendia, E.; Barandiaran, M. J.; de la Cal, J. C.; Grade, J.; Blease,
washed extensively with deionized water. This latter result T.; Asua, J. MPolymer Colloids: Science and Technology of Latex
suggests a very low degree of surfactant migration through the ~ SystemsDaniels, E. S., Sudol, E. D-'hEl'AaSISE‘f' M. S., Edsh;_ ACS
polymeric matrix during the film formation. Additionally, the g%mggz';mp ?des 801; American Chemical Society: Washington,
AFM images clearly showed the presence of individual latex (21) Schoonbrood, H. A. S.; Asua, J. Macromoleculed997, 30, 6034.
particles which again supports the conclusion that the macro- (22) Schoonbrood, H. A. S.; Unzue, M. J.; Beck, O. J.; Asua, J. M.;
meric surfmer is highly incorporated into the polymeric film. Montoya, A.; Sherrington, D. QMlacromolecules 997, 30, 6024.
Thus, it is concluded that these surfmers impart very interestin (23) Goux, A; Guyot, AJ. Appl. Polym. Scil997 65, 2289,

us, at ’ h p y Intere: 9(24) Green, B. W.; Sheetz, D. B. Colloid Interface Sci197Q 32, 96.
and beneficial properties to the emulsion polymerizations (25) Green, B. W.; Saunders, F.L.Colloid Interface Sci197Q 33, 393.
conducted in this study. Thus, this strategy of attempting to (26) Tsaur, S. L.; Fitch, R. BJ. Colloid Interface Sci1987 115 450.
optimize the balance between the reactivity of the double bond ¢7) ;:Sheznélss' A.; Chang, H. 8. Polym. Sci., Part A: Polym. Chet985
and the bulkiness of the mc_)lec_ules has deIivered r(_aal benefit '[_0(28) sﬁerringion, D. C.; Joynes, Polymer1997, 38 (6), 1427.
the heterophase polymerization systems investigated. This(29) Montoya, A.; Sherrington, D. C.; Schoonbrood, H. A. S.; Asua, J. M.

balance of surfmer reactivity allows the amphiphilic surfmer Polymer1999 40, 1359.
y phip (30) Favresse, P.; Laschewsky, @olloid Polym. Scil1999 277, 792.

molecules to stabilize the growing polymer particles and to be (31) Nkansah, A.; Solomon, R. D.; Williams, S. O. U.S. Patent 5,962,580,
incorporated within the final copolymer. These factors lead to 1995.

the production of films which present reduced water sensitivity (32) Nobel, J. W. U.S. Patent 4,455,263, 1983.

compared to those made using conventional surfactants. Thes gig ggr?r?":i’tt‘]'KWI'DU'US;Spgt:tgtn?fjégzegl’.]é’71?.89gﬁ

new acrylate-based reactive surfactants open up a new library(zs) kanegafuchi K. Patent 1,427,789, 1976.

of amphiphilic monomers that can stabilize efficiently the (36) Flach, H. N.; Grassert, I.; Oehme, Bacromol. Chem. Phy4.994

growing polymeric particles in acrylic emulsion polymerizations @7 }\19815 2_2?(9- Satoh, H.; Kuramoto, HRolymer1892 33 (24), 5303
. - . . . gai, K.; ,H.; Ku , NPoly! , .
and confer higher stability of the final polymeric material. (38) Peiffer, D. G Polymer199Q 31, 2353.

) (39) Chern, C. S.; Chen, Y. Rolym. J.1996 28 (7), 627.
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