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ABSTRACT: The possibility of synthesizing a highly branched polp(ityl acrylate) by emulsion polymerization

was explored. Branching levels as high as 6.3% were obtained at high temperatures under starved conditions.
Gel, which ranged from 53% to 78%, increased with temperature and process time. Highly branched polymers

with gel contents of about 70% showed a very good shear resistance. It was found that the polymerization rate
decreased with temperature. The mechanisms responsible for this surprising kinetics as well as for the formation
of the microstructure were discussed.

Introduction ) Kb
branching levek )
Because of the commercial importance of tHeutyl acrylate- kpl[M] o T Koo
based emulsion polymers and its intriguing polymerization
mechanisms, the emulsion polymerizationreBA has been Equation 3 shows that the branching frequency is inversely

extensively investigatet’2 During polymerization tertiary  proportional to the concentration of monomer in the polymer
radicals are produced by both intermolecular and intramolecular particles. This agrees with the level of branching measured by
(backbiting) transfer to polymée:14These tertiary radicals are  Plessis et & using'*C NMR spectroscopy in a series of seeded
less reactive than the secondary ones and lower the polymeri-semibatch emulsion polymerizationsreBA carried out at 75
zation ratet215 Propagation of the tertiary radicals yields °C. Equation 3 predicts a high level of branching at very low
branched p0|ymers_ Intermolecular chain transfer to p0|ymer monomer concentrations. This will result in a different polymer
yields long chain branches (LCB). When intermolecular chain architecture which may have interesting properties. Therefore,
transfer to polymer is followed by termination by combination, N this work the possibility of synthesizing a highly branched
gel is formed. On the other hand, intramolecular transfer to POI(n-butyl acrylate) is explored.

polymer produces short chain branches (SCB). Plessis!ét al. To synthesize this polymer, semibatch emulsion polymeriza-

showed that gel and total branches were not correlated and thafions_of n-BA were carried out under extremely starved
conditions, i.e., using very low monomer concentrations in the

in the polymerization ofn-butyl acrylate most branches are - . : X
generated by backbiting. Therefore, the branching frequency polymer partu_:l_es. This was achieved by using long process
can be calculated as the ratio between the rate of backbitingt'mesf In ad_dltlon, formation of branches was enhanc_ed _by
and the overall rate of polymerization: working at hlg.h temperatures because of the higher activation
energy of the intramolecular transfer to polymer (29 kJ/#fol)
rate of branch formation as compareq to that of the propaga_ltion reaction (17.9_kJ®0I).
——— X It is worth pointing out that the maximum temperature is limited
rate of polymerization by the occurrence g-scission'®2°Nevertheless, the effect of
KobP1 1) p-scission is not significant at temperatures below 1CO
(Ko1Py T kP [M] The article is organized as follows: First, the experimental
procedure and characterization techniques employed are pre-
wherekey is the intramolecular transfer to polymer rate constant, Sented. Then, the results obtained are presented and discussed
ko1 andko are the propagation rate constants for secondary angin terms of polymenza’glon kinetics and microstructure of the
tertiary radicals, respectively, [Mis the monomer concentration ~Polymers produced. Finally, the effect of branching on the
in the particles, an®, andP, are the probabilities of having a adhesive properties (tack and shear resistance) of the latexes
secondary radical (| or tertiary radical (R) as the terminal produced was analyzed.
unit in the growing chair:

branching levek

Experimental Section

R kp M] Materials. n-Butyl acrylate (-BA, Quimidroga) and acrylic acid
P, = LR 2P , P,=1—-P, (2 (AA, Aldrich) were used as received. Sodium lauryl sulfate
R +R, KoalM] p + Kop (Aldrich) was used as emulsifier on the seed preparation and

ABEX2005 (Rhodia) in the semicontinuous experiments. Sodium
bicarbonate (PANREAC) was used as buffer in the preparation of

Combination of egs 1 and 2 yields the seed. Potassium persulfate (Fluka Chemika) was used as

initiator.
*To whom correspondence should be addressed: e-mail jm.asua@ehu.es; Emulsion Polymerizations. All the semicontinuous reactions
Tel (+34) 943018184; Fax1{34) 943015270. were seeded. The polyBA) seed used in the semicontinuous
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Table 1. Formulation Used To Prepare the Seed

amount (g)

n-butyl acrylate 250
water 1000
SLS 5.00
NaHCG; 1.25
K2S,0s 1.25

seed properties

solids content 20.1

gel content <1%

particle sizé 67 nm

aIntensity average measured by DLS.

Table 2. Formulation Used in the Seeded Semicontinuous Emulsion
Polymerization of n-BA (Feeding Times: 3 and 12 h)

initial charge (g) stream 1 (g) stream 2 (g)

seed polymer 20

watepP 97.5 29 235
ABEX2005 1.25 2.5
n-butyl acrylate 225.4
acrylic acid 4.6
K2S,08 0.338 0.338

a|ncludes the water contained in the seed.

Table 3. Formulation Used in the Seeded Semicontinuous Emulsion
Polymerization of n-BA (Feeding Time: 24 h)

initial stream1l stream2 stream3
charge (g) (9) (9) (9)

seed polymer 26
watep 137.78 155.75 184.07
ABEX2005 1.625 3.25
n-butyl acrylate 293.02
acrylic acid 5.98
K2S,08 0.401 0.478

2 |ncludes the water contained in the seed.
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Particle size was measured by dynamic light scattering (Coulter
N4-Plus). The analysis was carried out at°Z5with the detector
at an angle of 90 Each sample was analyzed three times with a
previous 6 min equilibration time, and only samples containing
baseline errors below 1% were considered to calculate the average.
The results obtained by this technique were used to calculate the
total number of polymer particles.

The gel fraction was determined by extraction with THF. The
process consistedhia 7 hcontinuous extraction with THF under
reflux in a 2 Lglass reactor2 h ofextraction was enough to extract
90% of the total sol fraction. After the extraction, the samples were
dried, and the gel content was calculated as the ratio between the
dry polymer remaining after the extraction and the initial amount
of dry polymer. It is worth pointing out that the gel measured by
this method contained both cross-linked polymer and entangled high
molecular weight polymer chains.

Swelling experiments were carried out in methyl ethyl ketone
(MEK) at room temperature for 24 h. The latex used in this
experiment was coagulated using a GaGblution, and the
coagulum was dried in an oven at 80 for 3 days. The swelling
value (which is inversely proportional to the cross-linking density)
was calculated as the ratio between the weight of the swollen gel
polymer and the dry weight of the gel polymer.

The sol molecular weight was determined by size exclusion
chromatography (SEC,Waters). The setting consists of a pump
(Waters 510), a Viscotek 250 dual detector formed by a differential
refractometer and a viscosimeter and three columns in series
(Styragel HR2, HR4, and HR6; with a pore size fron? 10 1(°
A). The analysis were performed at 36, and THF was used as
solvent at a flow rate of 1 mL/min. A droplet of latex was directly
added to THF, the soluble part was filtered (polyamide filter
diameter= 0.45um), and the sample was injected in the equipment.

The level of branching was measured by liqli@ NMR using
a Bruker Avance DPX 300 spectrometer with a BBO probe
operating at 75.5 MHz. Latex samples were dried and swollen in
CDCl; before the analysis. Samples were analyzed with NOE effect
suppression by inverse gate decoupling with a pulse interval of 4
s. Over 25000 acquisitions were collected in acquisition times

experiments was prepared batchwise following the formulation longer than 24 h to have a good signal/noise ratio. The peak
shown in Table 1 in a stainless steel reactor fitted with a sampling 8ssignment were made according to Lovell et aind the level of
device, N inlet, and a stainless steel impeller. Table 1 also includes branching was calculated as in ref 2.

the properties of the seed. The reaction was carried out 865
and it was kept overnight at 9 with the aim of decomposing

the unreacted initiator.

The adhesive properties of the latex films were assessed by
determining the resistance to shear and tack. Shear resistance is
the property of an adhesive to remain adhered under load applied

The semicontinuous emulsion polymerizations were carried out Parallel to the surface of the tape. It was assessed by the holding
in a 1 L glass jacketed reactor fitted with a reflux condenser, Power shear test. This test consists on applying a standard area

sampling device, Ninlet, two feeding inlets and a stainless steel

of tape (25x 25 mm) on a panel2to the vertical holdig a 1 kg

anchor stirrer equipped with two blade impellers rotating at 230 load until failure. The time glapsed between application of the. load
rpm. Table 2 summarizes the formulation used in the semicontinu- @nd the complete separation is the measurement of the resistance

ous experiments.

to shear. Tack is the property related to the capacity of an adhesive

Because of the difficulties in maintaining the preemulsion stable t0 form bonds with a surface after brief contact under light pressure.
for long periods of time, in the 24 h experiments, neat monomer It was assessed by using the rolling ball tack #%his test consists

addition was used (Table 3).

of releasing a stainless steel ball (11 mm diameter) at the top of an

The experimental procedure was as follows: First, the polymer inclined track, to come into contact at the bottom of the track with
seed (dp= 67 nm and 20.1% solids content) and a part of the @ horizontal upward-facing adhesive. The roll-out distance that the
emulsifier were added into the reactor. When the temperature wasPall travels over the film is an inverse scale of tack; i.e., the longer
0.5°C below the reaction temperature set point, half of the initiator the distance the ball travels across the adhesive before stopping,
was added to the reactor. When the desired reactor temperaturdhe lower the tack.

was reached, the rest of the ingredients were fed over the proces
time. Upon finishing the addition, the reaction was kept batchwise

for 60 min.

SResults and Discussion

Polymerization Kinetics. Figure 1 shows the evolution of

Characterization. Samples were extracted from the reactor, and the instantaneous conversion for different feeding times and
the reaction was short-stopped with hydroquinone. Unreacted temperatures. It can be seen that in the polymerizations carried

monomer was measured by headspace chromatography, using
Hewlett-Packard HP7694E headspace sampler and a Hewlett

Bdut with feeding times of 3 and 12 h the instantaneous

conversion at 98C was lower than those carried out at 75 and

Packard HP6890GC chromatograph with a FID detector. 4-Methyl- o " . . . :
2-pentanone was used as internal standard. The instantaneou ,5 C.In qddmon, in the runs camed out with 24 h of feeding
conversion was defined as the amount of polymer divided by the time, the instantaneous conversion decreased as temperature
amount of monomer and polymer in the reactor. The overall increased. This was surprising as an increase of the polymer-
conversion was the amount of polymer divided by the total amount ization rate with temperature was expected. It is worth pointing
of monomer plus polymer in the formulation. out that the conversion was determined by measuringCtB%
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Overall conversion - . . .
Figure 1. Effect of the reaction temperature on the evolution of the fo the fact that the probability of having tertiary radicals

instantaneous conversion in the seeded semibatch emulsion polymerincreases as the monomer concentration decreases.
ization of n-BA carried out at different feeding times: (a) 3 h, (b) 12 Figure 2 shows that at lower monomer concentratigigas
h, (c) 24 h. Legend: @) 75°C, (a) 85 °C, (M) 95 °C. almost independent of temperature in the range from 75 to 95
°C. In this study, the polymerizations were carried out under
rather starved conditions ([M]< 0.5 M), and hence a modest
s effect of temperature ok, was expected. However, this did
not justify the decrease in the instantaneous conversion when
temperature increased (Figure 1).
Figure 3 shows that the total number of polymer particles
was roughly independent of the polymerization temperature at
a feeding time of 24 h, and consequently they were not the
cause of the decrease of the polymerization rate with temper-
w ature.
100 Calculation of the values ofi from the values of the
Temperature (°C) polymerization rate (obtained from Figure 1) and the number
Figure 2. Simulatedk, values calculated from eq 1 for the emulsion of particles using the apparent propagation rate coefficients
polymerization of n-BA at different temperatures and monomer showed that the average number of radicals per particle was

concentrations in the particle. Legenda)(0.01 mol/L, €&) 0.05 mol/ ; ; ;
L, (M) 0.1 mol/L, (a) 0.5 moliL; (®) 1 mollL. Frequency factorsk responsible for the decrease of the instantaneous conversion

2000 - .. @
1500 -

1000 -

ke (L/mol s)

500 -

= 2.21x 107 L/(mol $)3# kyzo = 1.25 x 10° L/(Mol S)2 kypo = 4.31 when increasing the reaction temperature. Attempts to elucidate
x 107 L/(mol s)2 Activation energiesEs, p = 17.9 kJ mot’:18 E, the reasons of these results by means of theoretical calculations
= 29.5 kJ mot!;2 Egpp= 29.8 kJ mot1.2 were carried out. However, the theoretical estimation wfas

_uncertain because the values of the entry and exit rate coef-
unreacted monomer by headspace gas chromatography, whichicients were not available. Therefore, it was decided to estimate
is a very accurate method in the range of conversions of Figure ihe effect of temperature on the radical concentration in a
1. Therefore, these results cannot be attributed to errors in thehomogeneous system. It should be pointed out that radical
analytical method.

o4 o compartmentalization will determine the total radical concentra-
The polymerization rateR) is given by

tion in a dispersed system. Nevertheless, as the number of
B A particles was roughly the same in all cases, it was assumed that
R, = k[M] pN—Np 4) the ratio between the concentration of radicals in the homoge-
A neous system and that in the compartmentalized system was
the same for all temperatures. Therefore, comparison between
the radical concentrations calculated for homogeneous systems
would serve as reference for the valuesnah the compart-
mentalized system.
The radical concentration [R] is given by

whereRp is the apparent propagation rate constant,,[Md]the
monomer concentration in the polymer particiess the average
number of radicals per particldly is the Avogadro’s number,
andNj, is the number of polymer particles per unit volume of
water. The apparent propagation rate constant is given by

— of 112
Ky = Ko1Py + kP, (5) [R] = (ﬂ) (6)

2k,
According eq 4, temperature might influence the polymerization
rate threefold: (i) through the apparent propagation rate constantwheref (f = 0.6)1¢ is the initiator efficiency factorky (ky = 8
(ii) through the total number of polymer particles, and (iii) via x 10 exp(—1624)24 is the initiator decomposition rate
the average number of radicals per particle. constant, [I] is the concentration of initiator in the reactor, and
Figure 2 plots thek, values calculated from eqs 2 and 5 at k (k = 2.57x 10® exp(~292M)%5) is the termination rate
different temperatures in a range of monomer concentrations coefficient. It is worth pointing out that because of the presegfﬁl
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Figure 5. Final level of branching of poly(-BA) latexes produced at
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of tertiary radicals, the effectivie would be lower. Nevertheless,
the effect would be similar in all cases not affecting the

comparison. EalLL
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Figure 6. Effect of the monomer concentration on the branching level
produced in the semibatch emulsion polymerization-&A at 75°C.

whereF, is the initiator (KS,0g) feeding rate an¥ the volume (@) Data from refs 2 and 6.) Data obtained in this work. (dashed
line) Predictions of eq 3 withy,, = 45 316 L/(mol s)® andky, = 924

of the reactor.
; ; ;s 12 (black line) Predictions of eq 3 witky,; = 45 316 L/(mol s)® and
To repmdlflce the EXpe.”m.emal proqedure used n the S.eml_kbb =(644 st ()gray line) Predicti%ns o}kgt} 3 witky = 4é 316 I)_/(mol
batch emulsion polymerization experiments, the simulations Sy® and ke, = 500 s.
were performed with the reactor initially filled with water and
with half of the total amount of the initiator. The rest of the data? Actually, Peck et af° reported a value foky, of 3000
initiator was added at a constant flow rate for the corresponding s~ at 138°C which, using the same activation energy as that
feeding time. Only the initiator decomposition and the termina- reported by Plessis et df.yielded a value of 64478 at 75°C.
tion were accounted for, the termination rate coefficient being Even with this value (continuous line) eq 3 predicted a level of
that corresponding to-BA radicals. branches, at low [M] significantly higher than that found
Figure 4 presents the simulated overall concentration of experimentally. Further reduction d,, allows fitting the
radicals in a semibatch homogeneous polymerization processbranching level at low [M], but then the level of branches at
calculated at different temperatures and feeding times (3, 12, higher monomer concentrations was underestimated (Figure 1).
and 24 h). Figure 4 shows that at low feeding rates the higher This suggests that eq 3 might not apply for the whole range of
the temperature the lower the radical concentration because thgM], or that the value ofk,, decreased for low monomer
high decomposition rate of the initiator combined with the low concentrations, perhaps due to difficulties in the formation of
feeding rate led to the depletion of the initiator. At high feeding the six-member ring (necessary for the backbitting mechanism)
rates, the effect was less acute but still apparent. These resultsproduced by the decrease of the free volume as the monomer
if extrapolated to the seeded semibatch emulsion polymerizationconcentration in the particles decreased.
of n-BA, indicate that the decrease of the instantaneous Figure 7 shows the gel content of the final latexes produced
conversion with temperature was due to the depletion of initiator at different temperatures and monomer feeding times. For a

combined with the insensitivity df, to temperature variation
at low [M]p.

Polymer Microstructure. Figure 5 presents the level of
branching as estimated frofMC NMR measurements. It can

given temperature, the increase of the monomer feeding time
yielded a higher gel content. For a given monomer feeding time,
the gel content increased with the polymerization temperature.
The initial increase of the feeding time from 3 to 12 h led to a

be seen that branching increased with the feeding time and insubstantial increase of gel, but a further increase of the feeding
less extent with temperature. The data obtained atG%ire time to 24 h resulted in a modest increase of gel, especially at
plotted in Figure 6 together with the values obtained by Plessis the highest temperature. These results can be explained con-
et al26 and the predictions of eq 3. sidering the mechanisms that lead to the formation of gel
It can be seen that with the parameters found in the literature polymer in the emulsion polymerization ofBA. Gel is formed

(dotted lines) eq 3 overestimated the level of branches. The valueby the occurrence of intermolecular chain transfer to polymer
used forky; complies with IUPAC recommended consistency followed by bimolecular termination by combination. If this is
checks and has been critically evaluaté@he value ofkyy is called a gel-forming event, the gel fraction depends on the ratio
more uncertain as it was obtained from global fitting of kinetic between the number of gel-forming events and the propag?{B{}
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261 o M,, decreased with both increasing monomer feeding time and
214 o temperature, the latter effect being smaller at long feeding times.
27 The reason for this behavior is that, because long polymer chains
207 7 have a higher probability of suffering intermolecular chain
Swelling 18 - A . .
(whiswt) ] - transfer to polymer, the gel incorporates preferentially the longer
16 R chains, provoking a reduction of the molecular weight of the
1: . sol fraction?16
10 Adhesive Properties of the Poly§-BA) Latexes. Table 4
o 5 1'0 1'5 2‘0 25 summarizes the results obtained for the shear resistance and
tack tests of some of the polyBA) latexes synthesized. It can
Feeding time (hours)

be seen that the gel content and the shear resistance were
strongly correlated. An increase from 55% to 73% of gel content
resulted in a 60 times increase of the shear resistance. This effect
was likely due to the presence of gel (cross-linking and chain

events. The number propagation events was the same in all casegntanglement), which provided a better cohesion in the film.
because the same total amount of monomer was polymerized However, the shear resistance dropped dramatically for gel
On the other hand, the number of gel-forming events increasedcontents above 73%. According to Satas e¥®&the resistance

with temperature because of the higher activation energy of theto shear increases as the molecular weight of the polymer chains
intermolecular chain transfer to po]ymer as Compared with increases because this allows a better Chaln entanglement, which
propagation ., = 17 kJ/mol,Es, = 29 kJ/mol)17:1823The leads to the enhancement of the elasticity of the polymer.

number of gel_forming events also increased with the process HOWeVer, at very hlgh molecular We|ghts the chain interdiffusion
time because the polymer chains were subjected for a longeriS impeded, and shear resistance drops dramatically. Other
time to the action of the radicals. The modest increase in gel sudden decreases of the shear resistance with increasing gel
observed when the process time increased from 12 to 24 h mightcontents have been reportedi?’
be due to the lower radical concentration in the 24 h processes. Table 4 also shows that an increase from 55% to 60% of the
Figure 8 summarizes the results obtained in the swelling gel content remarkably decreased the tackiness of the films even
measurements for the polyBA) latexes synthesized at different ~ though the sol molecular weight decreased.
temperatures and feeding times. Note that the swelling value is  Conclusions.This work explores the possibility of synthesiz-
inversely proportional to the cross-linking density. Figure 8 ing a highly branched polp(butyl acrylate) by semicontinuous
shows that the cross-linking density increased with temperatureemulsion polymerization. This was achieved by increasing both
because of the higher number of gel-forming events (i.e., the the monomer feeding time and the polymerization temperature.
number of links per macromolecule) and the shorter kinetic  Branching levels as high as 6.3% were obtained at high
length. The same reasons made the cross-linking density totemperature (98C) and long feeding times (24 h). The reasons
increase with the process time. Admittedly, no explanation can were that the backbiting reaction was favored by increasing
be offered for the low swelling ratio of the latex produced in 3 temperature because its activation energy was higher than that
h at 75°C. The swelling values achieved at 95 and 24 h of of the propagation and that long feeding times resulted in very
monomer addition were close to those produced with 3 h low monomer concentrations in the polymer particles, which
addition and 0.23 mol % of a cross-linker (allyl maleate or promoted intramolecular transfer to polymer. Gel increased with
diallyl maleate)?6-27 temperature and feeding time. In general, the higher the gel
Figure 9 shows the evolution of the weight-average sol contents, the tighter the network. The shorter kinetic lengths,
molecular weight of the polymers produced at different mono- characteristic of high temperatures and low monomer concentra-
mer feeding times and temperatures. It can be seen that the sotions, resulted in shorter links between cross-linking points.

Figure 8. Swelling of polyfi-BA) dried latexes produced at different
feeding times and temperatures measured in MEK &tQ@%or 24 h.
Legend: ©) 75°C, (a) 85°C, (@) 95 °C.

Table 4. Shear Resistance and Tack Test Results for PohBA) Latexes Produced at Different Feeding Times and Temperatures

temp €C) F time (h) gel (%) soM,, (g/mol) branches (%) shear resist (min) tack (cm) swelling (w/w)
75 3 55 532 000 2.8 46 10 0.5+ 0.7 23
85 24 73 81 800 5.8 2508 230 5.0+ 1.7 16
95 3 60 190 000 3.0 306 40 5.1+2.2 22
95 12 76 120 000 4.0 498 125 7.3t12 14
95 24 78 90 200 6.3 40% 95 6.9+ 2.0 12

Ccbv
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