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Abstract: The semicontinuous heterophase polymerization of styrene in the presence of
cross-linking and porogen agents was carried out. Latexes with close to 20% solid content,
which contained mesoporous nanoparticles with 28 nm in average diameters, up to 0.5 cm®/g
in porosity and 6—8 nm in pore diameters were obtained. By varying the monomer dosing
rate over the micellar solution, an unexpected direct dependence of instantaneous conversion
on the monomer dosing rate was found. This was ascribed to the higher average number of
radicals per particle attained in the polymerization at the higher dosing rate, which in turn
would arise from the higher gel percentage in the polymer. It is believed that the cross-linked
chains prevent encounters between radicals, delaying the bimolecular termination reactions
and allowing the existence of more than one radical inside the particles, which in turn
increases the propagation rate.
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1. Introduction

The preparation and characterization of porous micro- and nanopolymeric particles is a very attractive
and longstanding research topic in view of the actual and potential applications of such particles.
Well-established techniques, mainly based on emulsion and suspension polymerization, allow one to
prepare in a controlled manner meso- and microporous particles with porosities higher than 1 cm?/g,
surface areas in the hundreds of square meters and average diameters ranging from some tenths of
micrometers to millimeters [1-6]. Recently, this kind of structures has become interesting in the
development of drug delivery systems [7,8], catalysts [9,10], enzyme and cell immobilization [11],
among others. A common feature of these particles is that their sizes are typically higher than 100 nm in
average diameter.

Research on mesoporous polymeric nanoparticles with average diameters smaller than 50 nm has
received little attention [12—14]. The interesting thing about this kind of nanoparticles is their enhanced
area/volume ratio and the increased capacity for avoiding the immunological system, a feature especially
useful for drug delivery systems due to the fact that it leads to a longer circulation period in the
bloodstream [15]. The reports in the specialized literature on the preparation of such small nanoparticles
include the work of Lee and Kim [12], who prepared mesoporous polymeric nanoparticles with average
diameters smaller than 50 nm and pores of 2—6 nm in diameter by a sol-emulsion-gel method. More recently,
Wu et al. [14] documented the preparation of porous hyperbranched conjugated polymeric nanoparticles
with diameters ranging 20-60 nm by miniemulsion polymerization. On the other hand, our group has
reported the preparation of mesoporous polymeric nanoparticles by polymerizing styrene in the presence
of cross-linking and porogen agents using the so called semicontinuous heterophase polymerization
technique [13]. The obtained nanoparticles showed average diameters close to 30 nm, pore diameters in
the range 6-8 nm and porosities around 0.40 cm®/g.

Semicontinuous heterophase polymerization is a technique developed by our group [16—18] that
allows one to obtain polymeric nanoparticles with diameters smaller than 50 nm, solids contents up to
25%-30% and all the surfactant in the latex stabilizing the particles. However, this technique requires
one to operate under the so-called monomer-starved conditions during the addition period [19].
Krackeler and Naidus [19] coined this term to explain the smaller particle sizes obtained in the emulsion
polymerization of styrene carried out in semicontinuous mode compared to the batch process. These
authors resorted to the correlation developed for emulsion polymerization by Smith and Ewart [20] for
predicting the number of particles (Np) for the case-II kinetics, in which Np is inversely proportional to
the volume growth rate of polymer particles during the nucleation period. When the particles are
saturated with monomer, they grow at their maximum rate. As a consequence the particle nucleation is
minimum. In semicontinuous emulsion polymerization particle monomer saturation is attained by
operating at the so-called monomer-flooded conditions. In contrast the operation under monomer-starved
conditions, that is to say, when monomer in the particles is below the saturation concentration, slows
down the particle growth rate resulting in a larger number of smaller particles. These conditions are
achieved by adding the monomer at very slow dosing rates.

As described above, semicontinuous heterophase polymerization operating under monomer starved
conditions allows the preparation of mesoporous polymeric nanoparticles having average diameters
smaller than 50 nm [13]. As far as we know, ours is the only report on the use of this technique for
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preparing such particles. With the aim to contribute to the understanding of the mentioned
polymerization technique when applied to the preparation of ultrafine mesoporous polymeric
nanoparticles, we present here the results of a study on the effect of monomer (styrene and
divinylbenzene) dosing rate. This variable was chosen due to the fact it is the one that mainly determines
the polymerization kinetics and particle size [21], therefore it would be interesting to investigate how
the presence of the cross-linking (divinylbenzene) and porogen (toluene) agents affect the known effect
of monomer dosing rate.

2. Results and Discussion
2.1. Polymerization Kinetics

The kinetics of the polymerizations carried out in this study are shown in Figure 1. This figure
describes the evolution of instantaneous (x:) and global conversions (X) as a function of the relative time
(tr). Here, xi 1s the fraction of added monomer up to time ¢ that has changed into polymer; X, the fraction
of monomer (compared to the total amount to be added) converted to polymer at time ¢, whereas ¢ is the
ratio of a given time ¢ divided by the total addition time. The values of x; and X as a function of #, and
consequently, of # were calculated by the gravimetric method and using the following equations,
obtained from a simple mass balances:

X(0) = po 1)
tFyx;
X(@t) = AZ:C 2)

where wyor is the amount of polymer produced up to time ¢, F, is the organic phase dosing rate, Xu is the
monomer concentration in the organic phase and M: is the total weight of monomers to be added.

In Figure 1 and in the following figures, (a) and (b) correspond to the results of lower and higher
organic-phase dosing rate, respectively. Given that in this case toluene is an inert component, it would
be also appropriated to say lower and higher monomer dosing rate or simply lower and higher dosing
rate hereinafter. The behavior of the x; curves in Figure 1 is that typically observed in a polymerization
carried out in presence of a surfactant at contents higher than its critical micellar concentration by adding
the monomer in a semicontinuous fashion to operate under monomer starved conditions [16—18]. In a
typical behavior x; values are relatively low during the first stages of polymerization before rising with
the reaction time, attaining values higher than 90%-95% under highly monomer starved conditions. In
our case it should be noted that the higher x; values correspond to the polymerization carried out at the
higher value of F,. Taking into account that the only difference between the two polymerizations is Fo,
this result contravenes the expected behavior in polymerizations performed under monomer starved
conditions. In accordance with the literature the inverse relationship between x; and monomer dosing
rate, while maintaining unchanged the rest of variables, is the very well-known fact [16—18,21]. When
the monomer dosing rate decreases the monomer concentration inside particles decreases, which leads
to a reduction in the propagation rate, resulting in a diminution in the particle volumetric growth. The
result is an increase in the particle number density (V). The increase in the number of places in which
the monomer consumption is carried out, that is to say, the particles, overwhelms the drop in the
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monomer concentration in the particles, leading to an increase in xi;. The use of a porogen and a
crosslinking agent in this study could be the origin of the unexpected relationship between xi and Fo. In
the following, an explanation for this unexpected finding will be provided.
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Figure 1. Evolution of instantaneous, x: (----) and global, X (—) conversions with relative
time in polymerizations at 0.05 (a) and 0.15 (b) g/min in organic phase dosing rate. Runs M
(#); runs MR (A).

2.2. Particle Size and Number Density of Particles

Figures 2 and 3 show the change of number-average particle diameter (D.) and N, with X,
respectively. Figure 4 includes micrographs from final latexes prepared using both dosing rates. To
estimate N, the following equation was used:

6C

N, =——7P 3

where Cp is polymer concentration in g/mL water and ppart is the density of porous particle in g/mL. This
density was calculated using the following equation, developed by considering 1 gram hypothetical
porous particle (P) with porosity (¢) in cm®/g:

P 1

ppart = 1

P
P + o ¢ + p. 4)

In this equation p, is the polymer density, for which all the polymer is considered as polystyrene with
a density of 1.05 g/mL [22]. Figure 2 depicts a very similar D» behavior for both polymerizations, with
slightly larger sizes for the polymerization carried out at the higher dosing rate up to 60%—65% global
conversion. However, the final D, value was close to 28 nm in both cases. The absence of dependence
of final particle size on monomer dosing rate in this study contrasts with the known direct relationship
between both these variables in semicontinuous heterophase polymerization under monomer starved
conditions [16—18,21].
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The evolution of N, shown in Figure 3 is also similar for both polymerizations, with higher values up
to 60%—66% global conversion for the polymerizations carried out at the lower dosing rate, though the
difference between both polymerizations is more pronounced than that in Figure 2 as a consequence of
the dependence of N, on D, 3 (Equation (3)). However, in the last part of the polymerizations, the values
of N, for both polymerizations show a slight decrease, which is more evident in the polymerization at
the lower dosing rate in such way that the final N, values are higher for the higher dosing rate. This fact
suggests the occurrence of a certain degree of particle coalescence at the end of the polymerizations.
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Figure 2. Number average diameter measured by STEM as a function of global conversion
in polymerizations at F, 0.05 (a) and 0.15 (b) g/min. Runs M (¢); runs MR (4).
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Figure 3. Particle number density as a function of global conversion in polymerizations at
0.05 (a) and 0.15 (b) g/min in organic dosing rate. Runs M (¢ ); runs MR (A).
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Figure 4. Representative micrographs from samples of final latexes in polymerizations at
0.05 g/min (a); 0.15 g/min (b) in organic phase dosing rate.

2.3. Gel Percentage

Figure 5 depicts how the gel percentage of polymer in the nanoparticles evolves with the
polymerization, showing a continued increase for both cases. Gel percentage is defined as the polymer
fraction which turns non-solvent soluble as a result of the cross-linking between polymer chains.
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Figure 5. Variation of gel percentage in polymer in nanoparticles with global conversion
from polymerizations at 0.05 (a) and 0.15 (b) g/min in organic phase dosing rate. Runs M
(#); runs MR (A).

Here, the larger values correspond to the run at higher dosing rate, with 80%—85% at the initial part
of the polymerization and around 98% at the end of it. In contrast, the other polymerization shows values
ranging 70% to 84% in the same interval. The continued increase in gel percentage could be explained
as a result of an increase in the chain number inside the particles as the polymerization progresses, which
would increase the number of cross-linking points. Furthermore, the direct dependence of the gel
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percentage on the dosing rate would also arise from a possible increase in the polymer concentration in
the particles.

2.4. Porosity and Pore Diameter

Porosity and average pore diameter (dp) values as a function of global conversion are shown in
Figures 6 and 7, respectively.
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Figure 6. Evolution of nanoparticles porosity with global conversion in polymerizations at
0.05 (a) and 0.15 (b) g/min in organic phase dosing rate. Runs M (¢ ); runs MR (A).
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Figure 7. Change of pore diameter in nanoparticles with global conversion in polymerizations
at 0.05 (a) and 0.15 (b) g/min in organic phase dosing rate. Runs M (#); runs MR (A).
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Irrespective of the dosing rate both variables show a continued increase with conversion, with slightly
larger values in porosity (ca. 0.5 cm®/g) and dp (8 nm) for the polymerization at higher dosing rate. The
relatively low porosity and pore diameters values obtained in this study were similar to those obtained
in our previous work in which similar polymerization conditions were employed [13]. On the other hand,
the porosity increase with conversion could be explained as a result of the increase in the gel percentage
also as the polymerization evolves. This would cause that toluene not be absorbed by the cross-linked
chains, which would lead to a phase separation (macrosyneresis) with the continuous phase composed
of toluene, unreacted monomers and the dissolved polymer [23]. Furthermore, as the cross-linking
increases the chains form compact nanospheres whose number rises with global conversion, resulting in
an increment in the number of voids between nanospheres and finally, in an increase in the porosity after
toluene evaporation.

2.5. Surface Tension

Figure 8 shows the variation of latex surface tension (y) with #. The behavior of y in both polymerizations
is similar, that is, values close to 35 mN/m up to # = 0.8, followed by an increase up to =~ 45 mN/m
at t» = 1, attaining a value close to 55 mN/m at the end of the polymerization.
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Figure 8. Surface tension of latexes as a function of relative time in polymerizations
at 0.05 (a) and 0.15 (b) g/min in organic dosing rate. Runs M (#); runs MR (A).

The y value close to 35 mN/m suggests the presence of micelles [24] up to at least #- = 0.8, while the
higher values indicate that micelles have disappeared and all surfactant in the latex is on the
nanoparticles’ surface. In accordance with Figure 3, particle nucleation occurs up to approximately 80%
in global conversion for the polymerizations at lower dosing rate and up to 90%, for the other one.
Undoubtedly, the presence of micelles up to at least # = 0.8, which corresponds to 60%—-65% global
conversion, is the determinant factor for the particle formation. Therefore, it would be interesting to
know why particle formation occurs at higher conversions. In fact, according to Figure 8, the
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disappearance of micelles not necessarily takes place at #- = 0.8 for both polymerizations, but this event
occurs in a point between #= 0.8 and #- = 1, so most probably the micelles are present up to near ¢ = 1,
allowing the particle formation up to that point. To explain why particle coalescence occurs at the end
of the polymerizations the surface coverage ratio, r, defined as the total surface of particles that the
available surfactant would cover forming a saturated monolayer divided by the total surface area of the
particles at #- = 1was calculated. For this task data from the recipe and the values of Dn, Np, X, density
of the porous particle and the area per SDS molecule in a saturated monolayer on particle surface
(0.5 nm?/molecule) [25] were used. The r values for M5 and M5R were 0.56 and 0.54, respectively, for
the polymerizations carried out at the higher dosing rate, while the polymerizations at the lower dosing
rate showed the same value of 0.55 for M5 and M5R runs. The magnitude of these r values indicates
that the particles are covered by a layer of surfactant with approximately half of the number of molecules
required for saturation. This implies a certain degree of particle instability, which would result in the
particle coalescence observed at the end of the polymerization. The low r values and the fact that they
are practically the same for both dosing rates could also explain why a smaller particle size at the lower
dosing rate was not achieved. What probably occurs is that a value close to 0.55 is the lowest value that
r can achieve under the conditions at which the polymerizations were carried out and since smaller
particle sizes require lower » values, an average particle close to 28 nm is the minimum particle size that
can be attained. In fact, the  values for the particles obtained at the end of the polymerizations increase
up to 0.6-0.7, which would result from particles that coalesce trying to reduce the area to volume ratio
and thereby increase their stability.

2.6. Monomer Concentrations in Particles

St and DVB concentrations in the particles along the course of the polymerizations were calculated
as follows: from the recipe, phase-organic dosing rate and conversion data at a given time, the amounts
of toluene, St and DVB in the latex were known. The analysis by GC gave the St/DVB weight ratio in
the particles, which with the amounts mentioned above, allowed to know the composition of the organic
phase in the latex. Then, the assumption that the composition of the mixture of toluene, St and DVB
swelling particles and micelles was the same was made. The partitioning of this mixture between
particles and micelles was estimated from the polymer/surfactant weight ratio, since this datum, along
that of the total surfactant in the recipe, allowed to know the surfactant available to form micelles and
from here the number of micelles and its content of organic phase. In this calculation an aggregation
number of 60 [26] and a molecular surface coverage for SDS micelles of 0.5 nm?*/molecule [25] were
taken. With the partitioning results, the particle composition was known and St and DVB concentrations
were calculated under the assumption of additive volumes of the components and discarding the volume
of the cross-linked polymer from the total volume available for carrying out the propagation reactions.
Tables 1 and 2 summarize the results achieved and Figure 9 shows the variation of total monomers
concentration in the particles during the polymerizations.
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Table 1. Most important data used in the estimation of monomer concentration in particles.
Organic Sulfur Available Residual Monomers in Total
Toluene and
Phase Content in Surfactant Particles(g) Total Non-Cross-
Residual
Dosing tr Polymer- in the Latex Polymer in Linked
Monomer in
Rate Surfactant  for Forming St DVB Particles (g) Polymer in
Micelles (g)
(g/min) Mixture (%)  Micelles (g) Particles (g)
M MR M MR M MR M MR M MR M MR M MR
023 371 NA 342 NA 164 NA 204 NA 032 NA 18 248 0.66 0.66
041 279 NA 208 NA 099 NA 284 NA 019 NA 515 5.38 1.80  1.67
0.05 058 265 NA 08 NA 041 NA 284 NA 034 NA 11.70 1220 272 2.6l
084 188 NA 100 NA 047 NA 38 NA 055 NA 1502 1639 355 348
1.00 NR NR 0.00 0.00 0.00 0.00 443 478 047 053 2322 2260 380 3.63
1.18 NR NR 0.00 0.00 0.00 0.00 311 310 027 053 2554 2504 363 3.58
0.14 422 390 320 297 153 141 044 020 033 0.17 229 237 036 035
036 392 396 158 133 076 064 1.02 1.69 249 117 6.66 655 072 0.79
0.15 053 271 NA 055 NA 026 NA 217 NA 020 NA 11.09 1097 121 143
' 0.76  NA NA NA NA NA NA NA NA NA NA 1664 1637 175 197
.00 NR NR 0.00 0.00 0.00 0.00 126 167 0.83 125 2058 2019 135 0.52
1.51 NR NR 0.00 000 000 0.00 0.09 0.13 0.11 0.19 2210 2206 054 044

NA-not available; NR-not required, since from y values it is known that all the surfactant is on the particles.

Table 2. Monomer concentration in particles along polymerizations as function of organic

phase dosing rate.

0.05 g/min 0.15 g/min
. St (mol/L) DVB (mol/L) St (mol/L) DVB (mol/L)
i M MR M MR " M MR M MR
023 412 NA 052 NA 014 232 1.56 140  1.08
041 318 NA 017 NA 036 128 214 249 171
058 241 NA 023 NA 053 232 NA 0.17 NA
084 230 NA 026 NA 076 NA NA NA NA
.00 225 239 019 021 100 0.89 1.19 047 071
1.18 174 174 012 015 151 009 012 008 0.14

NA-not available.

The data in Tables 1 and 2 show that St concentrations in the particles are consistently higher for the

polymerization at both dosing rates. Consequently, the total monomer concentration (Figure 9) is higher

for the polymerization at the lower dosing rate practically along all the reaction. This behavior is

somewhat expected due to the higher x: values obtained at the polymerization carried out at the higher

dosing rate.



Molecules 2015, 20 62

5.0 (a) 5.0 - (b)
a5d ¢ 454

g 4.0 4.0 1

'—o‘ 4

E 354 \ 35

S -

3 3.0+ 3.0

g | o A 14

2 25 * 2.5

15} ] \ J

(5]

© 2.0 2.0 N

8 'Y

5 1.5 1.5

S 1. .

Q <4 -

g

= 1.0 1.0

E ] ]
0.5 0.5
0.0 ———0.0

0.0I052I054I056I058I150I1?2I1.4 16 1.8 0.0I052I054I056I058I1TOI152I1T4I156I1.IB
X (%) X (%)
Figure 9. Evolution of total monomers concentration inside nanoparticles with global

conversion in polymerizations at 0.05 (a) and 0.15 (b) g/min in organic dosing rate. Runs M
(#); runs MR (A).

2.7. Polymerization Rate and Average Number of Radicals per Particle

The variation of the polymerization rate (Rp) and the average number of radicals per particle (77) as
the polymerization evolves is shown in Figure 10 and Table 3, respectively. The R, values (in mol/L
water-min) were obtained by fitting X vs. ¢ data to a polynomial equation and evaluating its derivative at
some given points along the polymerization using the recipe data. On the other hand, 7 values were
calculated from the well-known equation representing the polymerization rate in an emulsion
polymerization and which applies in our case:

R, = kp[A;I\z]a]an 5)
A
where k, is the propagation rate constant and N4, the Avogadro’s number.

Given that this equation would be used in a copolimerization where St and DVB are monomer 1 and 2,

respectively, the terms /M], and k, were redefined, obtaining:

AN,
R, = (kpll[St] + kpzz[DVB] + kplz[DVB] + kle[StDN—p ()
A

where k11 and k22 are the homo-propagation rate constants for St and DVB, respectively and 412 and 421,
the corresponding cross-propagation rate constants. Despite the fact that DVB is a mixture of m-DVB
and p-DVB, to simplify the calculations it was assumed that DVB is only composed of m-DVB. The
values taken from literature [27] for ki1, k22, k12 and k21 are 480, 456, 1140 and 456 L-mol !-s7!,
respectively. Once all the constants and the rest of the variables in Equation (6) were known, 77 was
calculated at different points along the polymerization.
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Figure 10. Evolution of polymerization rate with global conversion in polymerizations at
0.05 (a) and 0.15 (b) g/min in organic phase dosing rate. Runs M (4 ); runs MR (A).

Table 3. Evolution of 7 values along polymerizations.

0.05 g/min 0.15 g/min

. N x 104 ) i x 10°

' M MR " M MR
0.23 6.9 NA 0.14 3.3 3.7
0.41 6.0 NA 0.36 1.8 2.3
0.58 3.4 NA 0.53 1.7 NA
0.84 2.6 NA 0.76 NA NA
1.00 2.7 2.3 1.00 1.8 1.2
1.18 4.4 3.8 1.51 47.7 33.8

Figure 10 shows that Ry increases at the beginning of the polymerization, remaining almost constant
from approximately 20% up to 90% global conversion, with a pronounced increase at the end of the
reaction for the polymerization at the higher dosing rate. In contrast, the R, values at the lower dosing
rate are significantly lower and show a slightly decrease as polymerizations evolve. On the other hand,
Table 3 reveals that 77 behavior is similar for both polymerizations, that is to say, a decrease from the
beginning to the end of the organic phase dosing, followed by an increase at the end of the
polymerization. However, the 7 values for the polymerization at higher dosing rate are significantly
higher; furthermore, the final increase is also more marked, attaining values around to 3.4 x 102-4.8 x 1072
radicals per particle against 3.8 x 10~*-4.4x 10™* for the polymerization at the other dosing rate.

The above results suggest that the direct dependence of xi on the organic-phase dosing rate arises
from the higher values of 77 in the polymerization at the higher dosing rate, which would lead to an
increase in the monomer consumption. This supports the previous explanation given to understand
the direct dependence of gel percentage on dosing rate (Figure 5), which said that the probability of
cross-linking reactions occurrence was increased due to the increase of the propagation reactions
occurrence inside the particles.
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The question now emerging is why 7 increases are so high with the increase in the organic-phase
dosing rate. The probable cause would be that proposed by Capek [28], who stated that the cross-linked
polymer chains would trap the propagating radicals. It is believed that these chains would act as barriers
preventing two radicals encounter, thereby retarding the bimolecular termination reactions and
consequently, extending the life span of the radicals inside the particles.

3. Experimental Section
3.1. Reagents

St (99%), DVB (99%), sodium dodecylsulfate (SDS) (98.5%) and ammonium persulfate (APS) were
from Sigma-Aldrich (Toluca, Edo. Méx., México) Monomers and toluene (99.9%), which were obtained
from J.T. Baker (Monterrey, N.L., México), were distilled under reduced pressure and stored at 4 °C.
SDS and APS were used as received. Deionized and triple-distilled water was drawn from a
Millipore system.

3.2. Polymerizations

The reactions were carried out in a 150 mL jacketed glass reactor equipped with a reflux condenser
and mechanical agitation in accordance with the following procedure: the required quantities of water,
SDS and APS were charged into the reactor, subjected to 650 rpm agitation and bubbled with argon for
1 h, after which the temperature of the solution was raised to 70 °C and the addition of the organic phase
composed of toluene and monomers started at a pre-determined dosing rate using a KD Scientific from
Sigma-Aldrich syringe pump. After the end of the organic phase addition the reaction was allowed to
proceed for a given time (post-addition period). Due to the large sample amounts required for all
characterizations a series of runs were carried out for the two organic phase dosing rates (F») studied,
that is to say, 0.05 and 0.15 g/min. For a given Fb, the addition period in the polymerization was divided
in 5 intervals and the complete polymerization was considered as the interval 6. Then a run (in duplicate)
for each interval was carried out, stopping the polymerization and collecting all the latex at the end of
each of them. For 0.05 g/min polymerization the intervals 1, 2, 3, 4 and 5 included from the beginning
of organic phase addition to # equal to 0.23, 0.41, 0.58, 0.84 and 1, respectively. For 0.15 g/min
polymerization, ¢- values for the same intervals were 0.14, 0.36, 0.53, 0.76 and 1.This way, the amount
of latex obtained was enough to make all the required characterizations.

Table 4. Formulations used in the polymerizations at the organic-phase dosing rate of 0.05 g/min.

M1 M2 M3 M4 MS M6 MIR M2R M3R M4R MSR M6R

Water (g) 90.68 90.65 90.90 90.51 90.58 90.35 90.40 90.60 90.51 90.74 90.66 90.83
SDS (g) 475 450 454 458 453 460 450 450 451 457 459 4.63
APS (g) 0.04 0.04 004 0.04 004 0.04 004 004 0.04 004 0.04 0.04

Organic Phase (g) 7.60 13.70 19.20 2840 34.00 34.00 7.70 13.70 19.10 2830 34.00 34.00
Organic Phase Composition

Toluene (wt. %) 24.92 24.89 24.68 25.02 2534 2450 2495 2459 2500 2494 2472 2496

St (wt. %) 60.04 6037 6043 5995 59.65 60.63 60.13 60.48 59.95 59.79 60.44 60.06

DVB (wt. %) 15.04 1474 14.89 15.03 1501 14.87 1493 1493 15.05 1527 14.84 1498




Molecules 2015, 20 65

Table 5. Formulations used in the polymerizations at the organic-phase dosing rate of

0.15 g/min.
M1 M2 M3 M4 M5 M6 MIR M2R M3R M4R MSR M6R
Water (g) 90.50 90.51 9096 90.51 90.50 90.59 90.40 90.60 90.51 90.74 90.66 90.83
SDS (g) 452 458 451 451 450 457 450 450 451 457 459 463
APS (g) 0.04 0.04 004 004 004 0.04 0.04 004 004 004 004 0.04

Organic Phase (g) 4.70 12.10 18.80 25.80 33.90 34.10 4.69 12.10 18.80 25.10 33.90 33.80
Organic Phase Composition

Toluene (wt. %) 24.92 24.89 24.68 25.02 2534 2450 2495 2459 2500 2494 2472 2496

St (wt. %) 60.04 6037 6043 5995 59.65 60.63 60.13 6048 5995 59.79 60.44 60.06

DVB (wt. %) 15.04 1474 1489 15.03 1501 14.87 1493 1493 1505 1527 1484 1498

Tables 4 and 5 include the formulation for all the runs carried out in this study. For both F, studied,
the runs stopped at the end of the intervals 1, 2, 3, 4 and 5 were named as M1, M2, M3, M4 and M5,
respectively. The run that includes the complete polymerization was named as M6. The suffix R was
used to identify the replicates of the runs.

3.3. Characterization
3.3.1. Particle Size

Determinations of particle size distributions for latexes samples were carried out in a JSM-7401F
scanning-transmission electron microscope (STEM, JEOL, México City, México). For the
measurements a dilution containing about 2.5 g polymer per liter was prepared, one drop of it was
deposited on a copper grid and allowed to dry. The diameters of a number of particles ranging from 500
to 1000 were measured from the set of micrographs to obtain the number-average diameter (D»), through
the following equation:

Zl- n,D, _ Z n,D,

D, = (7)

n, n
1

3.3.2. Gel Percentage

First, the surfactant was removed from the latex samples by dialysis using porous membranes from
Sigma-Aldrich with molar masses larger than 12,000 g/mol in exclusion size. Dialysis was carried out
until the electrical conductivity values of the fresh and recovered water used in the daily operation were
similar. Then surfactant-free dried polymer (0.05 g) wasplaced in a test tube containing toluene (2.5 g),
which was sealed and allowed to stand for 48 h. After that, the mixture was centrifuged for 1 h at room
temperature in an Optima XI-100K apparatus (Instrumentos y Equipos Falcon, Monterrey, N.L.,
Meéxico) at 95,000 rpm; then, the supernatant liquid was discarded and the solids was dried to constant
weight at 90 °C. The gel content was calculated from the ratio of the weight of the dried solids from
centrifugation to that of the original dried polymer.
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3.3.3. Porosity and Pore Size

Porosity (¢) and pore diameter (d,) of dried particles from latexes were determined in Quantachrome
Autosorb 1 MPR automated surface area and pore size analyzer (CISASA, Ledn, Gto., México) using
the Quantachrome software and the density fluctuation theory (DFT) [29].

3.3.4. Surface Tension

This latex property were measured at 25 °C in a Wilhelmy plate tensiometer Sigma 703 from KVS
Instruments from Sigma-Aldrich.

3.3.5. Sulfur Content in the Polymer-Surfactant Mixture

The dried solids recovered from the latex were analyzed in an Eltra CS800 induction furnace
(Tecanalitic, Saltillo, Coah., México) by the combustion method to determine the sulfur content. Only
the samples of those latexes containing micelles were analyzed, for which the results of surface tension
measurements were considered. With the data of sulfur content and the molecular weight of the SDS the
surfactant/polymer weight ratio was calculated and from here, the total surfactant stabilizing the particles
was known.

3.3.6. Styrene/Divinylbenzene Ratio in Particles

The St/DVB weight ratio in the particles along the polymerization was estimated from the particle
analysis in a HP6890 gas chromatograph (Agillent Technologies, México City, México) with a FID
detector and a G1888 headspace sampler. To prepare the samples, latex (5 g) was centrifuged for 1 h at
room temperature in an Optima XI-100K apparatus at 95,000 rpm, after which the particles were
recovered and subjected to analysis by gas chromatography (GC). To know the content of St and DVB
in the particles the calibration curves for both of monomers were previously plotted.

4. Conclusions

Semicontinuous heterophase polymerization carried out under monomer starved conditions allowed
us to prepare latexes containing mesoporous polystyrene nanoparticles with a relatively high solids
content (=<20%) and all the formulation surfactant on the particles. The unexpected direct relationship
between monomer dosing rate and instantaneous conversion was found to be the major result in this
study, however, the absence of particle size dependence on monomer dosing rate also was notable. It
was postulated that the reason for the former finding was the higher 7 values attained in the
polymerization at the higher dosing rate; this would arise from the higher fraction of cross-linked
polymer obtained, whose chains would trap the radicals retarding the bimolecular termination reactions
and allowing the existence of more than one radical inside the particles, which in turn would increase
the propagation rate. The absence of monomers dosing rate effect on particle size was explained as
possibly resulting from the achievement of the minimum particle size that the surfactant in the
formulation can stabilize under the set of conditions at which the polymerizations were carried out.
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