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ABSTRACT: The mechanism of phase growth and gelation due to polymerization of benzoxazine into polybenzoxazine (PBZ) in dime-

thylsulfoxide and N-methyl-2-pyrrolidone was monitored using laser light scattering. The radius of gyration (Rg) and hydrodynamic

radius (Rh) increased gradually with time, confirming nucleation and growth as the mechanism of polymerization-induced phase

separation of PBZ in both the solvents. The experimental data inferred from laser light scattering and scanning electron microscopy

established that the PBZ gel networks were formed by spherical building blocks in dimethylsulfoxide and by cylindrical strands in

N-methyl-2-pyrrolidone. In the latter case, the cylindrical strands originated from joining of several spheres. VC 2017 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2018, 135, 45709.
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INTRODUCTION

Mesoporous materials received tremendous attention in the last

two decades due to their widespread applications in gas stor-

age,1 chemical separation,2 and catalysis.3 Aerogels are a class of

mesoporous solid materials formed by nanometer-sized solid

networks filled with high percentage of air.4,5 They offer a set of

interesting properties such as, low thermal conductivity,6 high

specific surface area,7 and low bulk density.8 Aerogels are gener-

ally obtained from precursor gels by replacing the liquid with

air in a supercritical drying step. The supercritical drying pro-

cess leaves interconnected voids without structural collapse

which are viewed as the pores in aerogels. These pores show

diversity in geometry depending upon the nature of the solid

building blocks, the amount of solids in the precursor gels, and

the mechanism of polymerization induced phase separation.9–14

The diameter of the pores range from 1 nm to a few

micrometer.

Recently, Gu et al.9 reported the dependence of the shape and

size of solid networks in polybenzoxazine (PBZ) aerogels on the

nature of the solvents and reaction temperature in the gelation

step. The mesoporous PBZ aerogels prepared with the same

solid content showed different building blocks, for example,

spheres in dimethylsulfoxide (DMSO) and cylindrical strands in

N-methyl-2-pyrrolidone (NMP) which in turn produced

different Brunauer–Emmett–Teller surface area, pore size distri-

bution, and pore volume. For example, the aerogels from the

gels prepared at 130 8C in DMSO and NMP provided Bruna-

uer–Emmett–Teller surface area of 92 and 82 m2/g and bulk

density of 0.45 and 0.37 g/cm3. The pore size distribution was

broad in the case of materials prepared in NMP while it was

narrow with mean diameter �20 nm for materials prepared in

DMSO. Such a difference in pore architecture of gels may be

beneficial in the design of drug delivery systems, catalysts, and

air filters. Liu reported silica aerogels with fibrous and globular

networks15 formed in different stages of spinodal decomposi-

tion. The spheres formed in the early stage while the strands

formed in the later stage due to structural coarsening. Leventis

et al.10 observed that the morphology of polyurea aerogels

changed from a regime of collections of strands to a regime

with aggregation of spheres due to an increase of the concentra-

tion of the monomer. These authors attributed the formation of

two types of polyurea networks to polymerization induced

nucleation and growth. However, no direct evidence is pre-

sented in current literature on the growth of the gel networks

starting with nucleation. In this work, we introduced laser light

scattering (LLS) technology to dynamically characterize the

gelation process and to understand the mechanism of growth of

two different building blocks in PBZ gels produced in NMP

and DMSO.

Additional Supporting Information may be found in the online version of this article.
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LLS, including static light scattering (SLS) and dynamic light

scattering (DLS), is often used to study polymers and nanopar-

ticles in dilute solutions.16–19 SLS measures the total scattered

intensity from the solution which can lead to information on

radius of gyration (Rg) and weight-average molecular weight of

the particles. The scattered intensity can be regarded as an indi-

cator of the gelation process based on Rayleigh-Gans-Debye

equation,16,20 where the scattered intensity increases as the

number and the size of the scattering site increase. The magni-

tude of intensity is, however, more sensitive to the size varia-

tion.16,20 On the other hand, DLS data provide hydrodynamic

radius (Rh) values with the assistance of CONTIN20 analysis.

The combination of Rh and Rg values can help in the under-

standing of the geometry of the particles in solutions. In this

work, we determined the size and the shape of PBZ nanopar-

ticles at different elapsed times during gelation in solvents NMP

and DMSO.

EXPERIMENTAL

In a typical experiment, 1.100 g of benzoxazine (BZ) and

0.011 g of p-toluenesulfonic acid (TSA) were dissolved in

4.0 mL pure solvent (DMSO or NMP). The filtered solution

was kept in an oil bath at 120 8C in order to initiate and con-

tinue the cationic polymerization process21 (Figure 1) until the

solution turned into a gel. Specimens were taken out of the

reaction system at prescribed time intervals, diluted with fresh

solvent, and were examined by LLS method to record the struc-

tural information of the polymer domains until the gel point

was reached. Each time, a 5.0 mL hot solution taken out of the

reaction system was added into 2.0 mL filtered solvent (DMSO

or NMP) to reach a final concentration of 0.68 mg/mL. The

solutions were then cooled down to room temperature and the

data were taken by LLS method. It should be noted that dilute

solutions were used in LLS study to ensure the accuracy of the

results. The LLS tests were conducted at room temperature due

to the requirement of the instrument. We assumed the follow-

ing: (1) the reaction mass was homogeneous, (2) polymeriza-

tion of PBZ was terminated due to dilution with the solvent

and lowering of the temperature to room temperature, and (3)

the polymer domains did not undergo swelling and their mor-

phologies did not change much before the data were taken by

LLS method.

RESULTS AND DISCUSSION

Figure 2(a,b) shows the plots of scattered intensities (I) versus

time obtained from SLS measurements. In both solvents, at the

very beginning of polymerization, the values of I are close to

zero as only the small BZ monomer molecules were present in

the solution. With the progress of polymerization, the intensity

increased slowly (Stage I) followed by a rapid growth (Stage II).

Specifically, in Stage I, the monomers participated in initiation

reactions with H1, formed the propagation centers, and pro-

duced the oligomers.22 Although the number of oligomers

increased in this stage, no obvious increase of scattered intensity

was observed indicating that the increase in the size of the

oligomers was limited. In contrast, the scattered intensity

increased dramatically in Stage II, indicating a significant

increase in either the population of the particles or the size of

the polymer domains due to intramolecular crosslinking.23 This

size increment was later confirmed by the data from DLS meas-

urements. The scattered intensities were monitored until the

extracted solutions were found too viscous and could not be

diluted any further. Such time was recorded as the gelation

time, for example, 51 min in DMSO and 350 min in NMP at

120 8C.

It is evident that the nature of the solvents played an important

role in determining the gelation time. It was reported earlier24

that pKa of acids in NMP is 1.2 units higher than that in

DMSO. In view of this, TSA/DMSO solution produced three to

four times higher concentration of H1 than TSA/NMP solution

for the same initial concentration of TSA. Accordingly, more BZ

monomers underwent initiation and subsequent polymerization

in DMSO leading to faster gelation. This is also evident from

the significantly higher intensity counts in Figure 2(a) than in

Figure 2(b) for a given time.

To further establish a mechanism of PBZ gelation, DLS meas-

urements were used to obtain the average values of Rh as well

as the size distribution of the nanoparticles. The CONTIN anal-

ysis of DLS data revealed two peaks in Figure 2(c,d) as the PBZ

particles grew larger in both solvents. In Figure 2(c,d), CG(C)

denotes the relative contribution to the total scattered intensity

due to particles of a given Rh. The main peaks in Figure 2(c,d)

are attributed to highly crosslinked polymer particles while the

minor ones correspond to oligomers or polymers with relatively

low molecular weights. In this regard, in order to simplify the

analysis, the following discussion focused on the main peaks

with moderate correction of the minor peaks.25 Figure 2(c,d)

presents the size distribution of PBZ in DMSO and NMP at dif-

ferent reaction times. Similar to the trend of scattered intensity

from SLS measurements presented in Figure 2(a,b), the Rh of

the predominant particles increased slowly initially, followed by

a rapid increase. We attribute particle growth in both solvents

to nucleation and growth mechanism. Small particles were

observed at the very beginning and their size gradually and

slowly increased reminiscent of the nucleation stage. The DLS

results indeed nullified the possibility that the networks of

strands observed in the case of NMP grew out of spinodal

decomposition.

Figure 1. Ring opening polymerization of polybenzoxazine catalyzed by

p-toluenesulfonic acid.21
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Figure 2. Change of total scattered intensities of (a) DMSO solution and (b) NMP solution at 908 angle. CONTIN analysis of DLS studies of (c) DMSO

solution and (d) NMP solution at different times. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. At 120 8C, Rh distribution of particles in DMSO after heating for (a) 45 min and (b) 50 min at different scattering angles. (c) SEM image of

network of PBZ aerogel synthesized in DMSO. Rh distribution of particles in NMP after heating for (d) 320 min and (e) 340 min at different scattering

angles. (f) SEM image of network of PBZ aerogel synthesized in NMP. [Color figure can be viewed at wileyonlinelibrary.com]
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However, we have not found an answer to the question on how

the spheres that formed by nucleation and growth mechanism

in NMP led to the strands observed by Gu et al.9 To gain fur-

ther understanding of the shape of PBZ particles in these sol-

vents, a series of Rh measurements by DLS at different

scattering angels and Rg measurements by SLS were performed

(Supporting Information Figures S1 and S2). It should be noted

that, for solid spheres, Rh at different scattering angles should

be almost invariant to the angle of view and Rg should be

smaller than Rh at 08 (Rh,0). In the case of cylindrical particles,

however, both angle dependent Rh values and usually, larger Rg

values should be observed.17

It is apparent from the data presented in Figure 3(a,b) and

Table I that in the case of DMSO solution, no obvious differ-

ence was observed in values of Rh at different angles, even when

the system was close to the gel point. This indicates that PBZ

particles were present as single spheres during the polymeriza-

tion process in DMSO up to a point very close to gelation. At

or beyond the gel point, the spheres might have formed random

aggregates leading to the PBZ gel network [Figure 3(c)]. The

same spherical shape was also observed in the case of NMP

solution before the 320 min mark [Figure 3(d), Supporting

Information Figure S2]. However, the particles transformed

their geometries during the time period between 320 and 340

min [Figure 3(e)]. The Rh values at different scattering angles

showed huge differences [Figure 3(d), Table II], and the calcu-

lated Rg values are larger or close to the Rh,0 values, suggesting

the formation of anisotropic structures by the joining of two or

more spheres. We also conducted PBZ gelation experiments at a

lower temperature, for example, at 108 8C, followed by LLS

measurements at room temperature (Supporting Information

Figures S3–S6). The gelation took relatively longer time, but

consistently, the LLS results suggested that the polymer particles

also showed the same growth process but lower polymerization

rates in both DMSO and NMP solutions (Supporting Informa-

tion Figures S3–S6).

Based on the evidences gleaned from SLS techniques and SEM

images, the mechanism of spherical and cylindrical building

block formation of PBZ gels can now be proposed for polymer-

ization in solvents DMSO and NMP. As illustrated in Figure 4,

in the first step, tiny polymer nuclei are formed due to

polymerization-induced phase separation. The size of the nuclei

increases with the molecular weight and the crosslinking den-

sity. Such an increase in the particle dimension is referred to as

the primary growth regardless of the solvents. In DMSO, nucle-

ation occurs earlier and the particles grow faster due to higher

rates of polymerization catalyzed by higher proton concentra-

tion. Also, diffusion-limited cluster aggregation10,25 leads to ran-

dom packing of the spheres to form the particulate gel

networks as seen in Figure 3(c). However, in NMP, the concen-

tration of the initial nuclei is lower at the beginning of the gela-

tion process due to lower rate of polymerization attributed in

turn to lower proton concentration. The particles eventually

grow larger due to primary growth. Meanwhile, the secondary

growth takes place as the reactive molecules on the surfaces of

Table I. Rh and Rg Values of PBZ Nanoparticles Formed in DMSO at 120 8C

Rh,908 Rh,758 Rh,608 Rh,458 Rh,08 Rg

45 min 21.6 6 1.0 22.5 6 1.0 23.0 6 1.0 19.0 6 1.0 19.5 —a

50 min 62.0 6 2.0 65.4 6 2.0 77.3 6 1.5 92.4 6 1.0 111.8 69.4 6 1.2

Radius unit: nm.
a Rg at 45 min is not available as the size was not detectable.

Table II. Rh and Rg Values of PBZ Particles Formed in NMP, at 120 8C

Rh,908 Rh,758 Rh,608 Rh,458 Rh,08 Rg

250 min 10.3 6 1.0 9.9 6 1.0 10.2 6 1.0 10.4 6 1.2 10.3 —a

310 min 30.7 6 1.0 34.8 6 1.0 34.7 6 1.1 32.8 6 1.1 35.3 29.0 6 0.4

320 min 42.6 6 1.2 46.5 6 1.7 40.3 6 1.2 44.9 6 1.7 43.5 48.3 6 0.5

340 min 47.1 6 1.3 65.6 6 1.2 72.5 6 1.5 116.9 6 3.0b 241.7 113.1 6 1.3

Radius unit: nm.
a Rg at 250 min is not available as the size was not detectable.
b Some large PBZ aggregates might have been included.

Figure 4. Growth models of PBZ gel networks in DMSO and NMP.

[Color figure can be viewed at wileyonlinelibrary.com]
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different particles connect during interparticle collision.

Although the correct mechanism cannot be unequivocally estab-

lished barring more detailed investigation, we present two possi-

bilities. First, the steric hindrance may account for the end-to-

end assembly of the spheres during the secondary growth.

Another source of secondary growth may be nucleation and

growth on the surface of an already formed primary particle. In

addition, the size of secondary particles increased with time and

the voids between two spheres are partially filled due to concur-

rent primary growth. Eventually, the secondary particles turned

into interconnected cylindrical rods as shown in Figures 3(f)

and 4. Obtaining convincing experimental evidence of the above

scenarios is beyond the scope of the current report.

CONCLUSIONS

The study showed that LLS technology can be useful in probing

the evolution of nanoparticles during phase growth and gelation

of PBZ. The analysis of SLS and DLS data confirmed that

nucleation and growth was responsible for formation of both

spherical and cylindrical building blocks in PBZ gels. The pri-

mary growth of spherical particles continued in DMSO until

the gel point, while in NMP, the secondary growth occurred via

fusion of spheres into cylinders. The method and the observa-

tions presented in this letter can be used as a basis for design of

microstructures of promising aerogel products.
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