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ABSTRACT 

 

The kinetics, thermodynamics, and product properties of polymerization are 

known to be influenced by properties including the reaction temperature, monomer 

concentration, initiator, and solvent. In addition, nanoreactors and specific additives 

may be used as synthetic tools to optimize the polymerization. This work aims to 

investigate the effect of nanoconfinement on the free radical polymerization of benzyl 

methacrylate and to study the effect of ionic liquid additive on the step-growth 

polymerization of bisphenol A dicyanate ester. 

The effect of nanoconfinement on the kinetics and thermodynamics of benzyl 

methacrylate free radical polymerization is investigated using differential scanning 

calorimetry (DSC). Controlled pore glass (CPG) and ordered mesoporous carbon with 

pore size ranging from 3 to 8 nm are used as confinement media. The propagation rate 

in CPG increases as pore size decreases, whereas in mesoporous carbon, the rate 

decreases. For nanoconfined polymerizations, the rate is proportional to initiator 

concentration to the one-half power, indicating reaction kinetics similar to the bulk, 

but longer induction time are observed. Lower conversion is required to reach 

autoacceleration under nanoconfinement, presumably due to the limited diffusivity 

and lower termination rate for the confined polymer chains. The molecular weight of 

the polymer synthesized in the nanopores is generally higher than that obtained in the 

bulk except at the lowest temperatures investigated. In addition, the apparent 

activation energy of nanoconfined polymerization is lower than bulk. From the 

perspective of thermodynamics, the dependence of equilibrium conversion on the 
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temperature is investigated. The entropy loss of the polymer chains due to 

nanoconfinement is determined using an activity model that relates the entropy loss to 

the chain length and the size of nanopores. The results are compared with the 

polymerization of methyl methacrylate. 

The kinetics of the trimerization reaction of bisphenol A dicyanate ester with 

an aromatic imidazolium-based ionic liquid as additive is also studied using DSC. The 

reaction follows second-order autocatalytic kinetics, and a slight acceleration effect is 

observed in the presence of the aromatic ionic liquid relative to the neat resin. The 

activation energy also increases with the ionic liquid additive, whereas the glass 

transition temperature (Tg) is depressed. A model incorporating diffusion effects is 

able to describe the dynamic and isothermal curing data for both the neat resin system 

and that containing aromatic ionic liquid. A comparison with aliphatic-based IL 

additive indicates that the reaction is more accelerated with aliphatic IL than with the 

aromatic IL in spite of the fact that the aliphatic additive phase separates during cure. 
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CHAPTER Ⅰ 

 

INTRODUCTION  

 

Polymerizations can be divided into two categories based on the reaction 

mechanism: chain growth polymerizations and step growth polymerizations. [1] In the 

free radical chain growth polymerization, monomer adds very quickly onto a radical,  

reactive center which is produced by initiator, to obtain a polymer chain. The most 

common example of chain growth polymerization is that of vinyl monomers and 

various commercial products such as polyethylene, polypropylene, polystyrene, and 

poly(methyl methacrylate) are manufactured using chain growth polymerization. 

Among those vinyl monomers, polymerization of n-alkyl methacrylate including 

methyl, ethyl, butyl methacrylate has been systematically studied in our laboratory. [2-

4] However, most literatures report the living radical polymerization of benzyl 

methacrylate (BzMA) [5, 6] and few studies on conventional free radical 

polymerization of BzMA have been performed and that is one of the motivations of 

this dissertation research to choose BzMA as a focus. On the other hand, 

polymerization in nano-scale geometries have been investigated in the past decades. 

Under nanoconfinement, changes in polymerization rate [2, 4, 7], molecular weight 

and polydispersity index (PDI) [8-11], and tacticity [8, 12, 13] are observed. Thus, the 

nanoreactor can be thought of as a tool to produce polymer products with desired 

properties. In this dissertation, the kinetics and thermodynamics of bulk and 

nanoconfined polymerization of benzyl methacrylate are studied. 
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Unlike chain growth polymerization, step growth polymerization occurs when 

the functional groups on monomers react with each other to slowly build up linear 

chains or a crosslinked network. Thermosetting polymers, including phenol-

formaldehydes, epoxy resins, benzoxazines, polyimides, and polycyanurates, are an 

important type of step growth polymers due to their good thermal stability and 

chemical resistance. Polycyanurates, in particular, are fabricated by trimerization of 

cyanate esters and are used as composites in aerospace, electronics, and construction 

applications [14-16] due to their high glass transition temperature (Tg) [17], high 

tensile moduli [18], and good dielectric properties [19]. On the other hand, in 

thermosetting materials, ionic liquids (IL) have been employed as surface modifiers 

[20, 21], curing agents or co-reactants [22-26], and non-reactive additives to either 

modify the structure of thermoset structure or enhance the thermal, mechanical, and 

electronic properties. [27, 28] The acceleration of curing of bisphenol E dicyanate 

ester with a non-reactive imidazolium IL have been reported by Fainleib and 

coworkers [29-31], and these authors propose a mechanism involves formation of a 

cyanate ester/IL complex. However, the effect of IL structure on the curing kinetics of 

dicyanate ester needs to be further examined. Therefore, the kinetics of trimerization 

of bisphenol A dicyanate ester with aromatic and aliphatic imidazolium ionic liquids 

as additives is reported as part of this work. 

This dissertation contains 8 chapters. In Chapter 2, background knowledge 

related to kinetics and thermodynamics of free radical polymerization, 

nanoconfinement matrix, nanoconfined polymerization, ionic liquid, trimerization of 

cyanate ester, and differential scanning calorimetry (DSC) are introduced. Chapter 3 to 
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5 are manuscripts either adapted from published work or manuscripts in preparation. 

Chapter 6 is a side project related to work in Chapters 3 and 4. Chapter 7 draws the 

conclusions of the work in this dissertation and in Chapter 8, future works related to 

current study are suggested. 

A brief description of each main chapter are as follows. Chapter 3, entitled          

“ Nanoconfined Benzyl Methacrylate Polymerization: Kinetics, Thermodynamics, and 

Chain Entropy Loss,” will be submitted for publication in Macromolecules with 

coauthor Dr. Bryan D. Vogt, who kindly provided the mesoporous carbon for this 

work. This chapter focuses on the effect of nanoconfinement on the free radical 

polymerization of benzyl methacrylate. This work is motivated by previous work of 

nanoconfined polymerization of methyl, ethyl, and butyl methacrylate. [2, 4] 

Differential scanning calorimetry (DSC) is used to carry out polymerization. 

Controlled pore glass (CPG) and mesoporous carbon [32] are used as confinement 

matrices. The effective rate of polymerization increases in CPG but decreases in 

carbon. The apparent activation energy is found to be lower in nanopores relative to 

bulk. Longer induction times are observed for the nanoconfined samples presumably 

due to a higher content of inhibitor species. In addition, the time to reach 

autoacceleration is reduced indicating the decreased chain mobility under 

nanoconfinement. The dependence of equilibrium conversion on reaction temperature 

is also investigated. Chain entropy loss in nanopores is quantified using an activity 

model.  

Chapter 4, entitled “Chain Entropy and Polymerization Thermodynamics: 

Quantifying Nanoconfinement Effects,” will be submitted for publication. Coworker 
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Qian Tian performed the experimental work of methyl methacrylate and the current 

author performed the work of benzyl methacrylate. The work was written 

collaboratively. This chapter focuses on the details of thermodynamics of 

nanoconfined polymerization and quantifies the entropy loss of polymer chain in the 

nanopores. Two different monomers methyl methacrylate and benzyl methacrylate are 

used to do the comparison. The activity model well describes the dependence of 

equilibrium conversion on polymerization temperature. A “floor” temperature is 

observed for nanoconfined samples, indicating the larger entropy loss relative to bulk 

reaction. The entropy loss is related to chain length and pore size of matrices.  

Chapter 5, entitled “Kinetic Study of Curing Bisphenol A Dicyanate Ester with 

Ionic Liquid Additive,” was published in Journal of Polymer Science Part B: Polymer 

Physics, volume 57, issue 19, pages 1315-1324, in 2019 [33]. Coauthor Dr. Edwards 

Quitevis did the analysis of steric effect of ionic liquids and modified the discussion 

section of the paper. This work focuses on the effect of imidazolium IL on the curing 

kinetics of bisphenol A dicyanate ester. Dynamic and isothermal curing are carried out 

in DSC and both data are well described by incorporating the diffusion-control term 

into a second-order autocatalytic model and higher activation energies are obtained 

with IL additive. Glass transition temperatures of polycyanurate product is measured 

to evaluate the phase separation during trimerization. 

Chapter 6, entitled “Heat Transfer Problem of Isothermal Polymerization in 

DSC,” focused on the heat transfer from the DSC furnace to the sample in bulk and 

nanoconfined isothermal polymerizations. This work supports project to the work in 

Chapter 3 and Chapter 4. A one-dimensional heat transfer equation is solved and the 



Texas Tech University, Chunhao Zhai, May 2021 

5 

temperature profile in the DSC sample is used to calculate the theoretical heat flow 

which is then compared with the experimental data. In addition, the conversion of 

polymerization that occurs during heat transfer is measured in order to evaluate the 

need for making a correction to the kinetics results. 
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CHAPTER Ⅱ 

BACKGROUND 

 

In this chapter, background information related to this dissertation is discussed 

including the kinetics and thermodynamics and free radical polymerization, 

polymerization under nanoconfinement, the kinetics trimerization of dicyanate ester, 

and the ionic liquid as additive to thermosetting materials. The background knowledge 

of differential scanning calorimetry. 

2.1 Kinetics of free radical polymerization 

Free radical polymerization consists of three steps: initiation, propagation and 

termination. The first step for thermal initiation is the thermal decomposition of an 

initiator I to produce two radicals R·[1]: 

𝐼
𝑘𝑑
→ 2𝑅 ∙                                                         (2.1) 

where kd is the rate constant of decomposition of initiator. The second step of 

initiation involves the addition of radical to a monomer M: 

𝑅 ∙  + 𝑀
𝑘𝑖
→ 𝑀1 ∙                                                 (2.2) 

where ki refers to the rate constant of initiation step. The subscript of M· represents the 

length of the growing radical. The rest of monomer will then add on the radical 

through the propagation can be expressed by 

𝑀𝑛 ∙  +𝑀
𝑘𝑝
→  𝑀𝑛+1 ∙                                            (2.3) 
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where kp is the rate constant of propagation and again, n and n+1refer to length of 

growing chains. Considering eq 2.2 and 2.3, the rate of monomer disappearance in 

polymerization is given by summation of the rate of initiation Ri and propagation Rp: 

−𝑑[𝑀]

𝑑𝑡
= 𝑅𝑖 + 𝑅𝑝                                                   (2.4) 

However, due to fact that amount of monomers consumed in initiation is far less than 

that reacted in propagation, Ri in eq 2.4 is negligible. In addition, as the mechanism of 

propagation remains the same regardless of the radical length, the rate of propagation 

can be written as following based on eq 2.3: 

𝑅𝑝 = 𝑘𝑝[𝑀 ∙][𝑀]                                                 (2.5) 

where [M·] and [M] are concentrations of radical and monomer. On the other hand, 

termination of free radical polymerization usually occurs by a combination of two 

radicals by 

𝑀𝑎 ∙ +𝑀𝑏 ∙ 
𝑘𝑡
→ 𝑀𝑎+𝑏                                            (2.6) 

where kt is the rate constant of termination of combination. In eq 2.5, the 

concentration of radical is difficult to measure in practice since it is very low (~10-8 M) 

[1]. In order to eliminate that term, an assumption is made that the number of living 

radicals is at steady state that during polymerization, or in other words, the rates of 

initiation Ri and termination Rt are same: 

𝑅𝑖 = 𝑅𝑡 = 2𝑘𝑡[𝑀 ∙]
2                                          (2.7) 

The rate of propagation Rp is then written as following by substitution eq 2.7 into eq 

2.5: 
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𝑅𝑝 = 𝑘𝑝[𝑀] (
𝑅𝑖

2𝑘𝑡
)
1
2⁄

                                           (2.8) 

On the other hand, the rate of initiation Ri can be derived from eq 2.1 and 2.2. As the 

first step of initiation is much slower than the second one, the rate of initiation is given 

by 

𝑅𝑖 = 2𝑓𝑘𝑑[𝐼]                                                      (2.9) 

where f is the initiator efficiency related to the polymerization environment which will 

be discussed later. With eq 2.9 and 2.8, the rate of propagation yields 

𝑅𝑝 = 𝑘𝑝[𝑀] (
𝑓𝑘𝑑[𝐼]

𝑘𝑡
)
1
2⁄

                                           (2.10) 

from which it can be concluded that the rate of polymerization is determined by the 

rates constants for initiation, propagation, and termination along with the 

concentrations of monomer and initiator.  

The initiator efficiency f usually lies in the range 0.3 to 0.8 [1], whereas reports 

of f higher than 0.8 occur in atom transfer radical polymerization [2, 3]. The reason 

that the efficiency f cannot be unity is attributed to the “cage effect,” in which a 

portion of the radicals produced by thermal decomposition of initiator will re-combine 

with each other or react with neighboring to form dead molecules. In addition, 

different initiators have different half-lives at certain temperatures. One should 

consider the polymerization temperature and desired reaction rate when choosing 

initiators. In the present work, two common initiators azobisisbutyronitrile (AIBN) 

and di-tert-butyl peroxide (DTBP) are used. 
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The kinetic chain length ν is defined as the number of monomers consumed on 

each growing radical which can be written as the ratio of polymerization rate and 

termination rate: 

 𝜈 =
𝑅𝑝

𝑅𝑡
=

𝑘𝑝[𝑀]

2(𝑓𝑘𝑑𝑘𝑡[𝐼])
1
2⁄
                                               (2.11) 

The eq 2.10 is only valid when the free radical polymerization is kinetically controlled. 

However, with the progress of polymerization, the viscosity of the system increases, 

and the mobility of long radicals decreases which depresses the termination  rate. In 

this case, autoacceleration, also known as Trommsdorff effect will occur. Figure 2.1 is 

the DSC heat flow of bulk methyl methacrylate polymerization at different 

temperatures from previous work in our lab. [4] The autoacceleration effect is 

recognized as a second exothermic peak. As a result, when autoacceleration take place, 

the slope of conversion versus time curve will increases as shown in Figure 2.2.[4] 

The molecular weight of polymer also increases after autoacceleration which is also 

reported in our previous work [5-7] and an example of the molecular weight growth 

for MMA polymerization is plotted in Figure 2.3. Due to the difficulty to quantify the 

effect of autoacceleration for different systems, in the present work, the effective rate 

of polymerization is calculated from the low conversion regime where the reaction is 

kinetically controlled. 

2.2 Thermodynamics of free radical polymerization 

Depropagation will occur if free radical polymerization is performed at high 

temperatures, where the polymerization reaction can be written as an equilibrium 

reaction [1]: 
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~𝑀𝑛 ∙ +𝑀

𝑘𝑝
⇌
𝑘𝑑𝑝

~~𝑀𝑛+1 ∙                                         (2.12) 

where kp and kdp are the propagation and depropagation rate constants, respectively. 

Depropagation does not happen at low temperatures but becomes more significant as 

temperature increases towards the ceiling temperature Tc. From prospective of 

thermodynamics, the depropagation can be explained by the Gibbs free energy ΔGp of 

the polymerization: 

∆𝐺𝑝 = ∆𝐻𝑝 − 𝑇∆𝑆𝑝                                             (2.13) 

where ΔHp is the heat of polymerization and ΔSp is the entropy of polymerization, 

which are both negative for the reaction of vinyl monomer monomer. Note that the 

reaction will not take place if  ΔGp is larger than zero. The equilibrium constant K of 

the reaction in eq 2.12 is related to ΔGp by  

K = exp (−
∆Gp

RT
) = exp (

−∆Hp+T∆Sp

RT
)                              (2.14) 

In addition, K can be related to the activities of the reactants and products of the 

equilibrium reaction, and in this case, K is given by 

K =
âMn+1∙

âMn∙âM
=

1

âM
                                                (2.15) 

where �̂�𝑀 is the activity of the monomer,  �̂�Mn+1∙ and �̂�Mn∙ are the activities of the free 

radical with the length of n+1 and n. Combining eq 2.14 and 2.15, the entropy of 

polymerization is given by 

∆Sp =
∆Hp

T
− RlnâM                                              (2.16) 
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The entropy change for most polymerizations is negative since the degrees of freedom 

are much higher than long polymer chains except for a few reactions such as the sulfer 

polymerization where the ΔSp is positive. [8-10] The expression for âM scan be 

obtained from Flory-Huggins [11] : 

𝑙𝑛�̂�𝑀 = 𝑙𝑛(1 − 𝜑𝑝) + (1 −
1

𝑟
)𝜑𝑝 + 𝜒𝜑𝑝

2                        (2.17) 

where 𝜑𝑝 is the fraction of polymer in the product, r is the number of repeating units 

in the polymer, and 𝜒 is the Flory-Huggins parameter which is taken as 0.5 in this 

study assuming the monomer/polymer solution is at 𝜃 condition. The fraction of 

polymer 𝜑𝑝 is related to the conversion x and the volume contraction factor ε of the 

monomer: 

φp =
(1+ε)x

1+εx
                                                   (2.18) 

The volume contraction factor is related to the density and the molecular weight of the 

monomer as well as the temperature and usually lies in range of 0.2 to 0.3. 

2.3 Polymerization under nanoconfinement 

Nanoconfinement is well known to affect properties of materials including 

melting temperature Tm [12-14] and the glass transition temperature Tg [15-22]. In 

recent years, effect of nanoconfinement on the polymerization has been studied as 

well. 

Nanoconfined step growth polymerization has been investigated using 

different monomers such as phenolic resin [23], isocyanate [24], cyanate esters [16, 

18, 25-27], and epoxies [28]. A general observation under nanoconfinement is the 
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acceleration of polymerization. For example, Li and Simon [29] reported that the 

curing rate of bisphenol M dicyanate ester in 11.5 nm controlled pore glass (CPG) is 

over seven times higher relative to bulk and the rate increases with decreasing pore 

size. Sanz and Mijangos studied the synthesis of polyurethanes in anodized aluminum 

oxide (AAO) with pore size smaller than 140 nm and found similar enhanced 

reactivity in nanopores. Such increases in the polymerization rate can be attributed to 

the higher concentration of functional groups under nanoconfinement due to layering 

at the nanoconfinement surface according to a Monte Carlo simulation model. [30] 

On the other hand, kinetics of nanoconfinement free radical polymerization has 

been studied in our laboratory by both experimental and modeling work. [4, 6, 7, 31] 

Zhao and Simon [4] studied the MMA polymerization in CPG using differential 

scanning calorimetry and reported an increase of polymerization rate and such effect is 

stronger in hydrophilic pores. Tian et al. [31] investigated the ethyl and butyl 

methacrylate polymerization in CPG as well. In that work, the same trend of 

increasing reaction rate with decreasing pore size is observed, as shown in Figure 2.4. 

Native CPG with hydroxyl groups on the pore surface accelerates the free radical 

polymerization more than in silanized pores where trimethylsilyl replaces the native 

OH groups. All of these results indicate that the interaction between reactant and pore 

surface contribute to the enhanced reactivity under nanoconfinement.  

In addition, the kinetics of other types of nanoconfined polymerization is 

studied by other groups as well. For example, Lee and co-workers [32] performed 

living radical polymerization of n-alkyl methacrylates in metal-organic frameworks 

(MOF) and reported higher reaction rate and isotacticity in MOF. Tarnacka and co-
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workers [33] studied ring opening polymerization of ε-caprolactone in AAO where a 

coordination-insertion mechanism catalyzed the polymerization and tailored the 

properties of polylactones including higher molecular weight and less polydispersity 

index (PDI). 

Besides the changes in reaction kinetics, nanoconfinement has been found to 

modify the properties of the synthesized polymer including molecular weight and PDI, 

and tacticity. Ng et al. [34] found an increase of number average molecular weight Mn 

and a decrease of PDI for MMA polymerization in 2.7-nm diameter zeolite. Li and co-

workers [35] reported that the Mn of PMMA synthesized in 4.4 nm silica glass to be 

five times higher than that fabricated in bulk. Similar results are obtained by Uemura 

and co-workers [36] who performed free radical polymerization of poly(vinyl acetate) 

in porous coordination polymers (PCP) with pore size less than 1 nm. In 0.75 * 0.75 

nm PCP, the Mn of product increases 50 % and the PDI decreases from 4.7 to 1.6. Our 

previous work indicates [5] that PMMA synthesized in 13 nm CPG show higher 

molecular weight, lower PDI, and higher isotacticity relative to bulk case. Lee and co-

workers [32] also reported that more isotactic PMMA product can be obtained when 

fabricated in metal-organic frameworks. 

As alluded to above, different types of nanoconfinement matrices have been 

used as nanoreactors for various studies. These matrices can be classified based on 

their geometries. For example, controlled pore glass (CPG) is a 2.5D matrix [37] due 

to its interconnected tortuous structure as shown in Figure 2.5 which is adapted from 

ref [38]. On the other hand, 2D matrices include zeolite, porous coordination polymer 

(PCP), MOF, and anode aluminum oxide (AAO) have long channel geometry. Figure 
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2.6 [39] and Figure 2.7 [40] listed morphologies of zeolite and AAO, respectively. In 

this work, the current author uses CPG with smaller pore size (4 and 8 nm) and for the 

first time, ordered mesoporous carbon with 2D geometry, as nanoreactors.  

Nanoreactors also provide us a path to study the thermodynamics of 

polymerization. As mentioned in the previous section, the entropy of polymerization 

can be obtained by eq 2.16. When polymerized under nanoconfinement, the entropy 

loss will be different from bulk as the degrees of freedom of nanoconfined chains is 

decreased. A schematic plot explains such entropy loss is shown in Figure 2.8. Under 

nanoconfinement, eq 2.16 can be written as  

∆𝑆𝑝,𝑐𝑜𝑛𝑓 =
∆Hp

T
− RlnâM,conf                                     (2.19) 

where the subscript conf refers to activity of nanoconfined monomer. With eq 2.19, 

the entropy loss of polymer chains ΔSchain is given by 

∆Schain = ∆Sp,bulk − ∆Sp,conf =  Rln âMconf − Rln âMbulk           (2.20)    

Recall that the activity of monomer is related to conversion of polymerization by eq 

2.17 and 2.18. Hence, one is able to quantify the ΔSchain if the equilibrium conversion 

obtained from polymerization under nanoconfinement differs from that in the bulk. 

2.4 Trimerization of dicyanate ester 

Trimerization of dicyanate ester is the most common way to synthesize 

polycyanurates. In 1989, Shimp et al [41, 42] published a serious of aromatic 

dicyanate esters based on bisphenol derivatives and the products of curing these 

monomers give outstanding thermal, mechanical, and dielectric properties. A 

schematic of trimerization of dicyanate ester is shown in Figure 2.9. The trimerization 
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reaction can be catalyzed by transition metals[43] or self-catalyzed. Kinetics of self-

catalyzed can be explained by a second-order autocatalytic model [18, 27, 44-46]: 

𝑑𝑥

𝑑𝑡
= 𝑘1(1 − 𝑥)

2 + 𝑘2(1 − 𝑥)
2𝑥                                    (2.21) 

where k1 and k2 are rate constants of second order and second-order autocatalytic 

reactions, respectively and x is the conversion. As the reaction progresses, the glass 

transition temperature Tg of the product increases and vitrification occurs when Tg 

reaches reaction temperature. At the point of vitrification, the mobility of the reactant 

decreases, and the reaction becomes diffusion controlled. The Rabinowitch equation 

[47] has been used to extend the reaction model to capture the effect of vitrification: 

1

𝑘𝑖
=

1

𝑘𝑖
′ +

1

𝑘𝑑
′                                                               (2.22) 

where ki is the observed rate constant, subscript i=1 is for the second-order reaction 

and i=2 is for the autocatalytic reaction, and 1/k’i and 1/k’d are the time scales for the 

kinetically controlled reaction and diffusion, respectively. The diffusion-controlled 

rate constant is related to free volume and glass transition temperature and the details 

of this model will be discussed in Chapter 5. 

As mentioned above, the evaluation of glass transition temperature during the 

cure of dicyanate ester significantly affect the kinetics. The relationship between glass 

transition  is given by DiBenedetto equation [48]: 

𝑇𝑔−𝑇𝑔𝑜

𝑇𝑔∞−𝑇𝑔𝑜
=

𝜆𝑥

1−(1−𝜆)𝑥
                                                      (2.23) 

where Tg∞ is the glass transition temperature of fully cured sample and Tgo is the glass 

transition temperature of unreacted monomer. λ is a structure-dependent parameter 

that has been related to the change in configurational  entropy on reaction. [49] 



Texas Tech University, Chunhao Zhai, May 2021 

19 

2.5 Ionic liquid as additive to thermosetting materials 

Ionic liquids (ILs) are organic salts with melting temperatures generally lower 

than 100 °C. Due to their adjustable structure and being able to mix with reactants at 

room temperature, ILs have been used as curing agents and non-reactive additives to 

the thermosets in order to modify product properties or enhance the reactivities. In the 

former case, the IL is incorporated with the thermoset structure, and the first study in 

this area was reported by Kowalczyk and Spychaj [50] in 2003. They applied l-Butyl-

3-methylimidazolium tetrafluoroborate (BNITF) in the curing of bisphenol A based 

epoxy and found that the IL accelerates the reaction. After that, IL has been widely 

involved to thermoset networks. Livi and co-workers [51] studied the cure of 

diglycidyleher of bisphenol A (DGEBA) – based epoxy with a 

trihexyl(tetradecyl)phosphonium IL additive and reported that the reaction rate 

increases with the increasing amount of IL. Meanwhile, the IL-epoxy composite gives 

better thermostability (>400 °C). Soares et al. also investigated an IL-modified epoxy 

system with a N,N’-dioctadecylimidazolium IL as additive. In that work, the IL was 

used as a hardener that contributed to a decrease of onset curing temperature and gave 

the product higher storage modulus. 

IL has also been used as non-reactive additive to thermoset. For example, 

Matsumoto an Endo [52] cured bisphenol A diglyceryl ether (BADGE) and 

tetrafunctional epoxy resins with tetraethylenepentamine (TEPA) in the presence of an 

imidazolium-based ionic liquid and observed an obvious phase separation of IL during 

the cure. The epoxy resin with IL confined in the structure displayed better mechanical 

properties relative to neat samples. Hameed et al. [53] also added 1-butyl-3 
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methylimidazolium chloride (BMIM[Cl]) IL, an IL that can be hydrogen bonded with 

the epoxy chains, into a bisphenol A-based epoxy network. The IL-epoxy network 

produced shows higher toughness than neat samples. On the other hand, another work 

done by Soares and co-workers [54] suggested that even imidazolium and 

phosphonium-based ILs accelerates the cure of epoxy, although the storage modulus 

of the IL-epoxy decreases compared to the neat epoxy. 

The effect of ionic liquid on the cure of cyanate esters is also reported in recent 

years. Throckmorton and Palmese [55] reported that a dicyanamide (DCN) anion-

based IL acted as a reactant which directly reacted with the monomer to kick off the 

trimerization in the cure of bisphenol E dicyanate ester. Fainleib and co-workers [56-

58] reported acceleration of bisphenol E dicyanate ester (BEDCy) trimerization with 

the incorporation of an aliphatic imidazolium IL and an aliphatic pyridinium IL, as 

well as with hydroxy-terminated and polymeric ILs. A mechanism including the 

coordination of dicyanate ester and IL was proposed to explain such findings. 

2.6 Differential scanning calorimetry 

Calorimetry is a useful tool for measuring state transfer that occurs during 

phase transitions, chemical reactions, and/or physical changes. Among the different 

types of calorimetry techniques, differential scanning calorimetry (DSC) is a widely 

used method to carry out thermal analysis of materials. In particular, DSC is an 

important technique to measure the glass transition temperature Tg, and melting point 

Tm of polymers. A representative heat flow on heating in DSC with a glass transition, 

melting, and exothermic reaction is plotted in Figure 2.10. Upon heating, a 

semicrystalline glass-forming material firstly undergoes a glass transition and a step 
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change in the baseline heat capacity in the direction is observed. Then the crystal 

portion of the sample melts and a endothermic peak appears. The heat of reaction is 

able to be characterized by a DSC as well. 

DSCs are classified into two types based on their design: heat flux DSC and 

power compensation DSC. [59-64] In a heat flux DSC, a sample pan and an empty 

reference pan are put on the thermoelectric disk simultaneously. Upon heating or 

cooling, the temperature of two pans will be different since the materials inside the 

sample pan does have a certain heat capacity. Such difference of temperature is then 

corelated to the heat flow. On the other hand, in case of a power compensation DSC, 

sample pan and reference pan are placed in two individual furnaces. The two furnaces 

are kept at same temperature all the time through the measurement. The heat flow is 

then calculated based on the power required to maintain that temperature. Both heat 

flux and power compensation DSC are used in this work. In Chapter 3 and 4, the 

isothermal polymerization is carried out using a Mettler-Toledo DSC 1 which is a heat 

flux DSC and in Chapter 5, the cure of dicyanate ester is performed using a Perkin-

Elmer Pyris 1 DSC. 

Two types of DSC pans are prevalent: standard and hermetic aluminum pans. 

The standard pan has a flatter bottom relative to hermetic pan and that yields better 

heat transfer. However, for the study of chemical reactions, especially for high 

temperature reactions, hermetic pans are used to avoid potential leakage during 

measurements. In addition, as described in this work, in order to lower the risk of 

leakage and impurities, some DSC pans need to be sealed in a glove box or under a 
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blanket with nitrogen purge. The sample mass for a typical DSC measurement lies in 

the range of 2 to 10 milligrams. 

The calibration of and the daily check of calibration results is an important 

component of the current research since the accuracy of temperature control is key to 

obtaining good results with the DSC. A DSC is usually calibrated with liquid crystals 

or metals with a broad range of melting temperatures using both dynamic and 

isothermal scans. In this work, the temperature and the heat of melting of indium 

(Tm=156.6 °C) is checked before running the samples. 

The DSC is widely applied in the study of kinetics of chemical reactions 

including but not limited to deposition, oxidation, cure of thermosets, polymerization. 

[4, 31, 65-74] The conversion of dynamic or isothermal reaction is related to heat flow 

by 

x(T) =
∫ �̇�
𝑇

𝑇𝑜
𝑑𝑇

𝛽𝛥𝐻𝑇
;  x(t) =

∫ �̇�
𝑡

𝑡𝑜
𝑑𝑡

𝛥𝐻𝑇
                               (2.24) 

where x is conversion, �̇� is the specific heat flow, β is heating rate, To is a temperature 

below the onset temperature of the reaction, and to is the time when the reaction starts. 

ΔHT is the total heat of reaction based on the heat of reaction during a given dynamic 

scan or isothermal hold plus any residual heat observed on the subsequent second 

heating scan. With the conversion data, kinetics properties including reaction rate and 

activation energy are then be able to be investigated. 
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Figure 2.1 Heat flow versus time the isothermal polymerization at 

different temperatures. (Adapted from Zhao and Simon with 

permission from Elsevier [4]) 
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Figure 2.2 Conversion versus time for bulk and nanoconfined 

MMA polymerization at 80 °C. Autoacceleration effect is 

observed for all samples. (Adapted from Zhao and Simon with 

permission from Elsevier [4]) 
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Figure 2.3 Molecular weight of PMMA synthesized in bulk and in 13 nm-

controlled pore glass. The solid lines are from modeling work in our lab. 

(Adapted from Zhao and Simon with permission from Elsevier [5]) 
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Figure 2.4 Normalized rate constant of polymerization of EMA and BMA in salinized 

and native controlled pore glass. Dashed lines are guidance to eyes. (Adapted from 

Tian et al. with permission from Elsevier [31]) 
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Figure 2.5 The SEM photograph of controlled pore glass (CPG) with 2R = 395 nm. 

(Adapted from Kutnjak et al. [38]) 
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Figure 2.6 SEM and TEM photograph of zeolite L nanocrystals. (Adapted from Ruiz 

et al. [39]) 
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Figure 2.7 SEM images of anodic aluminum oxide (AAO) anodized with different 

electrolytes. (Adapted from Manzano et al. [40])  
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Figure 2.8 Schematic plot of entropy changes during polymerization.  
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Figure 2.9 Schematic plot of trimerization reaction of a dicyanate ester. 
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Figure 2.10 Schematic plot of typical heat flow in DSC with glass transition, melting, 

and exothermic reaction. 
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CHAPTER Ⅲ 

 NANOCONFINED BENZYL METHACRYLATE 

POLYMERIZATION: KINETICS, THERMODYNAMICS, AND 

CHAIN ENTROPY LOSS 

 

3.1 Introduction 

Nanoconfinement is well known to affect the properties of materials, including 

the melting temperature [1-3] and the glass transition temperature, Tg [4-8]. In recent 

years, the effect of nanoconfinement on the kinetics of both step-growth and chain-

growth polymerizations has also been studied. Zhao and Simon [9] recently reviewed 

characteristics of nanoconfined media that are typically used for polymerization 

studies and discussed the influence of nanoconfinement on different types of 

polymerizations, as well as the on properties of polymers synthesized in nanoreactors. 

For step-growth polymerization of phenolic resin [10], isocyanate [11], cyanate ester 

[5, 7, 12-14], and epoxy [15], an acceleration of the reaction rate is the general 

observation. The increase in reactivity can be attributed to catalysis by functional 

groups on the pore surface and/or to layering of monomer at the pore walls resulting in 

a higher local concentration of functional groups [16]. On the other hand, for 

nanoconfined free radical polymerization, investigations have focused on vinyl 

monomers [17-22]. In our laboratory [17, 20], polymerization of methyl methacrylate 

(MMA), ethyl methacrylate (EMA), and butyl methacrylate (BMA) have been studied 

in controlled pore glass (CPG) with diameters from 8 to 111 nm using differential 

scanning calorimetry (DSC). The rate of polymerization is found to be higher in native 

CPG relative to bulk and proportional to reciprocal pore size, indicating that the 
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increase in polymerization rate is attributable to interactions between the reactant and 

the silanol groups on the CPG surface. Moreover, autoacceleration occurs earlier 

under nanoconfinement, presumably due to the limited diffusivity of long chains 

which decreases the rate of termination. In addition to conventional step-growth and 

chain-growth polymerizations, studies on nanoconfined living free radical [23] and 

ring-opening [24, 25] polymerizations report similar increases in the rate of 

polymerization. 

In addition to the changes in the reaction kinetics, the properties of polymer 

synthesized under nanoconfinement differ from those obtained in bulk 

polymerizations in terms of molecular weight, dispersity (Ð), and tacticity. Li et al. 

[26] reported that the number average molecular weight Mn of PMMA fabricated in 

4.4 nm silica glass is five times higher than that synthesized in bulk. Ng et al. [27] 

reported ten times higher Mn and a decrease of PDI from 2.8 to 1.7 for MMA 

polymerization in a 2.7 nm diameter zeolite. Uemura and co-workers [28] studied 

vinyl acetate polymerization in porous coordination polymers (PCP) with pore size 

less than 1 nm and obtained product with a PDI of 1.6, whereas the bulk 

polymerization yielded to 4.7. In our previous work on PMMA polymerized in 13 nm 

hydrophilic CPG [29], molecular weight increased by a factor of six, PDI decreased 

from 2.5 to 2.3, and isotacticity increased from 9 % to 46 % at 80 °C relative to the 

bulk polymerization. Schmidt et al. [23] also reported that the fraction of isotactic 

PMMA increases from 2 % in bulk to 8 % in metal-organics frameworks (MOF). 

A wide variety of matrix materials have been used for nanoconfined 

polymerization studies, and these can be classified by their geometry. For example, 
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controlled pore glass (CPG) is considered to be a confinement media between 2D and 

3D [30] due to its interconnected tortuous pores. Matrices with long straight channels 

are considered as 2D confinement and include porous coordination polymers (PCP), 

zeolites with straight channels, metal-organic frameworks (MOF) [23, 31], and anodic 

aluminum oxide (AAO) membranes [11, 15, 19, 21, 24]. Templated synthesis of 

mesoporous materials provides an opportunity to control the pore geometry in terms of 

both size and connectivity. [32-34] Furthermore, due to the narrow pore size 

distribution and relatively high specific pore volumes obtained from templated 

syntheses, ordered mesoporous materials have characteristics ideal for the study of 

nanoconfined polymerizations. In addition, mesoporous carbon is an ideal media for 

nanoconfined polymerization due to the ease in tuning the surface chemistry of the 

pores. [35] To the best of our knowledge, this is the first report of using mesoporous 

carbon as confinement media for nanoconfined polymerization. 

Another interest here is how the thermodynamics of polymerization change 

under nanoconfinement and its influence on the equilibrium conversion. Yannopoulos 

and co-workers [25, 36] studied sulfur polymerization in silica nanopores and reported 

that the equilibrium conversion at a given temperature decreases with decreasing pore 

size, indicating a floor temperature higher than that in the bulk. Given that the change 

in the entropy of propagation for sulfur is positive, a higher floor temperature indicates 

ΔSp,conf < ΔSp,bulk where ΔSp is the entropy of polymerization and the subscripts refer to 

nanoconfined and bulk reactions. Such a difference in the entropy change on 

polymerization provides a route to quantify the entropy loss associated with confining 

polymer chains in nanopores. According to De Gennes [37], this so-called 
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confinement entropy is proportional to the square of the ratio of the unperturbed size 

of the chains (R0) to the cylindrical confinement diameter (D) for an ideal chain under 

cylindrical confinement: ΔSchain ~ (R0/D)2 = N/D2, where N is the number of repeat 

units. Muthukumar and co-workers [38] proposed higher order scaling of the free 

energy of non-ideal chains confined in nanopores: ΔSchain ~N2/D3. A more general 

empirical expression is ΔSchain ~ Np/Dm. In our previous study [18], data was consistent 

with ΔSchain scaling with N to a power of 1.15 for PMMA in 13 nm CPG which 

indicates a weak confinement regime. On the other hand, our modeling [39] of the 

confined sulfur polymerization performed by Yannopoulos et. al [36] in silica 

nanopores obtained a reasonable fit assuming strong confinement with the scaling for 

N of 2.0 and using the scaling parameter for pore diameter D to be either -3.0 for self-

consistent theory [38] or -3.8 for spherical confinement [40]. 

In this study, the kinetics of free radical polymerization of benzyl methacrylate 

in bulk and under nanoconfinement of 4 nm- and 8 nm-diameter CPG and in 3 nm- 

and 8 nm-diameter ordered mesoporous carbon is examined with differential scanning 

calorimetry (DSC). In particular, the effect of nanoconfinement on the kinetics of 

isothermal polymerization is investigated, including the influence of pore size and 

pore surface chemistry on reaction rate, autoacceleration, induction time, and 

activation energy. We choose to study benzyl methacrylate because of its higher 

boiling point and lower volatility than n-alkyl methacrylates [17, 20] used in our 

previous work. The results are also compared with those n-alkyl methacrylates to 

study the effect of side group on kinetics of nanoconfined methacrylate 

polymerization. In addition, we measure the equilibrium conversions over a broad 
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temperature range and characterize the molecular weight through GPC to quantify the 

entropy loss, ΔSchain, and relate ΔSchain to the degree of polymerization and pore 

diameter. 

3.2 Experimental Method 

3.2.1 Materials 

Benzyl methacrylate (BzMA) monomer (96%, containing 50 ppm monomethyl 

ether hydroquinone as inhibitor) was purchased from Sigma Aldrich. The monomer 

was purified using a prepacked column (Sigma Aldrich 306312) to remove the 

inhibitor. The molecular mass of the polymer synthesized at a given temperature was 

controlled through selection of the initiator and its concentration. In particular, 1.5 or 

2.5 wt % 2,2’ azobisisobutyronitrile (AIBN) (Sigma Aldrich, 98%) or 0.5 wt % di-tert-

butyl peroxide (DTBP) (Sigma Aldrich, 98%) was added to the monomer at room 

temperature to form a homogeneous solution. The solutions were then put in a vial and 

stored in a container with desiccant (W. A. Hammond DrieriteTM by Fisher Scientific) 

at -20 °C prior to use. The accumulated conversion of the monomer is less than 2% 

after two months of storage according to theoretical kinetics calculations that has been 

verified experimentally. 

The confinement media used were controlled pore glass (CPG) with diameters 

of 4.0 ± 0.5 nm [41], and 8.1 ± 0.7 nm (Millipore) and ordered mesoporous carbon 

with diameters of 3.2 ± 0.5 nm and 8.3 nm [42] The ordered mesoporous carbons were 

synthesized by the cooperative assembly of low molecular weight phenolic resin and 

Pluronic F127, condensation of the phenolic resin at elevated temperature (120 °C for  

12 h, then 150 °C for 24 h) to crosslink the resin, and then carbonization at 1200 °C in 
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N2 for 2 h, following prior reports for the templated syntheses of ordered mesoporous 

carbons [42] with the procedure similar to that for the silica free mesoporous carbon 

reported by Qiang et al. except that carbonization temperature was increased from 800 

to 1200 °C [43]. The nanostructure is p6mm space group, which is associated with 

hexagonally packed cylindrical mesopores. The pore texture of the mesoporous 

carbons was determined from N2 adsorption-desorption isotherms using a 

Micromeritics Tristar with BET surface areas of 395 m2/g and 1505 m2/g for the 3 and 

8 nm-diameter materials, respectively, and pore volume of 0.26 cm3/g and 1.40 cm3/g 

as determined by BJH method. The specific pore volumes of 4 nm and 8 nm CPG 

were 0.13 and 0.49 cm3/g, respectively, according to the manufacturer’s data. The 

information for the confinement matrices is summarized in Table 3.1. 

Prior to use, the CPG was immersed in nitric acid (Mallinckrodt Chemicals, 

68-70 %) at 110 °C for 10 h, then rinsed with water until neutral and dried under 

vacuum at 285 °C for 24 h. For mesoporous carbon, a 50/50 vol/vol water/ethanol 

mixture was used to wash the material several times until the pH of the centrifugal 

extract became neutral. Although the mesoporous carbon is prepared through a high-

temperature carbonization process (1200 °C) [44], 17 ± 2  wt % and 14 ± 2 wt % 

oxygen is present in the 3 nm and 8 nm mesoporous carbons, respectively, according 

to EDAX analysis. The EDAX was calibrated with Cu and Al standards. 

3.2.2 DSC Measurements 

A Mettler-Toledo differential scanning calorimetry DSC 1 with an ethylene 

glycol cooling system and nitrogen purge was used to study the polymerization 

kinetics of benzyl methacrylate. Perkin Elmer 20μL hermetic pans were used to 



Texas Tech University, Chunhao Zhai, May 2021 

45 

minimize the risk of sample leakage during the reaction. For bulk samples, 3 to 7 mg 

of the monomer/initiator solution was put directly in the pan, whereas for 

nanoconfined samples, 5 to 10 mg of CPG or mesoporous carbon was placed on the 

bottom of the pan and then 1 to 3 mg of the monomer solution was placed on top using 

a syringe to deliver an amount such that the pore fullness ranged from 70 to 95 %. All 

DSC samples were sealed under a nitrogen blanket to minimize adventitious moisture. 

After the DSC runs, the DSC pans for all nanoconfined samples were opened and 

examined. No evidence of polymerization external to the confinement media was 

observed in any case, which indicates that the monomer was imbibed in the porous 

media. 

The polymerizations of BzMA in bulk and under nanoconfinement were 

carried out isothermally at 50 to 120 °C and 100 to 190 °C for AIBN-initiated and 

DTBP-initiated samples, respectively. After polymerization in the DSC, less than 2 % 

weight loss was observed for 95% of samples. Samples with > 2 % weight loss were 

excluded from further analysis and that data is not reported. The low volatility of the 

monomer, coupled with use of a limited temperature range which reduces the risk of 

leakage of the pan, resulted in minimal monomer loss, which was an issue in our 

previous work for MMA polymerization [18].  

The conversion of the monomer during isothermal polymerization can be 

calculated from the DSC heat flow (�̇�): 

𝑥 =
1

∆𝐻𝑇
∫ �̇�𝑑𝑡
𝑡

𝑡0
                                                        (3.1) 
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where the total heat of polymerization ∆𝐻𝑇 is 334 ± 6 J/g based on bulk reactions at 

60 to 100 °C, which is consistent with the literature value of 325 ± 5 J/g. [45] The 

heat of polymerization is theoretically a function of temperature as the heat capacities 

of both monomer and polymer change with temperature, but for BzMA 

polymerization, ∆𝐻𝑇 decreases by 1 % over the temperature range of 373 to 463 K 

based on an estimation of the heat capacities using the group contribution method 

[46]; for this reason,  ∆𝐻𝑇 was considered constant. 

The DSC temperature was calibrated with indium and (+)-4-n-hexylophenyl-

40-(20-methylbutyl)-biphenyl-4-carboxylate (CE-3) at 10 K/min, and the enthalpy was 

calibrated with indium only. An indium check run was performed daily to minimize 

instrumental error. 

 

3.2.3 GPC Measurements 

The molecular weights of the synthesized poly (benzyl methacrylate) 

(PBzMA) were characterized using Tosoh HLC-8320GPC with TSKgel SuperH-H 

and two TSKgel SuperHM-H columns in series. Before the GPC measurements, the 

nanoconfined polymer was extracted from the confinement matrix using 

tetrahydrofuran (Sigma Aldrich, HPLC grade) for at least 48 hours. The CPG and 

mesoporous carbon particles were removed using a Nylon Millex syringe filter (0.20 

µm pore size, 13 mm diameter, Millex-GN Nylon membrane, hydrophilic). The GPC 

flow rate of the solution was set at 0.35 mL/min. A refraction index (RI) detector was 

used to monitor the effluent stream and the molecular weight was calculated assuming 

a linear relationship between sample mass concentration and the RI response time. The 
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GPC calibration curve was obtained from PMMA standards (Agilent Technologies) 

with molecular weights ranging from 2.71 to 1677 kg /mol. The calibration results 

were checked using a PMMA standard before collecting data on the PBzMA samples, 

and the difference between the reported Mn of the standard and the measured Mn was 

less than 4 %. 

3.3 Results 

3.3.1 Kinetics of Polymerization  

Heat flow curves as a function of polymerization time for four representative 

samples containing 1.5 wt % AIBN initiator and reacted at 90 °C in bulk and in 

nanopores are shown in Figure 3.1. In 4 nm and 8 nm native CPG, the initial heat flow 

is observed to be higher than in the bulk, indicating a higher reaction rate, consistent 

with our previous findings for MMA, EMA, and BMA polymerizations in hydrophilic 

native CPG nanopores [17, 20]. However, the polymerizations in 3 nm and 8 nm 

mesoporous carbon show much lower exothermic peaks, indicating a lower rate of 

polymerization than in the bulk. In addition, the heat of polymerization ΔHT in the 

carbon mesopores in Figure 3.1 is obviously lower than in bulk and CPG, and this will 

be discussed in a later section. Here at 90 °C, autoacceleration, also known as the 

Trommsdorff effect, is obviously observed for the bulk, as an increase in heat flow 

and a second exothermic peak at around 300 s. A weaker degree of autoacceleration is 

observed for the reaction in 8 nm CPG at 200 s and in 3 nm and 8 nm carbon at 500 

and 600 s, respectively. The appearance of autoacceleration in free radical 

polymerization is due to the increase of viscosity as the reaction progresses which 

depresses the rate of termination relative to the rate of propagation. Details concerning 
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the time and conversion to reach autoacceleration for the bulk and nanoconfined 

systems will be discussed in a later section as well. 

As shown in Figure 3.1, we report the heat flow as a function of the reaction 

time after the induction time tind, which is the time at which the exotherm begins to 

occur. An uncorrected heat flow curve of bulk reaction showing the data prior to the 

induction time can be found in SI. The induction time is plotted as a function of 

reciprocal reaction temperature in Figure 3.2. The induction time increases as the 

temperature decreases for all samples, with nanoconfined samples displaying longer 

induction times, consistent with previous MMA, EMA, and BMA data from our 

laboratory. [17, 20] For the AIBN system, no induction time is observed for the bulk 

reaction at temperatures higher than 100 °C, whereas for 4 nm and 8 nm CPG, 

samples still exhibit about 50 s induction time at 110 °C. On the other hand, for 

samples initated by DTBP, the bulk sample has no induction when the temperature is 

higher than 140 °C, whereas 8 nm CPG has a 40 s induction time even at 160 °C. The 

induction time for free radical polymerization may be considered to be due to an 

inhibition reaction that occurs in concert with the initiation step: 

𝐼
𝑘𝑑
→ 2𝑅 ∙ 

𝑅 ∙ +𝐴
𝑘𝑖𝑛𝑑
→  𝐴 ∙  (𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒)                                                     (3.2) 

where I and R· refers to the intitiator and radical and species A quenches the radical 

with the resulting radical A· being inactive. The rate constants kd and kind are for 

decomposition of intiator and the inhibition reaction. If reaction 3.2 is fast and the 

decomposition of the initiator is the limiting step, the rate of consumption of A will 

equal to the rate of appearance of R·: 
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𝑑[𝐴] 𝑑𝑡⁄ = 𝑑[𝑅 ∙] 𝑑𝑡⁄ = −2𝑘𝑑[𝐼]0                                        (3.3) 

The induction time is then given by [47]: 

𝑡𝑖𝑛𝑑 =
[𝐴]0

2𝑘𝑑[𝐼]0
⁄                                                          (3.4) 

Assuming the rate constant kd follows Arrhenius behavior with prefactor Ad and 

activation energy Ed, the theoretical temperature dependence of the induction time is 

given by: 

𝑙𝑛𝑡𝑖𝑛𝑑 =
𝐸𝑑
𝑅𝑇⁄ + 𝑙𝑛 (

[𝐴]𝑜
2[𝐼]𝑜𝐴𝑑
⁄ )                                     (3.5) 

Fitting the induction time for the bulk data in an Arrhenius-type plot, as shown in 

Figure 3.2, yields  Ed values of 125 and 145 kJ/mol for AIBN and DTBP, respectively, 

which are in good agreement with the reported literature values [47] of 123 and 147 

kJ/mol. The same Ed is used to fit the nanoconfinement data and reasonably describes 

the temperature dependence of the induction times. The initial concentration of the 

inhibitor [A]o accroding to the intercept of fitting is summerized in Table 3.2. The 

calculated [A]o in bulk monomer (0.5±0.1×10-3 mol/L) is consistent with the inhibitor 

being oxygen, which has a solubility of 6×10-4 to 1.4×10-3 mol/L in acrylate 

monomers and similar solubility in other oirganic solvents [48, 49]. On the other hand, 

the concentration of inhibibor is found to be an order of magnitude higher in 

nanopores presuambly due to the physisorption of oxygen from the air. The 

physisorption of oxygen under room temperature and atmosphere by nanoporous coal 

[50], a material with similar pore volume and pore size to the matrices used in this 

work, shows the concentration of an ideal monolayer-adsorped oxygen could be as 

high as 0.3 mol/L. In addtion, the theoretical degree of polymerization [51] in the 

presence of the presumed amount of oxygen, given by [A]o in Table 3.2, is less than 2, 
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or in other words, the polymerization cannot occur until the all inhibitor is consumed, 

consistent with our assumption to derive Eq 5. 

Free radical chain polymerization is generally described by first order kinetics 

[47] and the effective rate constant can be obtained from: 

− ln(1 − 𝑥) =  𝑘𝑒𝑓𝑓𝑡                                                    (3.6) 

In cases where the equilibrium conversion does not approach unity, this equation 

should be rewritten as: 

− ln(𝑥∞ − 𝑥) =  𝑘𝑒𝑓𝑓𝑡                                                (3.7) 

where x∞ is the equilibrium conversion. The overall effective rate constant keff is 

related to rate constants of free radical polymerization as [47]: 

𝑘𝑒𝑓𝑓 = 𝑘𝑝 (
𝑓𝑘𝑑

𝑘𝑡
[𝐼]𝑜)

1
2⁄

                                                  (3.8) 

where kp, kd, and kt are the rate constants of propagation, decomposition of the 

initiator, and termination, respectively, f refers to initiator efficiency, and [I]o is the 

initial concentration of initiator. Note that Eq 3.8 is only valid at steady state where the 

initiation and termination rates are equal and does not apply after autoaccleration 

occurs. The effective rate constant of polymerization keff is obtained from the 

conversion versus temperature data in the low conversion regime (less than 20 % and 

prior to autoacceleration). The natural logarithm of keff for systems containing 1.5 wt% 

AIBN is plotted in Figure 3.3(a) as a function of reciprocal temperature. In the 

temperature range from 50 to 120 °C, the effective rate constant increases as the 

reaction temperature increases, as expected for all samples. A higher polymerization 

rate is observed in the CPG pores than in bulk, with keff increasing as the pore size 
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decreases. Conversely, the rate in the carbon mesopores is less than that in the bulk 

and decreases as the pore size decreases. 

The effective rate constant for MMA initiated by 2.5 wt % AIBN is shown in 

Figure 3.3(b), again using an Arrhenious plot. With more initiator in comparison to the 

data presented in Figure 3.3(a), a higher reaction rate is obtained, as predicted by Eq 

3.8. Again, the effective rate is greater in CPG pores and lower in carbon mesopores 

relative to the bulk. The dependence of keff on initiator concentrations and temperature 

is given by: 

𝑘𝑒𝑓𝑓 = [𝐼]𝑜
1
2⁄ 𝑘𝑟𝑒𝑓𝑒𝑥𝑝 [(

1

𝑇𝑟𝑒𝑓
−
1

𝑇
)
𝐸𝑎

𝑅
]                                      (3.9) 

 

where [I]o is the initial concentration of initiator, kref is the reference rate constant at 

the reference temperature, Tref =373.15 K and the apparent activation energy, Ea, is 

related to the activation energies of propagation (Ep), thermal decomposition of the 

initiator (Ed), and termination (Et) as 𝐸𝑎 = 𝐸𝑝 +
1

2
𝐸𝑑 −

1

2
𝐸𝑡 based on Eq 3.8 [47]. All 

of the data in Figures 3.3(a) and 3.3(b) are fit using one kref and one Ea for a given 

reaction environment, as summarized in Table 3.3. The activation energy of the bulk 

reaction is 75.9 ± 1.0 kJ/mol, whereas for the Ea of nanoconfined reactions are lower 

than the bulk, again, consistent with our previous reports for MMA, EMA, and BMA 

[17, 20].  

The effective rate constant at Tref (373.15 K) listed in Table 3.3 is more than 

two times higher when the reaction is performed in 4 nm CPG compared to bulk case, 

whereas the rate constant in 3 nm carbon pores is three times lower. The dependence 

of the normalized rate constant knano/kbulk on the ratio of specific surface area S to pore 
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volume V (from Table 3.1) is plotted Figure 3.4 for data collected over the temperature 

range 80 to 120 °C. The keff of the BzMA free radical polymerization nanoconfined in 

CPG is higher than the bulk and proportional to the S/V, consistent with our 

hypothesis [17, 20] that the acceleration in native CPG is due to the interaction 

between the reactant and the silanol groups on pore surface. We note that in CPG, the 

knano/kref decreases as temperature increases due to the lower activation energies for the 

nanoconfined reactions. Physically, this is presumed to be because the strength of the 

interaction with the wall decreases relative to the kinetic energy as temperature 

increases. On the other hand, the reaction rate in mesoporous carbon decreases relative 

to bulk and is inversely proportional to S/V, indicating that the reduction of the 

polymerization rate may be caused by functional groups on carbon surface, which will 

be further discussed later. 

The natural logarithm of the time to reach autoacceleration, tgel, is shown in 

Figure 3.5(a) as a function of reciprocal temperature for system initiated by AIBN. No 

significant difference is found between the data obtained from two initiator 

concentrations (1.5 and 2.5 wt%), presumably since the theoretical reaction rates differ 

only by 30 %. Autoacceleration occurs earliest in the 4 nm CPG, since the reaction 

rate is highest in this system, and for this case, tgel can only be resolved at reaction 

temperatures less than or equal to 100 °C. The 8 nm CPG data lies between 4 nm and 

the bulk, whereas the polymerization in carbon mesopores requires the longest times 

to reach autoacceleration due to its lower reaction rates. All of the data follow 

Arrhenius behavior, and the activation energies are found to be about 20 kJ/mol lower 

than the apparent activation energy for polymerization. 
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The conversion required to reach autoacceleration is summarized in Figure 

3.5(b) as a function of polymerization temperature. Recall that autoacceleration 

originates from the viscosity increase during the reaction, which results in a reduction 

in chain diffusivity and a depression in the termination rate relative to the propagation 

rate. As a consequence, for all samples, xgel increases as the temperature increases 

since the viscosity of the monomer/polymer solution decreases at higher temperatures 

at fixed composition. The conversion needed to display autoacceleration is highest for 

the bulk, and the required conversion decreases in the nanopores, since the confined 

radicals have lower mobility. 

3.3.2 Thermodynamics of Polymerization  

The limiting conversion as a function of temperature is shown in Figure 3.6. 

For bulk samples, nearly complete conversion is obtained at temperatures less than or 

equal to 120 °C; in this temperature range, AIBN is used as the initiator since its 

decomposition rate at these temperatures lies in an acceptable range. [47] On the other 

hand, in the high temperature range, where DTBP is used as initiator, the equilibrium 

conversion decreases as the temperature approaches the ceiling temperature (Tc=194 

°C). For 8 nm CPG initiated by AIBN, nearly complete conversion is obtained at low 

temperatures, similar to the bulk. However, for 8 nm CPG initiated by DTBP, 

although the decrease of conversion in high temperature range is observed to be 

similar to the bulk, on the low temperature side (<120 °C), the conversion is lower 

than the bulk, with the conversion decreasing as temperature decreases. A similar 

decrease in conversion at low temperatures is observed with both 4 nm CPG and 3 nm 

carbon mesopores when AIBN is used. The data for the 3 nm carbon is particularly 
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indicative of a “floor” temperature below which the polymerization cannot take place. 

The temperature at which this floor temperature occurs depends on the confinement 

size and the size of the chains synthesized, the latter of which depends on the type and 

concentration of initiator, and an explanation can be obtained by examining the 

thermodynamics of nanoconfined free radical polymerization as follows. 

The derivation of  ∆𝑆𝑐ℎ𝑎𝑖𝑛 is done in section 2.2. [52] Here, ΔSchain can be 

related to the activity of the monomer in equilibrium bulk and nanoconfined 

polymerizations at a given temperature: 

∆Schain = ∆Sp,bulk − ∆Sp,conf =  Rln âMconf − Rln âMbulk                   (3.10) 

where  âM is obtained from the Flory-Huggins theory [53]: 

𝑙𝑛�̂�𝑀 = 𝑙𝑛(1 − 𝜑𝑝) + (1 −
1

𝑟
)𝜑𝑝 + 𝜒𝜑𝑝

2                                    (3.11) 

where 𝜑𝑝 is the fraction of polymer in the product, r is the degree of polymerization, 

and 𝜒 is the Flory-Huggins parameter which is assumed to be 0.5 with the 

monomer/polymer solution at the 𝜃 condition. The volume fraction of polymer, 𝜑𝑝, is 

related to the conversion, x, and the volumetric contraction on polymerization, ε: 

φp =
(1+ε)x

1+εx
                                                                   (3.12) 

where ε is determined from data in the literature for other methacrylate polymers [54, 

55] since no literature is available for poly(benzyl methacrylate), and assuming that 

the contraction factor ɛ is proportional to the ratio of the molar volume Vi of the 

monomer: ε=
𝑉𝑖

𝑉𝑀𝑀𝐴
[0.264 + 0.001(𝑇 − 90℃)], where 𝑉𝑖 = 𝑀𝑖 𝜌𝑖⁄ , and𝑀𝑖 and 𝜌𝑖  are 

molecular weight and density of monomer i and VMMA refers to molar volume of 

methyl methacrylate. 
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The degree of polymerization, N, of PBzMA synthesized in bulk and in 

nanopores increases as the temperature decreases in all cases examined as shown in 

Figure 3.7. For products synthesized using 0.5 wt % DTBP as initiator, a higher 

molecular weight is obtained, with N being similar for bulk and 8 nm CPG. For 

AIBN-initiated samples, longer chains are formed under nanoconfinement than in bulk 

except in 3 nm carbon for the 2.5 wt % AIBN where molecular weights are similar. 

Theoretically, for a given reaction system, prior to autoacceleration, chains should be 

approximately 30 % longer for 1.5 wt % AIBN than for 2.5 wt % AIBN, which is 

observed here in the 3 nm carbon data, but no obvious difference is observed for 4 or 8 

nm CPG. At lowest temperatures studied (i.e., 50 and 60 °C), molecular weight of 

PBzMA synthesized in nanopores appears to decrease and become lower than those 

synthesized in bulk. This change is presumably related to the decrease of equilibrium 

conversion at low temperature that was shown in Figure 3.6. 

The relationship between the reaction temperature and the equilibrium 

conversion of BzMA free radical polymerization can be obtained using the molecular 

weight data along with Eqs 2.10 to 2.12. For bulk polymerization, the enthalpy, ΔHp, 

and the entropy of polymerization, ΔSp, are found to be -335 ± 6 J/g and -126 ± 2 

J/mol/K, respectively. This enthalpy is consistent with the experimentally determined 

enthalpy (334 ± 6 J/g) determined from the heats of reaction at low temperatures. 

Using these values for ΔHp and ΔSp, the entropy loss on confining a chain in a 

nanopore, ΔSchain, is calculated from Eq 3.10. Figure 3.8 illustrates ΔSchain as a function 

of N on a log-log plot. The magnitude of ΔSchain ranges from 19 to 48 J/mol/K with 

longer chains exhibiting more entropy loss. Larger values of ΔSchain are also obtained 
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in smaller pores, which indicates that the chains are more confined. The CPG data 

gives a scaling parameter for the chain length N of 0.7 ± 0.3. However, the 3 nm 

carbon data gives a scaling parameter of N to the power of 0.4 ± 0.1. 

Combining the molecular weight results from Figure 3.7 and ΔSchain=f(N) from 

Figure 3.8, the temperature-dependent equilibrium conversion profile for the 

nanoconfined polymerizations can be obtained using Eq 3.10 to 3.12. The result is 

shown in Figure 3.6 as dashed lines. For all nanoconfined systems, there is a ceiling 

temperature, Tc, of 194 °C, which is the same as the bulk. This ceiling temperature is 8 

to 25 °C lower than previous reports for methyl methacrylate monomers, which range 

from 202 to 220 °C [18, 47, 56]. The difference is due to the assumption of ideal 

solution behavior such that  �̂�𝑀=1-𝑥∞. Here, we use the Flory-Huggins model, which 

better describes the monomer/polymer solution, as well as better describing data at 

high temperature. The Flory-Huggins model gives a lower ceiling temperature because 

the activity of monomer �̂�𝑀 is larger than 1-𝑥∞ at a given temperature. 

The AIBN-initiated samples in 4 nm CPG and DTBP-initiated samples in 8 nm 

CPG show “floor” temperatures of 61 and 90 °C, whereas the 3 nm mesopores gives a 

“floor” temperature of 74 °C. Given the fact that there is no “floor” temperature 

observed in 8 nm CPG when AIBN is used to fabricate relatively short chains, we note 

that such “floor” temperature depends on both pore size and the chain length, As 

mentioned in the introduction section, the entropy loss ΔSchain ~ Np/Dm. Here, the 

scaling parameter for pore diameter is found to be 1.14 ± 0.09 for CPG. 
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3.4 Discussion 

The acceleration of free radical polymerization in native CPG on the is 

attributable to the silanol groups on the pore surface and, thus, is enhanced as the ratio 

of surface area to pore volume increases. In this work, the rate of benzyl methacrylate 

polymerization increases by factors of approximately 2 and 1.5 in 4 nm and 8 nm 

native CPG at 100 °C, respectively, when AIBN is used, but this enhancement of 

reactivity considerably weaker than that reported for MMA polymerization [17]. In 

that work, the rate constant in 13 nm native CPG is four times higher at 95 °C  

compared to the bulk reaction and the extrapolated data indicates the rate should 

increase by a factor of 6 for 8 nm pores and nearly 10 for 4 nm pores, much higher 

than the values in this work. Similarly, for EMA and BMA polymerization in 8 nm 

native CPG initiated by DTBP at 100 °C, we reported a fifty percent increase in the 

reaction rate [20], whereas only a twenty percent increase is observed in this work for 

BzMA with DTBP. The weaker acceleration effect of CPG on the benzyl methacrylate 

polymerization is presumably due to a weaker interaction between the BzMA and the 

native CPG pore surface relative to the n-alkyl methacrylates, perhaps due to increased 

steric hindrance for BzMA. We also note that in both our current and previous work, 

as temperature increases, the enhancement of reactivity in native CPG decreases, 

indicating that the strength of the specific interaction relative to the monomer kinetic 

energy decreases with increasing temperature, as expected. 

The rate of BzMA polymerization decreases in 3 nm and 8 nm carbon 

mesopores and the decrease is inversely proportional to the ratio of surface area to 

pore volume, as shown in Figure 3.4, indicating that the decreased rate may be 



Texas Tech University, Chunhao Zhai, May 2021 

58 

attributable to a functional group on the carbon pore surface. Although there is no 

prior literature for polymerization in carbon mesopores, studies have been performed 

with graphene oxide (GO) as a nanoadditive to the free radical polymerization of butyl 

methacrylate. Achilias and co-workers [57, 58] found that with the addition of GO, the 

polymerization rate of BMA decreases. Given the fact that the rate was inversely 

proportional to the amount of GO, the authors proposed that the hydroxyl groups on 

the surface of GO scavenge the primary radicals formed by the decomposition of the 

initiator, thus reducing initiator efficiency. This hypothesis is consistent with the 

higher molecular weight obtained in the presence of GO. In this study, similar to the 

work of Achilias, we observe a slight increase in molecular weight as well as a larger 

PDI for PBzMA synthesized in 3 nm carbon mesopores compared to that synthesized 

in bulk and CPG, consistent with a reduction in initiation efficiency. However, 

Achilias’ hypothesis that radicals are scavenged by hydroxyl groups is inconsistent 

with our previous work where we attributed an observed acceleration in native CPG to 

the catalytic effect of silanol groups on the pore surface, as discussed earlier. The 

presence of hydroxyl groups on solvents is also found to increase the reaction rate in 

solution polymerization. [59] On the other hand, chain transfer to methyl ethyl ketone 

(MEK) solvent in alkyl acrylate polymerization was studied by Moghadam et al., [60] 

and they reported that the most likely mechanism of chain transfer to MEK is the 

abstraction of a hydrogen from a methylene group next to the carbonyl group in MEK. 

As mentioned in the experimental section, the fraction of oxygen in the mesoporous 

carbon used in this work is 17 ± 2 and 14 ± 2 wt %, indicating the possible presence of 

carbonyl groups on carbon the pore surface as well. However, if the chain transfer 
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occurs during the polymerization in carbon mesopores, an obvious decrease in 

molecular weight should be observed, which is inconsistent with our findings of an 

increase in N for polymerization in 3 nm carbon with 1.5 wt % AIBN. Therefore, 

considering the mechanisms of radical scavenging proposed by Achilias et al. [57, 58] 

and the chain transfer to MEK suggested by Moghadam et al. [60], we suggest here 

that the decreased reaction rate, increased molecular weight, and increased PDI in 

carbon mesopores is presumably due to the reduction of initiation efficiency caused by 

the reaction between the radical and the carbon adjacent to carbonyl groups on the 

pore surface. 

Limiting conversions have been reported for other free radical polymerizations 

under nanoconfinement. For example, Kitagawa and co-workers [28, 61] reported that 

the limiting conversion was lower than 80 % for MMA polymerization in porous 

coordination polymers (PCP) nanochannels with pore size smaller than 6 nm. The 

authors attributed the lower limiting conversion to the lower initiation efficiency and 

the limited diffusivity of monomer under nanoconfinement. A decrease in equilibrium 

conversion was also observed by Aida and co-workers [27] who carried out MMA 

polymerization in 2.7 nm zeolite at 100 °C, and they suggested the lower equilibrium 

conversion was due to the extremely limited diffusion of monomer. In the current 

work, unlike the studies discussed above, the limiting conversion of nanoconfined 

BzMA polymerization depends on both pore size, chain length, and temperature 

except for in the 8 nm carbon mesopores, where the equilibrium conversion is less 

than 25 % at all temperatures studied (80 to 120 °C) for unknown reasons. One 

possible explanation that of dead-end polymerization is ruled out. We performed a 
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theoretical calculation [47] of the initiator concentration using our kinetics data  and 

assuming the relatively low initiation efficiency of 0.3 (usually 0.6 to 0.8 for AIBN 

[62]). The results show that at least 20 % of the initiator is still available when the 

nanoconfined polymerization ceases, in spite of the long induction times, indicating 

that dead-end polymerization is not the reason for our low conversion. Rather, here, 

we propose that the observed floor temperature is a new thermodynamics transition 

arising from the greater entropy loss of the nanoconfined reaction and its dependence 

on chain length. 

The prediction of entropy loss of confining a chain in nanopores ΔSchain 

combined with the Flory-Huggins activity model describes the equilibrium 

conversions well at high temperatures as shown in Figure 3.6. However, for low 

temperatures, the slopes of our model seem to be too sharp when approaching the floor 

temperature with the experimental conversions in 4 nm CPG and 3 nm carbon 

displaying considerably broader transitions. The failure of the current model in the low 

temperature regime arises from the fact that even a small change of ΔSchain will result 

in a significant impact on the calculated conversion, which leads to a sharp slope on 

the conversion versus temperature plot. In addition, the scaling parameter for ΔSchain 

with chain length N is much smaller (0.7 for CPG and 0.4 for carbon) than in our 

previous work (1.15 for CPG). [18] Moreover, Sakaue and Raphael [63] modeled free 

energy required for the chain confinement and reported that the N scales to the 

exponent of 1.7 in cylindrical pores, which is higher than our result as well. With a 

scaling parameter less than 1, it can be concluded that the PBzMA chain is confined at 

a weak regime either in CPG or mesoporous carbon in the present work presumably 
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due to the presence of the monomer as a solvent in the system. On the other hand, the 

ΔSchain scales to the pore diameter D with an exponent of 1.14 ± 0.09 for CPG.  

3.5 Conclusions 

The effect of nanoconfinement on the free radical polymerization of benzyl 

methacrylate (BzMA) has been investigated in 3 to 8 nm-diameter native controlled 

pore glass (CPG) and ordered mesoporous carbon using differential scanning 

calorimetry (DSC). The polymerization rate is found to be higher in CPG relative to 

bulk and increases linearly with the ratio of surface area to pore volume. However, the 

acceleration of the reaction in CPG is weaker than our previous work on n-alkyl 

methacrylates presumably due to the weaker interaction between the BzMA and the 

silanol groups on the native pore surface. On the other hand, in carbon mesopores, the 

reaction rate decreases compared to the bulk and is inversely proportional to the ratio 

of the surface area to the pore volume, and we suggest that this slowdown is due to the 

presence of carbonyl groups on the pore surface, which reduce initiation efficiency. 

Similar to the bulk polymerization, the rate is proportional to initiator concentration to 

the one-half power. The apparent activation energies of the overall reaction rate in 

CPG are higher than for the reaction in carbon, but both are lower than the bulk. 

Longer induction times are observed before the onset of polymerization for all 

nanoconfined samples which is attributable to the presence of more inhibitor species, 

presumably O2, in the confinement matrices. The required conversion to reach 

autoacceleration is lower in nanopores due to the limited diffusivity of radicals which 

depresses the rate of termination relative to propagation. The poly(benzyl 

methacrylate) synthesized in CPG with AIBN has higher molecular weight than that 
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synthesized in bulk (except for the lowest reaction temperatures), whereas in 3 nm 

carbon mesopores, only the 1.5 wt % AIBN-initiated samples show higher molecular 

weight than bulk. The equilibrium conversions are obtained over a broad temperature 

range, and we relate the extropy loss of confining a chain in nanopore ΔSchain to the 

chain length and pore size and use the Flory-Huggins activity model to successfully fit 

the equilibrium conversion data. The fitting results indicates a new floor temperature 

for nanoconfined polymerizations. The values of ΔSchain range from 19 to 48 J/mol/K 

and scale with chain length to 0.7 ± 0.3 power for CPG and to 0.4 ± 0.1 power for 

mesoporous carbon, both in a weak confinement regime, and ΔSchain scales with the 

pore diameter to 1.14 ± 0.09 for CPG. 
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Table 3.1 Diameter and specific pore volume of confinement matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Confinement 

Matrix 

Diameter (nm) Specific Pore 

Volume 

(cm3/g) 

Surface 

Area (m2/g) 

Carbon 3.2 ± 0.5 0.53 395 

Carbon 8.3  1.40 1505 

CPG 4.0 ± 0.5 0.13 144 

CPG 8.1 ± 0.7 0.49 197 
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Table 3.2 Concentration of inhibitor in bulk monomer and confinement matrices. 

 

Table 3.3 Parameters of the kinetics model at Tref = 373.15 for AIBN-initiated 

polymerization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample [A]0 (×10-3 mol/L) 

3 nm Carbon 2.9 ± 1.5 

8 nm Carbon 8.0 ± 0.7 

4 nm CPG 8.8 ± 1.2 

8 nm CPG 5.5 ± 0.8 

Bulk 0.5 ± 0.1 

Sample 102 ×kref (s-1L-1/mol-1/2) Ea (kJ/mol) 

3 nm Carbon 0.60 ± 0.030 62.0 ± 3.2 
8 nm Carbon 1.0 ± 0.04 61.9 ± 2.8 

4 nm CPG 4.3 ± 0.13 69.9 ± 2.2 
8 nm CPG 2.2 ± 0.10 73.6 ± 3.3 

Bulk 1.8 ± 0.020 75.9 ± 1.0 
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Figure 3.1 Representative heat flow as a function of isothermal reaction time at 90 °C 

for bulk, 4 nm and 8 nm CPG, 3 nm and 8 nm carbon nanopores initiated by 1.5 wt% 

AIBN. 
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Figure 3.2 The natural logarithm of the induction time for bulk and nanoconfined 

systems as a function of reciprocal temperature for (a) AIBN-initiated sample,  where 

filled symbols and open symbols represent samples initiated by 1.5 wt % and 2.5 wt % 

AIBN, respectively, and (b) 0.5 wt % DTBP-initiated samples. Dashed lines for two 

bulk data are from a linear fit with a fixed [A]o in Eq 3.5. The lines describing the 

nanoconfined data use the slope as determined from the bulk. 
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Figure 3.3 Natural logarithm of the effective rate constant keff versus 1000/T for 

BzMA initiated by (a) 1.5 wt % and (b) 2.5 wt % AIBN. Dashed lines are linear fitting 

of ln(keff) using the values of kref and Ea reported in Table 3.3. 
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Figure 3.4 Normalized rate constant of polymerization versus ratio of surface area S to 

pore volume V in the temperature range from 80 to 120 °C for the 1.5 wt % AIBN 

system. Dashed lines are linear fits to the data at 80 and 120 °C. 
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Figure 3.5 Natural logarithm of the time to reach autoacceleration tgel as a function of 

reciprocal temperature and conversion to reach autoacceleration xgel versus reaction 

temperature. Filled and open symbols represent the samples initiated by 1.5 wt % and 

2.5 wt % AIBN, respectively. Dashed lines are only guides to the eye. 
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Figure 3.6 Equilibrium conversions vs reaction temperature for bulk and nanoconfined 

samples initiated by different initiators as illustrated by the legend. Black solid line is 

the fitting based on Eq 2.14 using constant ΔHp and ΔSp. Dashed lines represent the 

fitting based on estimation of molecular weight and the corresponding ΔSchain. 
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Figure 3.7 Degree of polymerization versus reciprocal temperature for bulk and 

nanoconfined samples initiated by different initiators as indicated in the legend. 

Dashed lines are exponential fits of the data indicated in the legend. 
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Figure 3.8 Entropy loss on confining a polymer chain in a nanopore as a function of 

chain length N. Fitting Solid symbols represent 1.5 wt % AIBN data and open red and 

blue symbols represent 2.5 wt % AIBN data. Green open symbols represent 0.5 wt % 

DTBP data. Fitted lines have a slope of 0.7 for CPG and 0.4 for carbon mesopores. 
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CHAPTER Ⅳ 

 CHAIN ENTROPY AND POLYMERIZATION 

THERMODYNAMICS: QUANTIFYING NANOCONFINEMENT 

EFFECTS 

 

4.1 Introduction 

The structure and dynamics of polymer chains in confined space is of 

particular interest in recent years; examples include the packaging of DNA inside 

virus capsids [1], drug delivery [2], and flow injections [3]. The effect of the 

nanoconfinement, depends on the length scale of the confined space and the size of 

confined polymer according to the scaling arguments of de Gennes. [4] In our 

previous work, we performed free radical polymerization of methyl methacrylate 

(MMA) in controlled pore glass (CPG) and found that monomer/polymer equilibrium 

at high reaction temperatures was shifted towards monomer under nanoconfinement. 

This apparent decrease in ceiling temperature (𝑇𝑐 = ∆𝐻𝑝 ∆𝑆𝑝⁄ , where ∆𝐻𝑝 and ∆𝑆𝑝 are 

the changes in enthalpy and entropy of the propagation reaction) is due to a decrease 

in the entropy associated with the confined polymer chains, resulting in a larger 

negative change in ∆𝑆𝑝.[5] However, as 𝑇𝑐 is approached, the chain length decreases 

and at 𝑇𝑐, ∆𝑆𝑝 reverts to its bulk value – thus, there is actually a rounding of the 

transition and no actual change in 𝑇𝑐. For the case of sulfur polymerization reported by 

Yannopoulos and coworkers [6, 7], where ∆𝐻𝑝 and ∆𝑆𝑝 are both positive, there is also 

a round of the floor temperature and an apparent increase under nanoconfinement 

because ∆𝑆𝑝 under nanoconfinement becomes a smaller positive value. 
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Under nanoconfinement, the number of available configurations for a polymer 

chain is reduced, thus leading to an excess in free energy. [8] For an ideal linear chain 

(“ideal” means only the interactions between then neighboring units are considered) in 

a confined space (with a characteristic size D < 𝑅0 , where 𝑅0 = 𝑎𝑁
1/2 is radius of 

gyration,  𝑁  is the number of  monomers and 𝑎  is the monomer size), the free energy 

excess was calculated by Cassasa:[9] 

𝐹𝑖𝑑

𝑘𝐵𝑇
≅ (

𝑅0

𝐷
)2~

𝑎2𝑁

𝐷2
                                                                (4.1) 

Depending on the geometric nature of the confinement, two confinement 

regimes were proposed. In the weak confinement regime (WCR), the free energy 

required for confinement is originated from configurational entropy and is an 

extensive function of the number of monomer N. De Gennes [4] found the same value 

of scaling parameter, suggesting that the reduction in entropy ∆𝑆 due to confinement 

will be a linear function of chain length N, and ∆𝑆 is a dimensionless value that only 

depends on the ratio of 
𝑅0

𝐷
, then ∆𝑆 = −(

𝑅0

𝐷
)2~𝑁. Whereas in the strong confinement 

regime (SCR), the chain is highly compressed and the interactions between monomers 

become substantial thus the free energy is no longer a linear function of N. [10] 

Hence, the entropy loss on confining a chain ( ∆𝑆𝑐ℎ𝑎𝑖𝑛) can be related to the chain 

length N and the pore diameter D:
mp

chain DNS /− . In our previous work, p is 

found to be 1.1, based on the temperature derivative of the apparent activation energy, 

indicating that MMA confined in controlled pore glass (CPG) is a weakly confinement 

system. For the sulfur polymerization, modeling from our lab [11] found that the 

change in the entropy of confined chains  scales with molecular size to the second 
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power and with nanopore diameter to either the −3.0 or −3.8 power, which can be 

considered as strong confinement in spherical pores.  

To test the scaling theory of entropy loss on confinement, the focus of this 

study is to quantify the change of entropy on propagation step in order to obtain the 

entropy loss on confining a polymer chain. Here we presented an investigation of 

butyl- and benzyl methacrylates free radical polymerization in bulk and in controlled 

pore glasses of different pore sizes. The dependence of limiting conversion on reaction 

temperature is explored as a function of isothermal polymerization temperature in a 

wide temperature range with a focus on low temperatures where chains are longer. 

Two initiators are involved in this study so polymer chain with different molecular 

weights can be obtained at a given temperature. The obtained polymers possess a wide 

range of chain length which can be related to varying levels of entropy change upon 

the nanoconfinement reaction, which in turn is related to the entropy change on 

confining a polymer chain in a pore. The process of how chains lose entropy during 

polymerization is shown schematically in Figure 4.1. In bulk condition, the monomer 

can move freely and does not feel any boundary. If the monomer is introduced into a 

small pore, the monomer is still able to move freely since the constrained matrix is 

relatively large compared to the monomer. Hence, the change in entropy between 

these two situations is almost zero. When the monomer is polymerized in bulk 

condition, however, the entropy change on propagation can be obtained as the polymer 

is well-ordered comparing to the monomer. However, if the polymerization occurs in 

the small pore, the long polymer chain is more constrained than in the bulk condition, 

which results in an additional entropy change: the entropy loss on confining a chain 
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∆𝑆𝑐ℎ𝑎𝑖𝑛. In this study, the effects of nanoconfinement on limiting conversion is studied 

and related to ∆𝑆𝑝 and ∆𝑆𝑐ℎ𝑎𝑖𝑛 in order to test the scaling with chain length N and pore 

diameter D.  

4.2 Experimental 

4.2.1 Materials 

Butyl methacrylate (99%) and benzyl methacrylate (96%) monomers (both 

from Sigma Aldrich) were treated with a prepacked column (Sigma Aldrich 306312) 

to remove the inhibitor (10 ppm monomethyl ether hydroquinone) by passing through 

the column three times. The monomers were mixed with either 0.5 wt % di-tert-butyl-

peroxide (DTBP; 98%, Sigma Aldrich) or 1.5 wt % 2,2-azobis(2-methylpropionitrile) 

(AIBN; 98 %, Sigma Aldrich) initiator to obtain a homogeneous solution. Solutions 

were then stored in freezer at -20 °C with desiccant when not in use. Less than 1 % 

conversion was accumulated after one-month storage based on the reaction model 

calculation. For nanoconfined systems, controlled pore glasses with diameter of 8.1 ± 

0.7 nm (CPG, Millipore based on manufacturer's specifications) and 4.0 ± 0.5 nm 

(from Wolfgang Haller’s lab at National Institute of Standards and Technology [12]) 

diameter are used. The native pores (with -SiOH group) are referred to hydrophilic 

pores; while the silanized pores (surface functionalized by trimethylsilyl) are referred 

to hydrophobic pores. Cleaning and surface modification of the CPG follows previous 

work. [13] 
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4.2.2 Polymerization in DSC 

A Mettler-Toledo DSC 1 with an ethylene glycol cooling system was used to 

study the polymerization thermodynamics. Samples were prepared in 20 uL hermetic 

pans under a nitrogen blanket. Pore fullness ranges from 70% to 95% based on the 

specific volume of the CPG. Indium and a liquid crystal, (+)-4-n-hexylophenyl-40-

(20-methylbutyl)-biphenyl-4-carboxylate (CE-3), were used to calibrate the DSC 

temperature dynamically at 10 K/min. The enthalpy of DSC was calibrated using only 

indium. An isotherm calibration [14] was performed also with indium at 0.1 K/min for 

isotherm conditions. An indium check was performed on a daily basis to minimize 

systematic errors.  

The polymerization reaction was carried out under isothermal temperatures 

ranging from 50 to 190 °C. Each reaction was repeated 2 to 4 times for reproducibility.  

After the isothermal run, a dynamic scan of 10 K/min was performed on selected 

samples to check for residual heat, which was zero in all cases. Less than 1% weight 

loss was observed based on measurements of the sample mass before and after runs. 

From the enthalpy of reaction (ΔH), the limiting conversion can be obtained 

for each run: 𝑥 =  
∆𝐻

∆𝐻𝑝
, where ∆𝐻𝑝  is the total heat of polymerization, which decreases 

from 419  6 J/g for BMA to 335  6 J/g for BzMA, consistent with literature data of 

408 ± 3 J/g and 421 ± 9 J/g reported for BMA and 325  5 J/g reported for BzMA. 

[15-17] In a wide range of reaction temperature, the total heat of polymerization is 

indeed a function of temperature that depends on the heat capacity. For butyl- 

methacrylate, the standard heat of change of monomer is taken from available heat 
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capacity literature data[18-20] while the standard heat of change of polymer is 

calculated from group contribution method as no literature data available [21], 

resulting an estimated ΔHp of BMA and decreased by 2 % from 373 ~ 463 K. For 

BzMA, due to the lack of literature data, the heat capacity of monomer and polymer 

are both calculated from group contribution method [21] and the estimated ΔHp of 

BzMA decreased by 1% from 373-463 K. Hence, we consider ΔHp is a constant value 

in this study to facilitate the calculation. 

4.2.3 Gel Permeation Chromatography (GPC) 

Most of the molecular weights reported were characterized using Tosoh HLC-

8320GPC with TSKgel SuperH-H and two TSKgel SuperHM-H columns in series. 

The GPC measurement was described in section 3.2.3, following the procedures from 

previous published work.[22] A portion of the BMA molecular weight data was 

obtained on a Tosoh EcoSEC system with differential refractive index (RI) detection 

coupled to a multiangle light scattering detector (Wyatt Dawn Heleos II with 18 

angles) and a differential viscometer (Wyatt Viscostar III) The reproducibility 

between the two instruments are good.  

4.3 Results 

4.3.1 Temperature dependence of equilibrium conversion 

The limiting conversion is plotted as a function of temperature for bulk and 

nanoconfined BMA and BzMA polymerizations in Figure 4.3. At high temperatures, 

the limiting conversion decreases with increasing temperature as expected on 

approaching the ceiling temperature with only a slight decrease between bulk and 
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nanoconfined samples which disappears as Tc is reached. The ceiling temperature (Tc) 

is approximately 192 °C for BMA and 193 °C for BzMA within error. The reported 

ceiling temperature from literature on MMA is 209 ± 29 °C[23] and EMA is 212 ± 32 

°C [24]. So, our model estimation on Tc is in agreement with literature data within 

experimental error. When approaching the ceiling temperature, the depropagation rate 

becomes more significant and dominates the reaction as we presented in previous 

work. [25] The value of entropy of propagation for bulk polymerization can be 

obtained from fitting using Eqn 2.16, with ∆𝑆𝑝,𝑏𝑢𝑙𝑘 fitting as 128 ± 2 𝐽/𝑚𝑜𝑙 · K for 

BMA and 126 ± 2 𝐽/𝑚𝑜𝑙 · K for BzMA, consistent with the literature values, for alkyl 

methacrylates which range from -116 to -124 J/mol·K. [23, 24, 26] 

For reactions carried out below 100 °C, the bulk samples reach full conversion 

for both BMA and BzMA. Similarly, the nanoconfined samples initiated by AIBN in 

8nm pores reach full conversion for both monomers within experiment error. On the 

other hand, the nanoconfined samples initiated by DTBP in 8 nm pores, which give 

much higher molecular weight, show decreasing conversion with decreasing 

temperature. Likewise, sample initiated by AIBN in the smaller 4 nm pores show more 

pronounced decreasing conversion with decreasing temperature. There are two 

possible explanations for the decreasing conversion at low temperature range: 1) dead-

end polymerization and 2) new floor temperature. We observed floor temperature here 

from our model and it will be discussed later.  

4.3.2 Chain length and entropy loss 

The schematic of the entropy change during bulk and nanoconfined 

polymerization is shown in Figure 2.8 for the case of an entropy reduction reaction. 
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The entropy of monomer is expected to be unchanged from the bulk to the confined 

case, whereas the entropy change of the polymerization decreases under 

nanoconfinement. As derived in section 2.2 of this dissertation, the entropy change for 

the confined reaction is greater than that of the bulk and nanoconfined cases: 

  ∆𝑆𝑐ℎ𝑎𝑖𝑛 = ∆𝑆𝑝,𝑏𝑢𝑙𝑘 − ∆𝑆𝑝,𝑐𝑜𝑛𝑓 = ∆𝑆𝑝,𝑏𝑢𝑙𝑘 −
∆𝐻𝑝

𝑇
− 𝑅𝑙𝑛 �̂�𝑀𝑐𝑜𝑛𝑓              (4.2) 

The heat of polymerization ∆𝐻𝑝 is assumed to be independent of confinement size and 

the same as the bulk, as has been experimentally confirmed in our previous work.[5, 

27]  

 As the entropy under confinement changes, other thermodynamics properties 

will change according as in Figure 4.2. For exothermic free radical polymerizations in 

bulk conditions, the enthalpic and entropic terms are both negative values thus will 

introduce the ceiling temperature (𝑇𝑐) at which the polymerization cannot occur. As 

illustrated in Figure 2.8, the enthalpic terms is a same constant value in the 

investigated temperature range for both bulk and confinement conditions; whereas the 

entropic terms differ in the two situations resulting the entropy loss on confining a 

chain  ∆𝑆𝑐ℎ𝑎𝑖𝑛. With increasing chain length, the entropy loss on confining a chain 

increases as polymerization temperature decreases. Under extreme confinement, 

∆𝑆𝑐ℎ𝑎𝑖𝑛 will keep increasing until it reaches a value which will alter the trend of the 

entropic term that introduces a new floor temperature in exothermic free radical 

polymerizations or a new ceiling temperature for endothermic free radical 

polymerizations.  

In order to examine the scaling of chain length N on ∆𝑆𝑐ℎ𝑎𝑖𝑛, the degree of 

polymerization (DP) for BMA and BzMA are plotted versus reciprocal temperature in 
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Figure 4.4. For both BMA and BzMA samples, the chain length increases with 

decreasing temperature, and the DP of the samples reacted with 0.5 wt% DTBP is 

more than an order of magnitude larger than for samples reacted with 1.5 wt% AIBN 

at a given reaction temperature. For the samples reacted with DTBP, the chain length 

ranges from 100 to 10,000, whereas for the ones reacted with AIBN, the DP ranges 

from 100 to 4,000.  For BMA samples reacted with 0.5 wt% DTBP, the chain length 

of bulk sample is longer than in 8nm pores, whereas for BzMA, the chain length of 

bulk and nanoconfined samples are approximately the same. For the samples reacted 

with 1.5 wt% AIBN, the chain length shows similar trend in bulk and under 

nanoconfinement. The dependence of chain length N on reverse temperature is fitted 

in the data range and selected fittings are also shown in Figure 4.4. 

The value of ∆𝑆𝑐ℎ𝑎𝑖𝑛 is calculated from Eqn 4.2 with the best fitting 

parameters from Figure 4.4 and averaged conversion on confined data. Figure 4.5 

shows the chain length dependence of ∆𝑆𝑐ℎ𝑎𝑖𝑛 in linear scale. The magnitude of 

∆𝑆𝑐ℎ𝑎𝑖𝑛 ranges from 20 to 54 J/mol/K, as high as 42 % of ∆𝑆𝑝. The fitting line with 

scaling parameters for chain length N is 0.7 and describes the trend well within 

experimental error. Also, the scaling parameter for pore diameter D is obtained for 

each pore size and will be discussed later. As hypothesized from the scaling theory, 

with increasing reaction temperature which results in decreasing chain length, the 

chains are less confined in the pores and thus smaller value of ∆𝑆𝑐ℎ𝑎𝑖𝑛 is obtained. 

Also, stronger confinement effect is obtained in 4nm than in 8nm pores for both BMA 

and BzMA.  
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As discussed in the introduction, the effects of nanoconfinement on 

equilibrium conversion has been studied and related to ∆𝑆𝑝 and ∆𝑆𝑐ℎ𝑎𝑖𝑛 in order to test 

the scaling with chain length N: 

                                                     ∆𝑆𝑐ℎ𝑎𝑖𝑛~− 𝑁
𝑝𝐷𝑚                                     (4.3)                                  

From Figure 4.5, the best fit which well describes the data indicates that p 

equals 0.7 ± 0.3 in current study, which can be considered as a weak confinement 

case, the entropy change on confining a chain ∆𝑆𝑐ℎ𝑎𝑖𝑛, originates from the 

configurational entropy, as we described in Figure 4.1. As a matter of fact, due to the 

lack of data points, best fit of the scaling parameter on N ranges from 0.5 to 1. 

Accordingly, the floor temperature increases with increasing scaling parameter. 

Hence, we chose 0.7 in Figure 4.5 for reasonable estimation of floor temperature with 

current data. In this study, both 4 nm and 8 nm pore have been studied, the scaling 

parameter m of pore size D is fitted as -0.87 ± 0.26 for BMA and -1.14 ± 0.09 for 

BzMA.  For the sulfur polymerization, modeling from our lab [12] found that the 

change in the entropy of confined chains scales with molecular size to the second 

power and with nanopore diameter to either the −3.0 or −3.8 power. From literature 

work, the exponent m for the pore diameter has been suggested to be 1.7 for 

cylindrical confinement [10], 3.0 from self-consistent field theory for large N [28], or 

3.8 or 3.9 from blob scaling in semidilute solutions [29].  

Combining the molecular weight dependence of ∆𝑆𝑐ℎ𝑎𝑖𝑛 is obtained from 

Figure 4.3 and the relationship between temperature and molecular weight, the fitting 

of the limiting conversion as a function of reaction temperature in Figure 4.3 can be 

obtained. The model assumes that the total heat of reaction will not change under 
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confinement, which is a reasonable assumption base on the prior work [5, 25, 27]. The 

ceiling temperature, indicated by the extrapolation from the fitting, barely decreases 

for BMA and BzMA, lower than the 25 to 35 K reduction observed in previous work 

[5] for MMA.  The trend of the dashed line indicates the existence of “floor 

temperature”. The lines in the plot are model fits and will be discussed later. 

According to the fitting, the floor temperature of BMA and BzMA initiated by DTBP 

in 8 nm pores is 71 and 94 °C, respectively. As pore size decreases, this decrease is 

less pronounced in the system of samples reacted with 1.5 wt% AIBN in 4nm pores 

and indicate lower floor temperatures of 48 and 66 °C for BMA and BzMA, 

respectively. 

4.4 Discussion 

At temperatures lower than 100 °C, the limiting conversion of the samples 

reacted with 1.5 wt% AIBN in 8 nm pore is close to 100 % but decreases with lower 

reaction temperature in 4 nm pores for both BMA and BzMA. The free radical 

polymerization of methyl methacrylate carried out in 27 Å mesoporous zeolite 

channels  by Aida and coworkers[30] exhibited decreased limiting conversion than 

bulk and they attribute it to the limited diffusion of monomers. Previous study from 

Kitagawa and coworkers [31] also showed decreased limiting conversion from bulk at 

70 °C in porous coordination polymers of pore size smaller than 6 nm for radical 

polymerization of vinyl monomers, including styrene, methyl methacrylate, and vinyl 

acetate. They suggest that the lower equilibrium conversion with smaller pore size can 

be explained by lower initiator efficiency and limited mobility of monomers in 

extreme confined pores. In present study, we find out that the conversion is not only a 
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function of pore size, but also a function of temperature and the data does not qualify 

the typical characteristic of dead end polymerization.[32] As described before, the 

relationship between the conversion and temperature can be correlated with the 

entropy loss on confining a chain. The conversion decreases as temperature decreases 

in pores, similar as what happens as approaching the ceiling temperature, thus we 

hypothesized floor temperature. From the perspective of thermodynamics, the chain 

length is approximately the same for bulk and nanoconfined sample with AIBN, the 

cause in the rapid dropping of enthalpy is the extra change in entropy in pores, thus 

leads to the floor temperature eventually. 

4.5 Conclusions 

The reaction thermodynamics of BMA and BzMA free radical polymerization 

are investigated in bulk and in nanopores. With increasing polymerization 

temperature, the chain length decreases with inverse temperature in all cases. The 

entropy loss on confining a chain is determined from the change in the activity of 

monomer (�̂�𝑀) instead of conversion from previous work, considering the volume 

shrinkage can be more than 20% in free radical polymerization. The new analysis 

method shows that the scaling of ∆𝑆𝑐ℎ𝑎𝑖𝑛 with chain length N is quantified as 1, 

indicating that this system is a weakly confined one. The magnitude of chain loss on 

confining a chain ∆𝑆𝑐ℎ𝑎𝑖𝑛 is as large as 54, about 42 % of ∆𝑆𝑝 (maximum -128 

J/mol/K), eventually resulting in the new floor temperature in the exothermic free 

radical polymerization. 
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Table 4.1 Specifications of CPGs, as provided by the manufacturer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mean pore 

diameter 

(nm) 

Pore diameter 

distribution (%) 

Specific pore 

volume (cm3/g) 

Specific surface 

area (m2/g) 

4.0 12.8 0.13 144 

8.1 9.0 0.49 197 
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Table 4.2 Polymerization – depolymerization equilibria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction ∆𝐻𝑝,𝑏𝑢𝑙𝑘(J/g) ∆𝑆𝑝,𝑏𝑢𝑙𝑘(J/mol · K) Tc (°C) 

BMA -419  6  -128 ± 2 192 ± 10 

BzMA -335  6  -126 ± 2 193 ± 11 
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Figure 4.1 Schematic of how polymer chains behave in bulk and under 

nanoconfinement. 
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Figure 4.2 Schematic plot of enthalpic and entropic terms as a function of temperature 

for bulk reaction conditions and under nanoconfinement. The dotted line indicates the 

enthalpic term ∆𝐻, the solid line shows the entropic term in bulk, and the dashed line 

represents the entropic term change under nanoconfinement. 
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Figure 4.3 The heat of reaction and equilibrium conversion as a function of reaction 

temperature for butyl methacrylate reacted in both bulk and nanoconfined conditions. 

The empty symbols represent the samples reacted with 0.5 wt% DTBP, the solid 

symbols represent the samples reacted with 1.5 wt% AIBN, the half symbols represent 

the samples reacted with DTBP in 8 nm silanized pores (data at 80 and 90 °C are from 

2 wt% DTBP initiator and the rest are from 0.5 wt% DTBP), respectively. The solid 

line is based on constant values of ∆𝐻𝑝 and ∆𝑆𝑝. The dashed line represents the fitting 

that includes two assumption: molecular weight of the polymer as a function of 

reversing temperature and ∆𝑆𝑐ℎ𝑎𝑖𝑛~ 𝑁
0.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Chunhao Zhai, May 2021 

99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 The dependence of chain length N on reverse temperature for synthesized 

BMA and BzMA in bulk and nanopores, respectively. The empty symbols represent 

the samples reacted with 0.5 wt% DTBP, the solid symbols represent the samples 

reacted with 1.5 wt% AIBN, the half symbols represent the samples reacted with 

DTBP in 8 nm silanized pores (data at 80 and 90 °C are from 2 wt% DTBP initiator 

and the rest are from 0.5 wt% DTBP), respectively. 
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Figure 4.5 The entropy loss on confining a chain is plotted versus chain length N in 

linear scale. The lines are fitting data which assumes the scaling parameter is 1. Open 

symbols are for samples in 8 nm pores and solid symbols are for samples in 4 nm 

pores, the half symbols are for samples reacted with DTBP in 8 nm silanized pores 

(data at 80 and 90 °C are from 2 wt% DTBP initiator and the rest are from 0.5 wt% 

DTBP). 
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CHAPTER Ⅴ 

 KINETIC STUDY OF CURING BISPHENOL A DICYANATE ESTER 

WITH IONIC LIQUID ADDITIVE 

 

5.1 Introduction 

Polycyanurates are thermosetting networks with outstanding properties, 

including good thermal resistance, high tensile moduli (up to 3 GPa), high glass 

transition temperatures (> 250 ºC), and good dielectric properties. [1-3] They are used 

as composites in aerospace, electronics, and construction applications. [4-6] Ionic 

liquids, on the other hand, are organic salts with melting temperatures generally lower 

than 100 ºC. They have characteristics of both salts and solvents and a unique set of 

properties, including high thermal and chemical stability, low volatility, high solvation 

ability, high ion conductivity, a wide electrochemical window, and recyclability. [7-9] 

Ionic liquids have been investigated for use in a variety of polymeric applications, 

both as processing aids and as additives. In thermosetting materials, ionic liquids have 

been employed as lubricants, [11-14] dispersants and surface modifiers in composites, 

[15-17]curing agents or co-reactants which are then incorporated in final thermoset 

structure, [18-25] and non-reactive additives to enhance thermal, mechanical, and 

electronic properties. [26-29] 

The effects of ionic liquid on thermoset reaction kinetics can be broken into 

two classes–those in which the IL is reactive and incorporates into the polymeric 

structure, and those in which the IL is unincorporated but may have a catalytic effect. 

Kowalczyk and Spychaj [18]reported that alkyl-methylimidazolium as a hardener for 

epoxy accelerates the reaction. Similarly, Throckmorton and Palmese [32] found that 
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the cure of bisphenol E dicyanate ester (BEDCy) was accelerated with a reactive 

dicyanamide-containing ionic liquid.  In the case for non-reactive ionic liquid 

additives, Fainleib and coworkers [33-35] reported acceleration of bisphenol E 

dicyanate ester (BEDCy) trimerization with the incorporation of an aliphatic 

imidazolium IL and an aliphatic pyridinium IL, as well as with hydroxy-terminated 

and polymeric ILs, and they proposed a mechanism to explain the acceleration which 

involved formation of a cyanate ester/IL complex.  

In the present work, we study the kinetics of trimerization of bisphenol A 

dicyanate ester (BADCy) with an aromatic imidazolium ionic liquid using differential 

scanning calorimetry (DSC). We choose an aromatic IL in order to improve the 

miscibility between the monomer and the IL additive and to limit phase separation 

during cure. We also perform limited experiments using an aliphatic imidazolium 

ionic liquid to investigate how the aromatic versus aliphatic nature affects the cure 

kinetics. The data is analyzed using a second-order autocatalytic model that 

incorporates the effects of the diffusion control at vitrification using free volume 

theory following previous work. [2, 36, 37] In addition, the glass transition 

temperature (Tg) for the bulk polycyanurate network and that containing the aromatic 

ionic liquid is measured as a function of conversion since the evolution of Tg is 

important for determining when vitrification and diffusion control occur. 

5.2 Experimental 

5.2.1 Materials 

A difunctional cyanate ester monomer, bisphenol A dicyanate ester (BADCy; 

Oakwood Products) is used in this work. The chemical structure of the monomer is 
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shown in Figure 5.1a. The molecular weight of BADCy is 278 g/mol and the density 

is 1.259 g/cm3 at room temperature. The monomer crystallizes on long term storage in 

the freezer and has a melting point Tm=79 ºC. [38] The trimerization reaction of 

BADCy to form a polycyanurate network is shown in Figure 5.1b. The trimerization 

reaction can be auto-catalyzed or catalyzed by various metal salts; [2, 10, 39, 40]in 

this work, no external catalyst was used.  

The principal ionic liquid (IL) used in this study is 1-benzyl-3-

methylimidazolium paired with bis[(trifluoromethane)sulfonyl]amide, 

[BnzC1im][NTf2], shown in Figure 5.1c. In addition, limited work was performed with 

an aliphatic cation, 1-nonyl-3-methylimidazolium, ([C9C1im]+), as shown in 1d. The 

synthesis of the ionic liquids was reported previously. [41, 42] The glass transition 

temperature Tg and the density are reported to be -58.3 ºC and 1.493 g/cm3 for 

[BnzC1][NTf2] and -84.1 ºC and 1.561 g/cm3 for [C9C1im][NTf2]. [30, 43] The ILs 

were kept in a desiccator after synthesis in order to minimize moisture absorption. 

To prepare monomer/IL mixtures, BADCy was melted in a vial at 80 ºC 

(above the monomer Tm), and 8 or 20 wt% ionic liquid was added. A given mixture 

was stirred for 10 min at 80 ºC using a magnetic stirring bar resulting in a transparent 

homogeneous mixture with no apparent phase separation. The mixing process, 

including the weighing of the ionic liquid, was performed in a nitrogen-purged 

glovebox to minimize the uptake of adventitious water. The mixture was stored in a 

freezer prior to use. 
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5.2.2 DSC Measurement 

Calorimetric measurements were performed using differential scanning 

calorimetry (DSC). A PerkinElmer DSC 7 with ethylene glycol cooler maintained at 5 

ºC was used for most measurements with a few runs performed using a PerkinElmer 

Pyris 1 DSC with intracooler maintained at -55 ºC; no difference is observed between 

the results obtained with the two instruments. The neat monomer was weighed and 

loaded into DSC pans under nitrogen, whereas the DSC samples for the BADCy/IL 

mixtures were prepared inside a nitrogen-purged glovebox to avoid moisture uptake. 

All the DSC samples have weights ranging from 2 to 9 mg. Hermetic pans were used 

in this study to minimize the risk of sample leakage during the reaction.  

Dynamic temperature scans were performed to investigate the cure kinetics of 

both the neat dicyanate ester and the samples with ionic liquid additive. The unreacted 

samples were held at 80 ºC for 3 min followed by heating scans up to 380 ºC at 

heating rates (β) of 1, 3, 10, and 30 K/min. The samples were then cooled to 30 ºC at 

10 K/min after the heating scan and a second heating scan to 360 ºC at 10 K/min was 

performed to obtain the glass transition temperature Tg and any residual heat. 

The DSC was also employed to study isothermal cure kinetics for the neat 

dicyanate ester and the sample with 8 wt% [BnzC1im][NTf2]. The samples were again 

held at 80 ºC for 3 min, followed by heating to 220, 240 or 260 ºC at 200 K/min and 

isothermal reaction for 12, 6, and 3 hours, respectively. The relatively high heating 

rate of 200 K/min was applied to ensure that no reaction occurs during the heating 

scan subsequent to the isothermal reaction. The residual heat and glass transition 

temperature were obtained by a second heating scan to 360 ºC after cooling to 30 ºC at 
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10 K/min. Isothermal experiments with shorter reaction times (10-30 min) were also 

performed to investigate the relationship between the glass transition temperature and 

the conversion. For those samples, after curing, the materials were quenched to 10 ºC 

at 200 K/min in order to minimize further reaction followed by heating to 360 ºC at 10 

K/min to obtain Tg and residual heat.  

The DSC exotherms obtained from trimerization reactions are integrated to 

yield the conversion as a function of temperature T for dynamic scans and as a 

function of reaction time t for isothermal cures: 

x(T) =
∫ �̇�
𝑇

𝑇𝑜
𝑑𝑇

𝛽𝛥𝐻𝑇
                                                           (5.1) 

x(t) =
∫ �̇�
𝑡

𝑡𝑜
𝑑𝑡

𝛥𝐻𝑇
                                                             (5.2) 

where x is conversion, �̇� is the specific heat flow, β is heating rate, To is a temperature 

below the onset temperature of the reaction, and to is the time when the reaction starts. 

ΔHT is the total heat of reaction based on the heat of reaction during a given dynamic 

scan or isothermal hold plus any residual heat observed on the subsequent second 

heating scan. The ΔHT has a value of 710 ± 13 for the for neat BADCy and is lower 

per gram of sample for the BADCy/IL mixtures due to the presence of the unreacted 

ionic liquid as shown in Table 5.1. When normalized per gram BADCy monomer, the 

ΔHT of the BADCy/IL system is 707 ± 11 J/g monomer, which is the same as for the 

neat samples within the error of the measurements. 

The glass transition temperature Tg, as defined, can be obtained only by 

cooling. [44]  Here, we measure the limiting fictive temperature (Tf') on heating at 10 

K/min after cooling at 10 K/min. We refer to the value of Tf' as Tg in this work since 
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the difference between these values is less than 1K. [44, 45]For the case of the short 

isothermal experiments, the cooling rate prior to Tf' measurement was 200 K/min, and 

thus a correction of -3.2 ºC is applied to the observed Tf' from these scans in order to 

report all Tg values for the nominal cooling rate of 10 K/min. The correction is based 

on the cooling rate dependence of Tg for three cured polycyanurate samples.  

The DSC temperature was calibrated at 10 K/min on heating with indium, tin, 

and zinc. The DSC heat flow was calibrated by indium only. 

5.2.3 Reaction Model 

The dicyanate ester trimerization reaction is described by a second-order 

autocatalytic model [2, 46-48]: 

𝑑𝑥

𝑑𝑡
= 𝑘1(1 − 𝑥)

2 + 𝑘2(1 − 𝑥)
2𝑥                      (5.3) 

where k1 and k2 are rate constants of second-order and second-order autocatalytic 

reactions, respectively. As the reaction progresses, the glass transition temperature Tg 

of the polycyanurate network increases and vitrification occurs when Tg reaches the 

cure temperature. At that point, the material solidifies, mobility decreases, and 

diffusion control often becomes important. [2, 36] This effect is incorporated using the 

Rabinowitch  equation [37] which postulates that the time scale of the reaction, which 

is the reciprocal of the rate constant, is the sum of the time scale of the chemical 

reaction without diffusion and the time scale for diffusion of reactants: 

1

𝑘𝑖
=

1

𝑘𝑖
′ +

1

𝑘𝑑
′                                               (5.4) 

where ki is the observed rate constant, subscript i=1 is for the second-order reaction 

and i=2 is for the autocatalytic reaction, and 1/k’i and 1/k’d are the time scales for the 
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kinetically controlled reaction and diffusion, respectively. The temperature 

dependence of the kinetic rate constant is given by the Arrhenius relationship: 

𝑘𝑖
′ = 𝑘𝑖𝑜exp [−

𝐸𝑖

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)]                            (5.5) 

where Ei is the activation energy and kio is the rate constant at a reference temperature 

Tref. The incorporation of diffusion control into the model for thermoset cure has been 

reported by Gillham and co-workers [2, 36] and Sanford and McCollough [49] and 

may include both an activation term and a free volume [50] term for the diffusion rate 

constant: 

𝑘𝑑
′ = 𝑘𝑑𝑜exp [−

𝐸𝑑

𝑅
(
1

𝑇
−

1

𝑇𝑟𝑒𝑓
)] ∗ exp (

−𝑏

𝑉𝑓
)           (5.6) 

where Ed is the activation energy and kdo is the diffusion control rate constant at the 

reference temperature Tref. The free volume Vf is defined from arguments made by 

Williams-Landel-Ferry (WLF) [51]  that the fraction of free volume is 0.025 at glassy 

state and increases when the temperature is higher than Tg: 

𝑉𝑓 = 0.025 + 𝛥𝛼(𝑇𝑐 − 𝑇𝑔)                                           (5.7) 

where Tc and Tg refer to the reaction temperature and the glass transition temperature. 

The parameter 𝛥𝛼 is the difference between the thermal expansion coefficients in the 

glassy and liquid states of the polycyanurate network. As indicated by eq 7, the free 

volume depends on glass transition temperature Tg which for the polycyanurate 

depends on conversion and can be described by the DiBenedetto [52] equation:  

𝑇𝑔−𝑇𝑔𝑜

𝑇𝑔∞−𝑇𝑔𝑜
=

𝜆𝑥

1−(1−𝜆)𝑥
                                     (5.8) 
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where Tg∞ is the glass transition temperature of fully cured sample and Tgo is 

the glass transition temperature of unreacted monomer. λ is a structure-dependent 

parameter that has been related to the change in configurational  entropy on reaction. 

[53] The fully cured glass transition temperature Tg∞ and the monomer glass transition 

temperature Tgo are 295 ºC and -50 ºC for the neat BADCy material. For BADCy/IL 

samples, Tgo and Tg∞ are estimated by Fox equation [54] : 

1

𝑇𝑔𝑜
=

𝑤1

𝑇𝑔1𝑜
+
𝑤2

𝑇𝑔2
     ;  

1

𝑇𝑔∞
=

𝑤1

𝑇𝑔1∞
+
𝑤2

𝑇𝑔2
                     (5.9) 

where w1 and w2 are the weight fractions of monomer and ionic liquid additive, 

respectively. Tg1o and Tg1∞ are glass transition temperatures of BADCy monomer and 

fully cured polycyanurate, and Tg2 is the glass transition temperature of ionic liquid. 

Equations 5.3 to 5.9 can be numerically solved to yield conversion versus 

temperature during isothermal reaction. For dynamic data, the reaction model (eq 3) is 

modified by multiplying by the reciprocal of heating rate β to obtain dx/dT, which is 

integrated to give x(T). The six fitting parameters b, k1o, k2o, kdo, E1, and E2 are 

obtained by minimizing the square of the difference between experimental and the 

modeled conversions. Model parameters that were taken as constants are provided in 

Table 5.2 for the aromatic IL system. For the aliphatic IL system, the only difference 

is that Tg2 is -84.1 °C. The structure-dependent parameter λ (0.426) is taken from 

previous work [2] and is consistent with the values reported by Li and Simon [55] and 

Venditti and Gillham [53]. The activation energy Ed for the diffusion control rate 

constant has been reported to be 140 kJ/mol [2] for a bisphenol M dicyanate ester 

polycyanurate system and 143 kJ/mol [49] for a high-Tg epoxy/amine system. In the 

present work, Ed is found to be 300 kJ/mol for BADCy and 255 kJ/mol for 



Texas Tech University, Chunhao Zhai, May 2021 

109 

BADCy/aromatic IL; however, here we take Ed as 300 kJ/mol for both systems since 

the fitting results change imperceptibly when using the higher Ed value. 

5.3 Results 

5.3.1 Temperature dependence of conversion for dynamic scan 

Conversion as a function of temperature for neat BADCy and with 8 wt% 

aromatic IL were obtained from dynamic DSC at different heating rates, and the data 

are shown as symbols in Figure 5.2. The curves shift to higher temperatures for higher 

heating rates, as expected, since the reaction time at a given temperature at a high 

heating rate is shorter than that at lower heating rates. The solid lines are the best fit to 

the second-order autocatalytic model. As shown in Figure 5.2, the model well 

describes the cure reaction of both systems. Also observed in the figure is that even 

though the samples are heated to 380 ºC for all scans, 100 % conversion is not 

obtained for most runs, presumably due to topological constraints resulting in isolated 

or unaccessible reactive group in the network structure; such effects have been 

reported in the literatures for other thermosetting polymerizations. [56, 57] A careful 

comparison of the time scale to complete the reaction shows that the system with 8 

wt% aromatic IL reaches 80 % conversion at temperatures approximately 5~15 K 

lower than those for the neat samples, as summarized in Table 5.3. In other words, the 

BADCy/aromatic IL reaction reaches high conversions faster than neat BADCy. 

Furthermore, the system containing aromatic IL shows larger slopes (dx/dT) compared 

to the neat system, and this also indicates that the aromatic IL has an acceleration 

effect on the cure of the BADCy, in spite of the fact that the onset temperature at 

which the reaction commences appear to be similar. 



Texas Tech University, Chunhao Zhai, May 2021 

110 

5.3.2 Time dependence of conversion for isothermal cure  

Conversion as a function of time during isothermal cure at different 

temperatures for neat resin and for the system containing 8 wt% aromatic IL are 

shown in Figure 5.3. The reaction is fastest at the highest cure temperature of 260 ºC 

and shifts to longer times as the temperature decreases due to the decrease in the 

reaction rate. The onset of the reaction for both neat BADCy and BADCy with 8 wt% 

aromatic IL are similar at all temperatures, but the BADCy/IL system reacts faster (i.e. 

with a higher dx/dt) than the neat system at the higher cure temperatures. We quantify 

the difference in reaction time scale by reporting the time to reach 80% conversion in 

Table 5.4. BADCy/aromatic IL reaches 80% conversion at shorter times by about 200 

s at the cure temperatures of 240 and 260 ºC, whereas at 220 ºC, the neat system is 

faster. The differences indicate that the activation energy for the reaction is higher for 

the system containing aromatic IL, as is discussed in more detail later. Overall, the 

isothermal reaction data is also well described by the same second-order autocatalytic 

model as described the dynamic data, as indicated by the solid lines. The vitrification 

effect is observed in neat BADCy samples and can be well described by adding the 

diffusion control rate to the model. On the other hand, as shown in Figure 5.2 and 

Figure 5.3, the BADCy/aromatic IL system does not show obvious vitrification during 

either dynamic or isothermal cure presumably due to its lower Tg. 

5.3.3 Glass transition temperature as a function of conversion 

The glass transition temperature as a function of conversion is important for 

determining when vitrification occurs. Results for both neat BADCy and 8 

wt%BADCy/aromatic IL systems are summarized in Figure 5.4. The symbols 
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represent the experimental data and the solid lines are the DiBenedetto function 

described by eq 8. The glass transition temperatures increase as the reaction progresses 

in a nonlinear fashion, with larger changes in Tg occurring for a given change in 

conversion. For the neat system, the Tg increases from about 100 ºC to 295 ºC as the 

conversion increases from 55% to 99%. On the other hand, the addition of 8 wt% 

aromatic IL depresses the Tg such that the fully cured Tg of the BADCy/IL material is 

only 225 ºC, a 70 K depression. The Fox equation (eq 9) coupled with the 

DiBenedetto equation well describes the Tg of BADCy/aromatic IL system, indicating 

that the ionic liquid is homogeneously mixed with dicyanate ester and no phase 

separation occurs during the cure process. The lack of phase separation is also 

consistent with the scanning electron microscope (SEM) images which show no 

indication of phase separation in our cured BADCy containing 8 wt% aromatic IL.  

5.3.4 Fitting parameters  

The best fit model parameters used to describe the data shown in Figures 5.2 

and 5.3 are summarized in Table 5.5. At the reference temperature of 220 ºC, the 

second-order rate constant k1o is 2.6×10-4 s-1 and the activation energy E1 is 96 kJ/mol 

for the 8 wt% BADCy/aromatic IL system, both larger than the values for neat 

BADCy, which are 2.4×10-4 s-1 and 74.5 kJ/mol, respectively. On the other hand, the 

second-order autocatalytic rate constant k2o is found to be 1.0×10-3 s-1 for 8 wt% 

BADCy/aromatic IL and 1.2×10-3 s-1 for BADCy with activation energies of 112 

kJ/mol and 93.5 kJ/mol, respectively. As deduced from eq 3, the initial rate of 

trimerization reaction is determined by k1o, and as the reaction progresses, k2o 

determines the autocatalytic effect. Fitting parameters are consistent with the data 
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shown in Figure 5.3 and Table 5.3: at 220 ºC, the neat BADCy reaches 80 % 

conversion earlier due to the larger autocatalytic rate constant k2o, but when the 

isothermal reaction temperatures are increased to 240 and 260 ºC, the reaction of 8 

wt% BADCy/aromatic IL is faster which is attributed to the higher activation energies 

for both rate constants. The higher activation energies E1 and E2 also result in 

acceleration of the 8 wt% BADCy/aromatic IL reaction and higher dx/dT in dynamic 

runs, such that the BADCy reaction is completed within a shorter time. As a caveat, 

the authors acknowledge that although the reaction model well describes the cure of 

dicyanate ester in this work and in the literature, [2, 37, 47-49]validation of the 

physical significance of model parameters would require further work. 

5.3.5 Activation energy obtained from isoconversion method. 

In addition to obtaining the activation energy from the fit of a mechanistic 

model, the apparent or overall activation energy can be obtained by a model-free 

isoconversion method. To corroborate the results of the modeling, the Kissinger-

Akahira-Sunose (KAS) method  [58]is employed following the recommendation of the 

International Confederation for Thermal Analysis and Calorimetry (ICTAC) [59]: 

ln [
𝛽

𝑇𝑥
2] = −

𝐸𝑎

𝑅𝑇𝑥
+ 𝐶2                        (5.10) 

where Tx is the temperature at a given conversion at each heating rate β and C2 is 

constant. Thus, the apparent activation energy is obtained from the slope of a plot of 

ln [
𝛽

𝑇𝑥
2] versus 1/ Tx for dynamic runs. A related method can also be applied to the 

isothermal cure data  : 

ln(𝑡𝑥) − ln(𝑡𝑥𝑟) = −
𝐸𝑎

𝑅
(
1

𝑇𝑟
−
1

𝑇
)              (5.11) 



Texas Tech University, Chunhao Zhai, May 2021 

113 

where tx is the reaction time to reach a given conversion at reaction temperature T; txr 

and Tr are reference time and temperature. Thus, the apparent activation energy can be 

obtained from the slope of a plot of ln(tx) versus 1/T for isothermal data. The apparent 

activation energies from both dynamic and isothermal data are shown in Figure 5.5 as 

a function of conversion. None of the four activation energy profiles show a 

significant dependence on conversion. The 8 wt% BADCy/aromatic IL material has 

average activation energies of 94 kJ/mol and 119 kJ/mol from the dynamic and 

isothermal data, respectively. On the other hand, neat BADCy gives lower activation 

energies of 80 and 97 kJ/mol, respectively. The values of the activation energies 

obtained from the isoconversion methods are the same, within experimental error, as 

those obtained from the mechanistic modeling (in Table 5.5), and both methods 

indicate a similar trend of increasing Ea with the addition of aromatic ionic liquid.  

5.3.6 Comparison of aromatic and aliphatic IL 

Our results indicate a slight acceleration of the reaction kinetics at high 

temperatures and a higher activation energy with the addition of 8 wt % aromatic IL to 

bisphenol A dicyanate ester.  On the other hand, Fainleib and coworkers [33] found a 

greater acceleration for an aliphatic IL in bisphenol E dicyanate ester (BEDCy) and at 

lower temperatures, with no perceptible reaction for the neat resin in six hours at 

150°C compared to over 80 % conversion when 5 % aliphatic IL was added. [33] In 

their recent work [34], the cure of BEDCy was 3 times faster when 1 % aliphatic IL 

was added. Thus, we examine the influence of the aromatic versus aliphatic nature of 

the ionic liquid additive on the reaction kinetics of our bisphenol A dicyanate ester by 

comparing dynamic curing scans at 10 K/min for the two systems. In addition, since 
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ILs tend to absorb the moisture from environment, we also performed experiments on 

a system with 8 wt% aliphatic IL and 1 wt% water to investigate the effect of the 

adventitious water on the kinetics of reaction. With the addition of 8 wt % aliphatic IL, 

the reaction of BADCy is accelerated both relative to the neat resin and relative to the 

system containing 8 wt% aromatic IL, and this is in spite of the fact that some of the 

aliphatic IL phase separates during cure according to both SEM images and consistent 

with the final Tg values, which are higher than expected based on the Fox equation and 

complete dissolution. With the addition of 1 wt% water in the 8 wt% aliphatic IL, an 

even greater acceleration effect is observed. The rate constants k1 and k2, obtained 

from the fits of the dynamic data, are shown as a function of reciprocal of temperature 

in Figure 5.6.  For the system containing 8 wt% aliphatic IL, the rate constants are 

approximately doubled compared to the bulk values at all temperatures with similar 

activation energy, whereas for the system with 8 wt% aromatic IL, rate constants are 

significantly lower than for the neat resin at low temperatures and higher at high 

temperatures due to the higher activation energies, as mentioned in previous section. 

With the addition of 1 wt% water along with 8 wt% aliphatic IL, the rate constants 

were further increased to approximately 2.5 times faster than the bulk with no change 

in activation energy.  Interestingly, with the addition of 20 wt% aromatic or aliphatic 

IL, reaction kinetics were not significantly affected, perhaps due to phase separation of 

the IL which occurred during cure for both 20 wt% aromatic and aliphatic IL samples.   

5.4 Discussion 

As mentioned, the acceleration of the cyanate ester reaction on addition of the 

aromatic [BnzC1im][NTf2] ionic liquid that is observed in the present work depends 
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on temperature and is smaller than the acceleration reported by Fainleib and co-

workers [33, 34] for an aliphatic imidazolium IL, 1-octyl-3-methylimidazolium 

tetrafluoroborate [C8C1im][BF4] that increased the reaction rate  at 150 °C of BEDCy 

by a factor of three [34] or up to several orders of magnitude [33]. We use a similarly 

structured cation aliphatic-based IL but with a different anion, [C9C1im][NTf2] to 

investigate the aromatic versus aliphatic nature of IL, and we found that the reaction 

rate was accelerated by a factor of approximately two, consistent with but slightly less 

than Fainleib's more recent work. The acceleration in that work was postulated to be 

due to the formation of a ionic liquid/dicyanate ester complex involving the interaction 

of a nitrile group on the dicyanate monomer and the acidic proton on the C(2) position 

of the imidazolium ring that facilitates initiation of the trimerization at lower 

temperatures. However, the acidity of [C9C1im][NTf2] used in present work is 

expected to be the same as the [C8C1im][BF4] used in refs. 31 and 32 according to the 

Kamlet-Taft hydrogen-bond donor (HBD) α parameters of [C8C1][NTf2] and 

[C8C1im][BF4], which are 0.60 and 0.62, respectively as reported by Welton et al. [60] 

Interestingly, quantum chemistry calculations indicate that a water molecule can affect 

the Lewis acidity/basicity pattern of an IL depending upon its location with respect to 

the ion-pair. [61] It is also known that water can accelerate the cure of cyanate ester. 

[62, 63] Indeed, as shown in the results in Figure 5.6, we find that addition of 1 % 

water along with 8 % aliphatic IL resulted in an acceleration by a factor of 2.5 over the 

neat resin, which is very similar to Fainleib's more recent work [34]. Even though 

considerable care was taken in this work to ensure that the ILs did not absorb 

adventitious moisture, the water content of our ionic liquids after storage for several 
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months over dessicant is 0.2 to 0.3 % based on Karl-Fisher titration. Hence, the 

difference between our results and those reported in the literature, as well as the 

differences between the results reported in ref. 31 and 32, may be attributable to the 

presence of more adventitious water in the systems studied in the literature.  

As shown in Figure 5.6, the BADCy trimerization reaction with 8 % aromatic 

IL is slower than the reaction with 8 % aliphatic IL.  We do not think this difference is 

due to a difference in the Lewis acidities of these two IL.  Since the inductive effect of 

a benzyl group should not differ greatly from that of a nonyl group, the Lewis acidity 

of the [BnzC1im]+ cation should not be very different than that of the [C9C1im]+ cation.  

Rather, we suggest that the difference is due to a steric effect.  Quantum chemistry 

calculations indicate that in the lowest energy configurations of [CnC1im]+ cations, the 

linear alkyl chain is fully extended from the imidazolium ring. [64] In contrast, in the 

lowest energy configuration of [BnzC1im]+, the phenyl ring and imidazolium ring of 

the [BnzC1im]+ are oriented perpendicular to each other. [65] One therefore expects in 

the formation of the ionic liquid/dicyanate ester complex greater steric hindrance by 

the benzyl group in [BnzC1im][NTf2]  than by the alkyl group in [C9C1im][NTf2], 

which would explain the slower reaction with 8 % aromatic IL than with 8 % aliphatic 

IL. 

The acceleration of the reaction is found to not be proportional to the 

concentration of IL in the present work at relatively high concentrations, with no 

significant difference observed between 8 and 20 wt% IL additives.  Similar effects 

have been reported in the literature by Fainleib and coworkers. [33, 35] For example, 

Vashchunk et al. [35] reported that the induction time of isothermal cure of dicyanate 
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ester with 20 and 40 % pyridinium-based IL is longer than 1 % IL samples, and as a 

result, the initial reaction rate is decreased.  Two competing effects may be at play: as 

IL concentration increases, the catalytic effect may increase but the concentration of 

monomer decreases.  In addition, if phase separation of the IL occurs during the cure, 

its impact on the cure kinetics will be decreased with the rate being proportion to the 

amount of IL dissolved in the resin.  In our systems, we observed phase separation for 

the 20 wt% aromatic IL samples, as well as for both 8 and 20 wt% aliphatic IL 

systems.  In addition, we observed that the cured BADCy with aliphatic IL had similar 

Tg values at full conversion indicating that the same amount of IL (approximately 7 to 

9 %) was dissolved in the resin at the end of reaction. 

5.5 Conclusions 

The kinetics of the trimerization reaction of bisphenol A dicyanate ester with 

aromatic imidazolium-based ionic liquid as additive is investigated using differential 

scanning calorimetry. Both dynamic and isothermal data reaction data are well 

described by incorporating the diffusion-control term into a second-order autocatalytic 

model and higher activation energies are obtained for the 8 wt% BADCy/aromatic IL 

system (112.0 and 96.0 kJ/mol) than for the neat BADCy material (93.5 and 74.5 

kJ/mol). The apparent activation energies measured by a model-free isoconversion 

method show the same trends with respect to the effect of aromatic IL. As a result, 

although the initial rates are lower than neat BADCy, a slight acceleration of the 

reaction is observed in the 8 wt% BADCy/aromatic IL system at high temperatures. 

The glass transition temperature (Tg) as a function of conversion is well described by 

the DiBenedetto function. At full conversion, the Tg of the 8 wt% BADCy/aromatic IL 



Texas Tech University, Chunhao Zhai, May 2021 

118 

system is depressed 70 K as predicted by the Fox equation which indicates 

homogeneous mixing of the ionic liquid in the resin with no phase separation during 

cure, consistent with SEM. In addition, the results were compared to those in which an 

aliphatic IL was used as additive, and the aliphatic IL was found to accelerate the 

reaction slightly more than the aromatic IL in dynamic cures at 10 K/min in spite of 

the fact that the aliphatic IL phase separated during cure presumably due to steric 

effects of the phenyl ring in the [BnzC1im]+ cation.  Increasing the concentration of 

either IL additive to 20 wt% had no influence on the reaction rate. Differences 

between the acceleration observed in this work (on the order of 2 times) and those 

observed in the literatures (on the order of 3 times to orders of magnitude) cannot be 

explained by the acidity of the acid center in the cation of the IL additives; rather we 

caution that the faster results in the literature may be due to the presence of more 

adventitious water in that work. 
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Table 5.1 Heat of reaction of BADCy\IL mixtures 

 

Concentration 

(wt%) 

BADCy/aromatic IL 

（J/g sample） 

BADCy/aliphatic IL 

(J/g sample） 

8 652 ± 13 651 ± 12 

20 565 ± 10 562 ± 9 
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Table 5.2 Constants in reaction model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value References/Comments 

Tref (ºC) 220   

Tg1o (ºC) -50 [10] 

Tg1∞ (ºC) 295 This work 

Tg2 (ºC) -58.3 [30] 

Δα (K-1) 0.0004 [31] 

Ed (kJ/mol) 300  This work 

λ 0.426 [2] 
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Table 5.3 Temperature at which 80 % conversion is reached for dynamic scans for 

neat BADCy and with 8 wt% aromatic IL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

β (K/min) BADCy BADCy/aromatic IL 

1 253 ºC 247 ºC 

3 275 ºC 271 ºC 

10 311 ºC 307 ºC 

30 344 ºC 329 ºC 
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Table 5.4 Cure time at which 80 % conversion is reached for isothermal cures for neat 

BADCy and with 8 wt% aromatic IL. 

Cure Temp (ºC) BADCy BADCy/aromatic IL 

220 7045 s 7140 s 

240 1608 s 1379 s 

260 756 s 560 s 
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Table 5.5 Fitting parameters for modeling the reaction of the neat BADCy and with 8 

wt% aromatic IL at Tref = 220 ºC. 

Fitting parameter BADCy BADCy/aromatic IL 

k1o (10-4 s-1) 2.4 2.6 

k2o (10-3
 s-1) 1.2 1.0 

kdo (s-1) 0.61 0.31 

E1 (kJ/mol) 74.5 96.0 

E2 (kJ/mol) 93.5 112.0 

b 0.32 0.32 
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Figure 5.1 Chemical structure of (a) difunctional bisphenol A dicyanate ester 

(BADCy), (b) dicyanate trimerization, (c) [BnzC1im][NTf2] (d) [C9C1im][NTf2].  
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Figure 5.2 Conversion as a function of reaction temperature for DSC heating scans for 

neat BADCy (top) and with 8 wt% aromatic IL (bottom). Experimental data are shown 

as symbols and the solid lines are the best fits using the second-order autocatalytic 

model. 
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Figure 5.3 Conversion as a function of cure time at different temperatures for neat 

BADCy and with 8 wt% aromatic IL. Experimental data are shown as symbols and the 

solid lines are the best fits using the second-order autocatalytic model. 
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Figure 5.4 Tg as a function of conversion for neat BADCy and with 8 wt% aromatic 

IL. Experimental data are shown as symbols and solid lines are the DiBenedetto 

equation. 
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Figure 5.5 Apparent activation energy obtained from isoconversion method using 

dynamic data (filled symbols) and isothermal data (open symbols) for neat BADCy 

and with 8 wt% aromatic IL. The error bars are based on the error of the fit of either 

eq .10 or eq 5.11. The solid lines are the average values of the activation energy for 

the dynamic data, whereas the dashed lines refer to the isothermal data.  
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Figure 5.6 Arrhenius plot for the fitted rate constants k1 and k2 for the neat BADCy 

(black lines), BADCy with 8 wt% aliphatic IL (green lines), BADCy with 8 wt% 

aromatic IL (red lines), and BADCy with 8 wt% aliphatic IL and 1 wt% water (blue 

lines). The data for the system with aliphatic IL are obtained from the fit of dynamic 

cure scans at 10 K/min at Tref = 220 °C; the results for neat BADCy and for aromatic 

IL are based on Table 5.5. 
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CHAPTER Ⅵ 

 HEAT TRANSFER PROBLEM OF ISOTHERMAL 

POLYMERIZATION IN DSC 

 

6.1 Introduction 

Differential scanning calorimetry (DSC) is a useful tool to study the phase 

transitions, chemical reactions, and physical changes of materials. As the DSC 

measures the heat flow based on the difference of heat capacities of sample and the 

reference material, heat transfer between the furnace and the sample becomes an 

important process. To optimize the heat transfer issue, flat-bottom aluminum pan 

which has high thermal conductivity are used as sample holder. However, it is still 

impossible to achieve perfect heat transfer and, in reaction experiments, the reaction 

might take place during the heat transfer regime and we are not able to detect that part 

of the heat of reaction. In that case, the heat transfer issue will affect the accuracy of 

the kinetics calculation. For example, high temperature free radical polymerization is 

studied in this dissertation and in previous work from our laboratory [1]. To avoid the 

reaction that occurs during heating, a one step program is used in DSC measurement 

i.e., the furnace is heated to reaction temperature at first and sample pan is then put on 

the furnace and collect the heat flow data. A negative heat flow will appear at the 

initial measurement which is attributed to the heat transfer between the furnace and the 

sample. At high temperatures where the polymerization displays no induction time, 

part of the exothermic heat flow of polymerization cannot be recorded as it is mixed 

up with endothermic signal of heat transfer. In that case, the conversion calculated 

based on the overall heat flow data needs a correction.  
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In this work, the heat transfer of DSC sample is solved for isothermal 

polymerization of bulk and nanoconfined benzyl methacrylate. We assume the  

temperature at the bottom of the sample is the same as the top to simplify the solution. 

The boundary conditions is set up following Simon and McKenna’s work [2]. The 

overall heat flow is calculated based on the solution of heat transfer equation to be 

compared with the experimental data. Also, the undetected conversion of 

polymerization that occurs during heat transfer regime is determined. 

6.2 Method 

The heat transfer of the DSC sample is described by a one-dimensional heat 

conduction equation in which the radial heat transfer is neglected [2]: 

𝑘
𝜕2𝑇

𝜕𝑥2
=
𝜕𝑇

𝜕𝑡
                                                             (6.1) 

where k=κ/ρCp is the thermal diffusivity, T is temperature, x is the distance from the 

bottom of the sample, and t is time. The dimensionless form of eq 6.1 can be derived 

by substitution of dimensionless temperature of U=(T-T0)/T0 where T0 is the 

temperature of DSC furnace and the dimensionless length of 𝜉=z/L where L is the 

total thickness of the sample. In addition, the heat of isothermal polymerization that 

also affects the heat transfer can be added into eq 6.1: 

𝑇0

𝐿2
𝑘
𝜕2𝑈

𝜕𝜉2
= 𝑇0

𝜕𝑈

𝜕𝑡
+
∆𝐻𝑡𝑜𝑡

𝐶𝑝

𝜕𝑋

𝜕𝑡
                                              (6.2) 

where ΔHtot is the enthalpy of polymerization, Cp is the heat capacity of the material in 

the DSC pan, and X is the conversion of the monomer. The derivative of conversion 

on reaction time is given by: 

𝜕𝑋

𝜕𝑡
= 𝑘𝑒𝑓𝑓(𝑋∞ − 𝑋)                                              (6.3) 
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where keff is the effective rate constant which is discussed in Chapter 3 and X∞ refers 

to the equilibrium conversion of polymerization. We neglect the heat transfer between 

furnace and the aluminum pan and assume that the temperature at the top of the 

sample is the same as at the bottom of the sample. Therefore, the boundary and initial 

conditions are： 

𝜉 = 0,  
𝜕𝑈

𝜕𝜉
= −𝐻𝑈； 𝜉 = 1,  

𝜕𝑈

𝜕𝜉
= 𝐻𝑈； 𝑡 = 0, 𝑈 =

𝑇𝑎−𝑇0

𝑇0
       （6.4） 

where H = hL/κ is the dimensionless heat transfer coefficient and Ta is the ambient 

temperature which is assumed to be room temperature 25 °C. The parameters in eq 

6.1 to 6.4 used in this work are summarized in Table 6.1 and the kinetics parameters 

adapted from Chapter 3 are listed in Table 6.2.With boundary and initial conditions in 

6.4 and the parameters, the heat transfer equation is solved by Matlab. The Matlab 

code used to obtain the temperature profile of the DSC sample is attached in 

Appendix. 

With the temperature profile of the DSC sample, we are able to estimate the 

total heat flow which includes two parts: heat transfer of the whole pan and the heat 

released by polymerization. The normalized estimated heat flow is given by: 

�̇�𝐸𝑠𝑡 = [𝑚𝑡𝑜𝑡𝐶𝑝
𝑑𝑇

𝑑𝑡
+𝑚𝑀∆𝐻𝑡𝑜𝑡

𝑑𝑥

𝑑𝑡
] ∗

1

𝑚𝑀
                                (6.5) 

where mtot and mM are total mass of the sample and mass of monomer, respectively. 

The estimated heat flow is then used to compare with the experimental data to 

evaluate the model. Furthermore, the separated reaction part of heat flow ∆𝐻𝑡𝑜𝑡
𝑑𝑥

𝑑𝑡
 is 

also compared with the actual data to calculate the conversion that not detected by 
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DSC which presumably affect the kinetics and thermodynamics calculation in this 

dissertation. 

6.3 Results and Discussion 

The heat transfer calculation is done using kinetics data of 1.5 wt % AIBN-

initiated samples and the reaction temperature is set as 120 °C where the 

polymerization rate is relatively high, and no induction time is observed for these 

samples. The 3D temperature profile and the average temperature of DSC samples for 

bulk, 3 nm carbon mesopore, and 4 nm CPG is plotted in Figure 6.1, 6.2, and 6.3, 

respectively. In the 3D plot, y axis of x/L refers to the position along the vertical 

direction of the sample i.e., the x/L=0 and x/L=1 represent the bottom and top of the 

sample, respectively. As shown in the average temperature versus time plots, for all 

systems, the heat transfer is done within 15 s using the modeling parameters listed in 

Table 6.1 and 6.2. The sample in CPG takes longer time to reach the furnace 

temperature than in bulk and mesoporous carbon.  

The calculated overall heat flow and three representative experimental data are 

plotted in Figure 6.4, 6.5, and 6.6 for bulk, 3 nm carbon, and 4 nm CPG, respectively. 

The model well predicts the heat transfer part, i.e., the negative part of heat flow for 

all systems. On the other hand, the heat flow of polymerization that occurs during heat 

transfer is also plotted in same figures. Based on the calculated heat flow of the 

polymerization, the conversion that has been missed from the experimental data is 

determined to be 0.4, 0.9, and 1.1 % for representative samples of bulk, carbon, and 

CPG, respectively. Therefore, the impact the heat transfer on the measurement of 

conversion at 120 °C is negligible due to the fast heat transfer of samples. For the 
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polymerization at lower temperatures using AIBN or for samples using DTBP as an 

initiator, the time required to finish the heat transfer is still about 15 s, whereas the 

reaction rate is lower than the discussed case. Also, for the samples that display the 

induction time, the heat transfer will be done before the onset of polymerization. 

Hence, the correction of conversion due to the heat transfer issue has negligible impact 

on the results of kinetics and thermodynamics of polymerization in this work. 

However, the model can be used as a reference in the future if the correction of the 

heat flow is needed when heat transfer has a large impact on the DSC measurements. 

6.4 Conclusions 

The heat transfer equation of DSC samples of isothermal polymerization in 

bulk, carbon mesopore, and controlled pore glass (CPG) is solved using Matlab with 

the assumption that the temperature at the top of the sample is the same as at the 

bottom of the sample. The solution indicates that the heat transfer is finished within 15 

s for all systems that initiated by 1.5 wt% AIBN at 120°C. The calculated overall 

heat flow well predicts the experimental data which proves the reliability of the 

developed model. In addition, the conversion of polymerization that occurs during the 

heat transfer is determined to be less than 1.1 %, indicating the impact of heat transfer 

issue on the kinetics and thermodynamics study in this dissertation is negligible. 

However, the model developed in this work is a useful source in future work where 

the impact of heat transfer is large in DSC measurement. 
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Table 6.1 Parameters used in heat transfer model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Constants Bulk Carbon CPG Reference 

κ (W/mK) 0.45 10 0.8 [3-5] 

Cp (J/g/K) 0.74 0.71 0.84 [6-8] 

ρ (kg/m3) 1040 1887 2500 [9-11] 

H 30 100 30 [3-5] 

k (m2/s) 5.8 * 10-7 7.5 * 10-6 3.8 * 10-7 This work 

L (m) 0.002 0.002 0.002 This Work 

ΔHtot (J/g) 335 335 335 This work 
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Table 6.2 Kinetics parameters of polymerization systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Constants Bulk Carbon CPG 

A (s-1) 2.7*107 9.8*106 2.3*108 

Ea (kJ/mol) 75.9 62.0 71.9 
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Figure 6.1 Temperature profile for bulk DSC sample at 120 °C. 
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Figure 6.2 Temperature profile for sample nanoconfined in 3nm mesoporous carbon at 

120 °C. 
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Figure 6.3 Temperature profile for sample in 4 nm CPG at 120 °C. 
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Figure 6.4 Heat flow for bulk sample at 120 °C. Solid line is experimental data and 

dashed lines are calculated based on heat transfer solution. 
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Figure 6.5 Heat flow for 3 nm carbon sample at 120 °C. Solid line is experimental data 

and dashed lines are calculated based on heat transfer  solution. 
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Figure 6.6 Heat flow for 4 nm carbon sample at 120 °C. Solid line is experimental data 

and dashed lines are calculated based on heat transfer solution. 
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CHAPTER Ⅶ 

 CONCLUSIONS 

 

In this dissertation, the effect of nanoconfinement on the kinetics and 

thermodynamics of free radical polymerization and the effect of ionic liquid on the 

cure of dicyanate ester was studied. Conventional DSC was used to investigate the 

kinetics and the conversion during the course of polymerization. A GPC was used to 

characterize the molecular weight of polymer product for free radical polymerizations. 

The effect of nanoconfinement on the kinetics of benzyl methacrylate (BzMA) 

free radical polymerization was studied in controlled pore glass (CPG) with diameters 

of 4 and 8 nm and in 3 nm ordered mesoporous carbon. The major findings are: 

• The rate of polymerization is higher in CPG relative to bulk and increases with 

increasing ratio of surface area to pore volume, consistent with the catalytic 

effect of silanol groups on the surface. However, in mesoporous carbon, the 

rate of polymerization decreases as pore size decreases, and this is attributed to 

the reduction of initiation efficiency caused by the carbonyl group on carbon 

pore surface. 

• Similar to bulk polymerization, the nanoconfined reaction rate is proportional 

to the initiator concentration to the power of one-half. 

• The apparent activation energies of the overall reaction rate for CPG are higher 

than carbon, but both are lower than bulk. 

• Longer induction times are observed for nanoconfined samples relative to bulk, 

indicating the presence of more inhibitors (O2) on the confinement matrices. 
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• The lower conversion is required to reach the autoacceleration in nanopores 

due to the limited diffusivity of radicals which depresses the rate of 

termination relative to the rate of propagation. 

• Generally higher molecular weight is obtained in nanopores for AIBN-initiated 

samples except for lowest temperature investigated.  

On the other hand, the effect of nanoconfinement on the thermodynamics of 

free radical polymerization was studied and the results were compared with butyl 

methacrylate (BMA). An activity model was used to quantify the entropy loss of 

polymer chains in nanopores. Major findings are: 

• The equilibrium conversion over a broad temperature range is obtained using 

different types of initiators. The Flory-Huggins activity model successfully fits 

the conversion data as a function of temperature. 

• The values of ΔSchain range from 19 to 48 J/mol/K. As a result, a “floor” 

temperature appeared for nanoconfined polymerization.  

• The entropy loss on confining a chain in CPG scales to 0.7 ± 0.3 of chain 

length for both PBzMA and PBMA, indicating the system is weakly confined. 

• The scaling factor of pore size D in CPG is found to be -0.87 ± 0.26 for PBMA 

and -1.14 ± 0.09 for PBzMA. 

The cure kinetics of bisphenol A dicyanate ester (BADCy) was studied with 

aromatic and aliphatic imidazolium-based ionic liquids (IL) using DSC. The 

trimerization was performed dynamically and isothermally. Major findings are: 
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• Both dynamic and isothermal reaction data are well described by incorporating 

the diffusion-control term into a second order autocatalytic model. 

• Higher activation energies are obtained for the 8 wt % BADCy/aromatic IL 

system (112 and 96 kJ/mol) relative to neat BADCy (94 and 75 kJ/mol). As a 

result, a slight acceleration of reaction is observed for IL-containing samples at 

high temperatures. 

• The glass transition temperature Tg of the 8 wt% BADCy/aromatic IL system is 

well described by DiBenedetto function. At full conversion, a depression of Tg 

is found to be 70 K, as expected by the Fox equation, indicating homogeneous 

mixing of the aromatic IL. 

• BADCy with aliphatic IL yields to a higher reaction rate than the case of 

aromatic IL, which is attributed to the steric effects of the phenyl ring in the 

aromatic cation. 

The heat transfer problem for bulk and nanoconfined isothermal 

polymerization was investigated using a one-dimensional heat transfer equation with 

the assumption that the temperature at the bottom of the sample is the same as the top. 

The major findings are: 

• For reactions at 120 °C, the heat transfer is finished within 15 s for both bulk 

and nanoconfined samples. 

• The modeled overall heat flow is consistent with the experimental data, 

indicating the solution of heat transfer equation was reliable. 

• The conversion of the polymerization that occurrs during heat transfer was less 

than 1.1 % for all measurements. 
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CHAPTER Ⅷ 

 FUTURE WORK 

 

To In this chapter, some recommendations for future work are suggested. The 

topics related to the nanoconfined polymerization are described in section 8.1 and 8.2 

and the studies inspired by the cure of dicyanate ester with ionic liquids are discussed 

in section 8.3 and 8.4. 

8.1 Ring-opening polymerization under nanoconfinement 

Tarnacka and co-workers [1] studied ring-opening polymerization (ROP) of a 

caprolactone in anodized aluminum oxide (AAO) with diameter of 35, 100, and 150 

nm. The authors reported that the hydroxyl groups on the AAO surface coordinated 

with the monomer to catalyze the polymerization. Also, due to the limited diffusivity 

of chains in AAO, the molecular weight was much higher and moderate PDI was 

obtained. That work opened a new method to fabricate polycaprolactone with tailored 

properties and morphologies. Inspired by Tarnacka’s work, it is suggested that future 

works include ROP of ε-caprolactone under nanoconfinement. 

The first suggested topic is the kinetics of ε-caprolactone in controlled pore 

glass (CPG) using differential scanning calorimetry (DSC). Note that ε-caprolactone is 

in liquid state at room temperature, and this is advantageous for ease of loading the 

material in CPG by imbibement. Similar to AAO, native CPG contains -OH groups on 

the pore surface so CPG can be used to examine the catalytic effect of AAO on the 

ROP. The kinetics results would also be a good comparison to the previous n-alkyl 

methacrylate polymerization work done in our laboratory [2, 3]. 
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Another interest here is the thermodynamics of ROP under nanoconfinement. 

As discussed in Chapter 3 and 4, the entropy loss of confining polymer chains in 

nanopores can be quantified by differences in the equilibrium conversions of bulk and 

nanoconfined samples. However, as shown in the case of 4 nm CPG in Chapter 3, due 

to the limitation of initiator reactivity, sometimes it is impossible to perform the low 

temperature polymerization to prove the “floor” temperature. Hence, a system with 

higher entropy of polymerization is needed. The ε-caprolactone, with a ring structure, 

has lower degree of freedom relative to n-alkyl methacrylate. As a result, the ROP of 

ε-caprolactone has an entropy change on reaction of -53.9 J/mol/K [4] which is more 

than 50 % smaller in magnitude than the benzyl methacrylate system studied in this 

dissertation (-130 J/mol/K). If the entropy loss of poly(caprolactone) chains in CPG is 

the same as PBzMA and lies in a range of 40 J/mol/K, the estimated “floor” 

temperature would be around 80 °C where the initiator of ε-caprolactone ROP works 

well. 

8.2 Polymerization in large carbon mesopores  

As discussed in Chapter 3, the effect of nanoconfinement on kinetics of 

polymerization was studied in 3 nm mesoporous carbon. The overall polymerization 

rate decreased in carbon, whereas the rate increased in CPG as generally observed in 

other nanoreactors. Similar results were reported by Achilias and co-workers [5, 6] 

who studied the butyl methacrylate polymerization with graphene oxide (GO) as 

additive. In addition, the N-methyl pyrrolidinone (NMP) was reported to stabilize 

radicals and quench in the reaction in MMA polymerization. [7] Based on the 

literature, we proposed the decrease of reaction rate in carbon is due to the retardation 
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of polymerization caused by the carbonyl group on the carbon surface. To examine the 

hypothesis, polymerization of n-alkyl methacrylate in larger carbon mesopores is 

suggested as future work. 

The 3 nm ordered mesoporous carbon was used in this dissertation. In the 

future work, carbon with larger pore size of 10 to 100 nm is suggested to be used. The 

polymerization rate should be increase with increasing pore size if the carbonyl group 

on the pore surface retardates the reaction since the surface to volume decreases for 

larger pores. Note that the carbon used in the future work must be synthesized by the 

same method as the 3 nm one and the drying process should be the same, as well, to 

minimize material variability. Reference experiments could be done using carbon that 

with no the carbonyl and hydroxyl groups on the surface. Additional reference 

experiments can be done to further examine the hypothesis. Following Achilias’ [6] 

and Zammit’s [7] work, a small amount of GO or NMP i.e. 5 wt % or other organic 

additives with carbonyl in the structure can be added into the bulk monomer to 

determine the influence on reaction rate and to quantify the similarity between the 

carbon pore surface, GO, and NMP. 

In addition to kinetics, the thermodynamics of free radical polymerization can 

be studied in large carbon pores in the future. With the entropy loss of chains 

quantified in different pore size, the scaling factor for the carbon nanopores can be 

obtained. The scaling parameter of pore size was found to be -1.14 for PBzMA in 

CPG which is a 2.5D confinement matrix. As a 2D matrix, the scaling parameter of 

carbon nanopores should be different from CPG. 
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8.3 Cure kinetics of liquid state dicyanate esters with ionic liquid additive 

In this dissertation, bisphenol A dicyanate ester (BADCy), a solid state 

dicyanate ester with melting point of 78 °C [8] was used to study the curing kinetics. 

During preparation, the monomer was heated to 80 °C and then mixed with ionic 

liquid but when the mixture was removed from the hot plate, the BADCy crystallized 

in 10 seconds and this could affect the homogeneousness of  the BADCy/IL mixture. 

Liquid state dicyanate ester such as bisphenol E dicyanate ester [8-11] are suggested to 

be used in future work.  

The study on cure kinetics of dicyanate ester with aliphatic imidazolium-based 

IL is also needed. In Chapter 5, an aromatic IL was added into the dicyanate ester 

resin, but we found that the acceleration effect of aromatic IL was less than the 

aliphatic IL due to the steric effect. [12] However, we only performed limited dynamic 

scans with one mass fraction of aliphatic IL. Hence, aliphatic ILs with different 

lengths of side groups and concentrations should be explored over a range of 

concentration in the cyanate resin to generalize the current findings. 

In addition, the cure of dicyanate ester under the nanoconfinement of small 

pores (< 12 nm) is suggested to be studied as an extension to our previous work [13, 

14]. Li and Simon [13] investigated the nanoconfined trimerization of bisphenol M 

dicyanate ester in controlled pore glass with diameter of 12 to 288 nm and reported an 

increase in reaction rate with decreasing pore size. However, the diffusivity of 

monomer will decrease if smaller pores are used and the change of reaction rate 

remain uncertain. The 4 and 8 nm CPG and the mesoporous carbon used in this 

dissertation are anticipated to be good nanoreactors to do the study. 
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8.4 Mechanical properties of polycyanurate with ionic liquid additive 

Polycyanurates are thermoset materials with high modulus (> 3 GPa) but low 

toughness, resulting in higher residual stresses. [15] Hence, improvements in the 

toughness of polycyanurates would expands its applications. Ionic liquid (IL) has been 

reported to improve the toughness of epoxy resins. [16-18] For example, Hameed and 

co-workers [17] cured diglycidyl ether of bisphenol A (DGEBA) with an 

imidazolium-based IL, and the epoxy/IL yielded to five times higher toughness 

relative to neat epoxy. Therefore, in addition to the kinetics study of dicyanate esters, 

IL could be used as an additive to improve the mechanical properties of polycyanurate 

networks in future work.  

Mechanical properties of of IL/polycyanurate network should be influenced by 

the phase separation of IL from the resin. In this dissertation, phase separation was 

observed for samples with 20 wt% IL. In future work, phase separation of samples 

with different fractions of IL is suggested to be stuied by measuring Tg of cured 

networks using DSC. Both isothermal and dynamic cure with a broad temperature 

range and different scan rates are suggested to be used to build up a deep 

understanding of the phase separation of IL. The mechanical properties of 

IL/polycyanurate could be characterized by tensile test using dynamic mechanical 

analysis (DMA). 
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APPENDIX 

 

MATLAB Code for Solving Heat Transfer Equation 
 

clc;clear all 

To=393.15;  

A=2.7e7; 

Ea=75900; 

R=8.314; 

x = linspace(0,1,101); 

t = linspace(0,30,101); 

m = 0; 

sol = pdepe(m,@pdefun,@icfun,@bcfun,x,t); 

ave=mean(sol,2);% Find ave u at different time 

Tave=(ave*To+To)-273.15;% Average Temp C 

k = A*exp(-Ea./(R*(sol*To+To)));% Calculate keff 

kave=mean(k,2);% Average keff at different time 

k = 5.8e-7; 

cp = 0.74; 

L = 0.0002; 

To = 393.15; 

dHtot = -335; 

A=2.7e7; 

Ea=75900; 

R=8.314; 

T=u*To+To; 

keff = A*exp(-Ea/R*T); 

% keff=0.001; 

c = To; 

f = k*To/(L^2)*dudx; 

s = -dHtot/cp*keff*exp(-keff*t); 
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end 

function [pL,qL,pR,qR] = bcfun(xL,uL,xR,uR,t) 

H =30; 

pL = -H*uL; 

qL = 1; 

pR = H*uR; 

qR = 1; 

end 

function u0 = icfun(x) 

Ta = 300; 

To = 393.15; 

uo = (Ta - To)/To; 

u0 = uo; 

end 

% Parameters of thermal conduction of bulk reaction is used in presented code. Other 

parameters are listed in Table 6.1 and 6.2. 


