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ABSTRACT 
The effect of nanoconfinement on the free radical polymerization of ethyl  

methacrylate (EMA), butyl mehtharcylate (BMA), benzyl methacrylate (BzMA) and 

dodecyl methacrylate (DMA) is investigated using differential scanning calorimetry 

(DSC) and gel permeation chromatography (GPC). For nanoconfined cases, the initial 

reaction rate for monomer confined in the pores of controlled pore glass is enhanced, 

with larger effects observed in native pores compared to pores in which the native silanol 

was converted to trimethyl silyl. The onset of autoacceleration also occurs earlier under 

nanoconfinement, with decreases in both the conversion and the time required to reach 

autoacceleration 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  and 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔, respectively, and larger changes for the native pores. At 

polymerization temperatures above 160 °C, depropogation becomes important as the 

ceiling temperature is approached and seems to be more pronounced under 

nanoconfinement than in the bulk. 

As the alkyl group gets longer for the DMA monomer, autoacceleration is 

strongly suppressed during polymerization compared to the methyl methacrylate 

polymerization. For bulk polymerization, the molecular weight increases as temperature 

decreases with an infinite molecular weight, crosslinked product obtained at temperatures 

of 140 °C and below due to chain transfer to polymer. Under nanoconfinement, 

molecular weight decreases with decreasing pore size, and at all polymerization 

temperatures, the molecular weight of polymer synthesized in nanopores is smaller 

compared to that synthesized in bulk conditions, which is contrast to the MMA monomer 

with short alkyl segments. The fact that crosslinked sample is not obtained in the 
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nanopores for DMA indicates that nanoconfinement suppresses branching caused by 

chain transfer to polymer.  

From the perspective of thermodynamics, the changes in the limiting conversion 

for nanoconfined BMA and BzMA free radical polymerization are compared to the bulk 

case in order to determine the chain confinement entropy, which is the entropy lost on 

confining a chain to a pore. This entropy loss can be as much as forty percent of the 

entropy change on bulk polymerization (50 J/mol/K compared to 130 J/mol/K). The 

chain confinement entropy is found to scale with chain length N to the 0.7 ± 0.3 power 

and to scale with pore size D to -0.9 ± 0.3 for BMA and -1.1 ± 0.1 for BzMA.  

Implications and comparison to theoretical predictions are discussed. 
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CHAPTER I 

INTRODUCTION 

Nanoconfinement is known to affect material properties, especially the glass 

transition temperature and melting temperature. [1-5] The main factors affecting the 

resulting properties upon confinement includes confinement geometry, surface / interface 

chemistry [3], the experimental measurement technique [6], as well as the structure of the 

glass former itself [7]. In our laboratory, we pioneered work on nanoconfined 

polymerization. The results show that for step growth polymerizations, the reaction rate is 

much faster under confinement compared to the bulk, [8] with the surface chemistry 

(native versus silanized pores) affecting the reaction rate. [9, 10] On the other hand, in 

radical polymerization, molecular weight, stereo structure and reactivity are affected 

when the reaction is carried out in the nanochannels of porous coordination polymers. 

[11-14] Our laboratory has studied the free radical polymerization of methyl methacrylate 

in bulk and in nanopores along with modeling work based on the work on bulk 

polymerization from Verros and coworkers. [15] Under nanoconfinement, the onset of 

auto-acceleration shifts to shorter times, resulting in the increase in the number average 

and weight average molecular weights relative to bulk values. [10, 14, 16, 17] 

Correspondingly, the polydispersity decreases under nanoconfinement, consistent with 

earlier works. [18, 19] Regarding the reaction kinetics, the initial reaction rate and 

effective activation energy remains unchanged in hydrophobic pores, whereas in 

hydrophilic pores, the initial reaction rate increases and effective activation energy was 

decreases. [10] In subsequent work, the equilibrium between monomer and polymer at 

high reaction temperature for MMA was shifted towards monomer in nanopores. Under 
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nanoconfinement conditions, the polymer chains have less degree of freedom, which 

causing a decrease in their respective conformation entropy. Therefore, a larger negative 

change in the entropy of propagation is expected. As a result, the ceiling temperature was 

considered to be decreasing in nanoconfinement conditions. [20] A shift in 

monomer/polymer equilibrium under nanoconfinement was also reported by 

Yannopoulos and coworkers [21, 22] for sulfur polymerization, but in that reaction, the 

floor temperature increases under nanoconfinement because entropy decreases on 

polymerization. The goal of this dissertation is to study the effect of nanoconfinement on 

polymerization and the resulting properties.   

This dissertation consists of eight chapters. Chapter 1 is this introduction. Chapter 

2 gives a brief background on differential scanning calorimetry, kinetics and 

thermodynamics of free radical polymerization, scaling theory, as well as the effect of 

nanoconfinement on polymerization. Chapters 3 – 5 are manuscripts modified from 

published work or manuscripts in preparation. Each chapter consists of introduction, 

methodology, results, discussion, and conclusions. Chapter 6 is an overall conclusion for 

the entire dissertation. Chapter 7 is recommended future work as inspired by the 

dissertation.  

A brief introduction follows for each of the main chapters, 3 to 5. Chapter 3, 

entitled “Kinetic study of alkyl methacrylate polymerization in nanoporous confinement 

over a broad temperature range”, was published in Polymer, volume 205, page 122868, in 

2020.[23] The study focuses on how the length of the alkyl group affects the 

polymerization for ethyl methacrylate (EMA) and butyl methacrylate (BMA). Coworker 

Dr. Haoyu Zhao performed the EMA polymerization experiments, data analysis, as well 
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as figure editing, whereas this author performed the BMA polymerization experiments, 

data analysis, figure editing and wrote the manuscript. 

Chapter 4, entitled “Dodecyl Methacrylate Polymerization under 

Nanoconfinement: Reactivity and Resulting Properties”, is in the final stages of 

preparation for submission for publication. The work deals with the nanoconfinement 

effect on the suppression of chain transfer during polymerization of dodecyl 

methacrylate. Both the thermal measurements and molecular weight measurements 

confirm that finite molecular weight polymer is synthesized at all temperatures for 

nanoconfined reactions, whereas crosslinked product is obtained in bulk conditions at 

temperatures lower than or equal to 140 °C. The molecular weight results reported in this 

work were performed by the author with the help from Dr. Sara Orski at National 

Institute of Standards and Technology (NIST), who will be a coauthor on this paper.  

Chapter 5, entitled “Chain Entropy and Polymerization Thermodynamics: 

Quantifying Nanoconfinement Effects”, is under preparation for submission for 

publication. This work investigates the nanoconfinement effect on polymerization from 

the perspective of thermodynamics. The entropy loss on confined polymerization is 

scaled with chain length N and pore diameter D from butyl methacrylate (BMA) and 

benzyl methacrylate (BzMA) polymerizations. Coworker Chunhao Zhai performed the 

BzMA meaurements, data analysis, figure editing, and contributed to the GPC 

measurements description in the manuscript, whereas this author performed the BMA 

polymerization experiments, data analysis, figure editing and wrote the manuscript. 
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CHAPTER II 

BACKGROUND 

2.1 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermal analysis technique which 

allows investigation of the thermal properties of a material. The name “differential” 

comes from the design of the instrument that measures the difference in the heat flow 

between the sample pan and the reference pan. The advantage of DSC is the amount of 

sample required for each measurement is only in milligrams. With the ease and speed of 

the DSC measurements, it is widely used to detect and observe the transitions of 

materials. Some typical transitions that can be detected by DSC are shown in Figure 2.1, 

including melting, glass transition and exothermic reaction. 

The quality of DSC results is influenced by several factors, including the 

instrumental, sample type and sample preparation procedures, and the calibration of the 

instrument.  [1, 2] Thus, temperature and heat calibrations are necessary for all DSC runs. 

To choose a proper calibrant for specific experiments, several factors should be 

considered, including the experimental temperature range and the type of experiments. 

For example, in this dissertation, the principle temperature range is 50 – 190 °C; thus, 

indium (Tm = 156.6 °C) and (+)-4-n-hexylophenyl-40 -(20 -methylbutyl)-biphenyl-4-

carboxylate (CE-3, Tm = 77.9 °C) are chosen to cover the temperature range of interest. 

In addition, the heating and cooling should be performed separately as they do not yield 

identical results if both the cooling and heating analysis are needed. [1, 3, 4] With the 

acquired melting temperature from the calibrant results, the onset of the melting peak 

must be used instead of the peak temperature as the onset does not vary with sample size 
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as shown in Figure 2.2. [5] In addition, to ensure isothermal reaction temperatures are 

correct, DSC is also calibrated by the difference between the melting temperature of 

indium at rates of 0.1 K/min and 10 K/min. [6, 7]  

Heat calibration is also very important because one goal of this dissertation is to 

study the heat of reaction as a function of temperature which requires high precision (5 % 

error in the measurements is required) on the heat flow results. In this dissertation, heat 

calibration is performed along with temperature calibration by the same calibrant indium.  

The calibrant indium must be carefully prepared, with a flat layer pressed tightly on the 

bottom of the pan. [8-10] If air gap exists between the indium layer and the pan, the heat 

conduction will be affected thus leads to inaccurate calibration results. In addition, the 

systematic and statistical uncertainties must be considered into the calibration. Thus, the 

calibration check must be performed on a daily basis. 

2.2 Kinetics of free radical polymerization 

 Chain polymerization differs from step growth polymerization with a significant 

difference being the formation of high-molecular weight polymer immediately during 

polymerization. For free radical polymerization, a radical adds monomer to the chain 

reaction and quickly grow to a large size. Four steps are involved in the polymerization 

process: initiation, propagation, termination and chain transfer.[11] 

2.2.1 Initiation 

 In the initiation step, radicals can be obtained by thermal, photochemical, or redox 

methods. [12-17] To choose a proper thermal initiator which is used in this dissertation, 

the experimental temperature is a main consideration as the decomposition rates of 

initiators depend on the temperature. [11] In this dissertation, the investigating 
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temperature range is 50 – 190 °C. Therefore, two thermal initiators, azobisisobutyronitrile 

(AIBN, commonly used at temperature range of 50 – 70 °C) and di-tert-butyl peroxide 

(DTBP, often used at temperatures above 100 °C) are used. The decomposition rate 

constants 𝑘𝑘𝑑𝑑 for AIBN in the temperature range of 50 – 80 °C is 2.14 * 10-6 to 9.87 * 10-4 

s-1, and for DTBP in the temperature range of 100 – 190 °C is 8.83 * 10-7 to 8.80 *10-3 s-1, 

which are in the appropriate application range of thermal initiators. [11, 18] 

 For thermal initiation, the rate of producing radicals depends on the initiator 

efficiency and the concentration of the initiator: 

𝑹𝑹𝒅𝒅 = 𝟐𝟐𝒇𝒇𝒇𝒇𝒅𝒅[𝑰𝑰]                                                                    (1) 

where 𝑓𝑓 is the initiator efficiency, 𝑘𝑘𝑑𝑑 is the decomposition rate, and [I] is the initiator 

concentration. The definition of 𝑓𝑓 is the fraction of initiated radicals that successfully 

initiate the polymerization. For most initiators, the value of  𝑓𝑓 lies in the range of 0.3 – 

0.8 [11], due to the cage effect. When the initiator decomposes in the system, it not only 

reacts with the monomers, but also with other species (including radicals and solvent 

particles) which may trap the radicals before they diffuse out and initiate the chain 

reaction. 

The initiator will be consumed during polymerization thus the half-life (the time 

required for the initiator concentration to drop by half of its original concentration) of 

initiators must be taken into consideration. If the concentration of initiator drops to a 

value where the half-life of the polymer chains approximates that of initiator, dead – end 

polymerization occurs where the polymerization stops and a limiting conversion is 

obtained. [19-21]  
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2.2.2 Propagation 

The propagation step in free radical polymerization is a reversible reaction: 

~𝑴𝑴𝒄𝒄
∙ + 𝑴𝑴

𝒇𝒇𝒑𝒑
⇌
𝒇𝒇𝒅𝒅𝒑𝒑

 ~𝑴𝑴𝒄𝒄+𝟏𝟏
∙                                                            (2)  

where ~𝑀𝑀𝑎𝑎
∙   and ~𝑀𝑀𝑎𝑎+1

∙   are the growing radical chain of length n and n+1, 𝑀𝑀  is the 

monomer. The effective forward propagation rate, can be expressed by: 

−
𝒅𝒅[𝑴𝑴]
𝒅𝒅𝒅𝒅

= 𝒇𝒇𝒑𝒑[𝑴𝑴][𝑴𝑴𝒄𝒄
∙ ] − 𝒇𝒇𝒅𝒅𝒑𝒑[𝑴𝑴𝒄𝒄+𝟏𝟏

∙ ] 

−𝒅𝒅[𝑴𝑴]
𝒅𝒅𝒅𝒅

= 𝒇𝒇𝒑𝒑[𝑴𝑴][𝑴𝑴 ∙] − 𝒇𝒇𝒅𝒅𝒑𝒑[𝑴𝑴 ∙]                                             (3) 

In free radical polymerization, the concentration of radicals increases very fast in the 

beginning and reaches a constant immediately, so we can assume the radicals reached a 

steady state [11], where we can obtain:    

                                                           𝑅𝑅𝑎𝑎 = 𝑅𝑅𝑡𝑡   

[𝑴𝑴 ∙] = (𝒇𝒇𝒇𝒇𝒅𝒅[𝑰𝑰]
𝒇𝒇𝒅𝒅

)
𝟏𝟏
𝟐𝟐                                                          (4) 

where 𝑅𝑅𝑎𝑎 is the rate of initiation and 𝑅𝑅𝑡𝑡 is the rate of termination, 𝑘𝑘𝑡𝑡 denote the termination 

rate, respectively. 

When the reaction reaches equilibrium state, the propagation rate and depropogation 

rate is equal: 

𝒇𝒇𝒑𝒑[𝑴𝑴][𝑴𝑴 ∙] = 𝒇𝒇𝒅𝒅𝒑𝒑[𝑴𝑴 ∙]                                                                 

𝒇𝒇𝒑𝒑[𝑴𝑴](𝟏𝟏 − 𝒙𝒙∞) = 𝒇𝒇𝒅𝒅𝒑𝒑                                                        (5) 

The concentration of the monomer can be related with limiting conversion: 

[𝑴𝑴] = [𝑴𝑴]𝟎𝟎(𝟏𝟏 − 𝒙𝒙)                                                           (6) 

Substituting equation (4), (5) and (6) into equation (3) and rearranging, the relationship 

between effective rate constant and conversion is obtained: 
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𝒅𝒅𝒙𝒙
𝒅𝒅𝒅𝒅

= 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇(𝒙𝒙∞ − 𝒙𝒙)                                                          (7) 

𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 = 𝑘𝑘𝑝𝑝(
𝑓𝑓𝑘𝑘𝑑𝑑
𝑘𝑘𝑡𝑡

[𝐼𝐼]0)
1
2 

2.2.3 Termination  

The propagating radicals can be terminated by coupling (Equation 8) or 

disproporation (Equation 9): [11] 

                (2) 

            (3) 

where 𝑘𝑘𝑡𝑡𝑐𝑐 and 𝑘𝑘𝑡𝑡𝑑𝑑 are the rate constants for coupling and disproportionation. After 

termination, a dead polymer molecule can be obtained:  

𝑿𝑿�𝒄𝒄 = 𝟐𝟐𝟐𝟐                                                                            (4) 

𝑿𝑿�𝒄𝒄 = 𝟐𝟐                                                                             (5) 

where X�𝑎𝑎 is the number-average degree of polymerization, 𝜐𝜐 is the kinetic chain length 

determined by the ratio of propagation rate to the initiation rate or termination rate: 

𝟐𝟐 = 𝑹𝑹𝒑𝒑
𝑹𝑹𝒄𝒄

= 𝑹𝑹𝒑𝒑
𝑹𝑹𝒅𝒅

= 𝒇𝒇𝒑𝒑[𝑴𝑴]
𝟐𝟐(𝒇𝒇𝒇𝒇𝒅𝒅𝒇𝒇𝒅𝒅[𝑰𝑰])𝟏𝟏 𝟐𝟐⁄                                          (6) 

From Equation 10, it can be concluded that the polymer chain length or the number-

average degree of polymerization depends on several factors, especially on the rate 

constants, which present an Arrhenius behavior. Thus, the kinetic chain length decreases 

with increasing temperature for a given system. 



                                                                                            Texas Tech University, Qian Tian, May 2021 

11 
 

2.2.4 Chain transfer  

 The chain transfer effect can cause the molecular weight to deviate from the 

expectation from Equation 10, 11 and 12. [22] During the polymerization, the growing 

radical can transfer to other species in the system, including initiator, monomer, solvent, 

[18, 23-25], and polymer, the latter of which is shown below: [11] 

             (7) 

a branched polymer can be obtained. Transfer to polymer may lead to an increase rather 

than a decrease in molecular weight. [26] With a large amount of chain transfer reaction 

in the dodecyl methacrylate (DMA) polymerization, a crosslinked polymer can be 

obtained. Compared with methyl methacrylate (MMA), the longer alkyl group in DMA 

can be a site of the attack of propagating radicals, leading to higher rate of chain transfer 

or crosslinking. [27, 28]   

2.3 Thermodynamics of free radical polymerization 

From Equation 2, we know that the propagation step is an equilibrium reaction. As 

the reaction temperature increases, the depropogation rate, initially zero, increases and 

becomes more and more significant. If the depropogation rate becomes higher than the 

propagation rate, the polymerization cannot happen.[11] 

Similarly, from the perspective of thermodynamics, reaction occurs spontaneously 

when the Gibbs free energy (∆𝐺𝐺𝑝𝑝) is negative: 

∆𝑮𝑮𝒑𝒑=∆𝑯𝑯𝒑𝒑 − 𝑻𝑻∆𝑺𝑺𝒑𝒑                                                                         (8) 

In exothermic polymerization, as reaction temperature approaches the ceiling temperature 

(𝑇𝑇𝑐𝑐), the polymerization cannot occur: 
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𝑻𝑻𝒄𝒄=∆𝑯𝑯𝒑𝒑/∆𝑺𝑺𝒑𝒑                                                                            (9) 

With increasing reaction temperature, the depropogation rate increases relatively faster 

than the propagation rate, the limiting conversion decreases gradually as approaching the 

ceiling temperature as shown in Figure 2.3. In this figure, the polymerization reaction of 

methyl methacrylate (MMA) initiated by 0.1 wt % DTBP at temperatures ranging from 

140 to 180 °C is plotted. The limiting conversion drops below unity as the reaction 

temperature is above 140 °C with the effect of equilibrium polymerization. 

 The effect of equilibrium polymerization must be distinguished from the dead-end 

polymerization mentioned in the previous section. In the case of dead-end 

polymerization, the initiator is consumed and cannot initiate the chain reaction, whereas 

in the case of equilibrium polymerization, the system still has enough initiator and 

monomer. To verify whether dead-end polymerization occurs in a given system, the 

analysis method developed by Gobran and coworks [29] can be applied to calculate the 

remaining initiator concentration in the system at the end of polymerization.   

2.4 Autoacceleration 

Autoacceleration is a signature of radical chain polymerization as shown in Figure 

2.3.[30] The term autoacceleration is also referred as “Trommsdorff effect”, “Norrish-

Smith effect”, and “gel effect” in early works. [31-33] As the polymerization process 

goes on, the monomer and initiator concentration decrease, and, thus, the reaction rate is 

expected to decrease. However, an increase in the reaction rate is observed in many 

polymerizations, including polymerization of styrene, vinyl acetate and methyl 

methacrylate. [34-40] This autoacceleration can be identified from the second peak in the 

isothermal polymerization from Figure 2.3. During polymerization, the conversion 
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increases, thus leading to an increase in the viscosity. Accordingly, the diffusivity of 

polymer chain decreases, resulting in a lower possibility of two long chain encountering 

one another and terminating. [41] Then the pronounced increase in reaction rate is 

observed in Figure 2.3. The increase in the overall reaction rate also leads to an increase 

in the molecular weight, which results in the difference between predicted molecular 

weight from Equation 10 and the actual experimental results. 

2.5 Scaling theory 

Polymers are different from small molecules since a typical polymer consists of 

more than 1000 repeating units. The properties of polymer can be predicted from the 

structure of the functional groups, for example, using the group contribution method.[42] 

In addition, the large amount of repeating units brings complexity into the polymers thus 

the properties of polymers can be affected by factors normally not considered for small 

molecules. For example, low density polyethylene (LDPE) and high density polyethylene 

(HDPE) are quite different. With same repeating units, LDPE shows low tensile strength 

and modulus while HDPE shows high modulus, medium tensile properties and high 

crystallinity. [43] So the field of polymer science can be studied from a global point of 

view and the details of each repeating units can be ignored in many cases. By applying 

quantum physics into polymers, De Gennes introduced the scaling theory, which aims at 

understanding the complexity of polymers from simple systems. [44] 

A classic problem in De Gennes’s scaling theory is the case that polymer chains 

confined in a cylindrical pore (Figure 2.5 middle), with a diameter D, smaller than the 

radius of gyration of the polymer chain, 𝑅𝑅𝐺𝐺 . The polymer exhibits two-dimensional 
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behavior at a global point of view. The energy required to confine the chain can be 

estimated as: [45, 46] 

𝑭𝑭𝒄𝒄𝒅𝒅
𝒇𝒇𝑩𝑩𝑻𝑻

∝ �𝑹𝑹𝟎𝟎
𝑫𝑫
�
𝟐𝟐
∝ 𝑵𝑵

𝑫𝑫𝟐𝟐
                                                  (10) 

This is the "so – called" weak confinement regime (WCR), in which the free 

energy varies with 𝑁𝑁 and 𝐷𝐷−2 as also argued by De Gennes. [44] In contrast, the chain in 

the strong confinement regime (SCR) is highly compressed and the interactions between 

the repeating units become significant, and thus, the free energy is no longer a linear 

function of N. [47] Rather, the entropy loss on confining a chain ( ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎) can generally 

be related to the chain length N and the pore diameter D: mp
chain DNS /−∝∆ .  

The exponent m was suggested to be 1.7 for linear chain in the WCR regime 

under good solvent for D > 𝑅𝑅0, whereas for D < 𝑅𝑅0, m was suggested to be 3.3 by Sakaue 

and Raphael. [47] Muthukumar and coworkers studied a polymer chain under 

nanoconfinement without self-excluded volume by Monte Carlo simulations and found 

out that the diffusion coefficient can be scaled with chain length N to the power of -2.9 ± 

0.3. [48] 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 [49] found that the change in the entropy of confined chains  scales with chain length 

N to the power of -2 and with pore diameter to either the −3.0 or −3.8 power, which can 

be considered as strong confinement in spherical pores.  

2.6 Nanoconfinement effect on polymerization 

 Nanoconfinement affects the reaction rate of polymerization, as well as its resulting 

polymer properties. For different reaction systems, depending on the type of confinement 
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media as well as the interactions between reactants and the confinement media, reactivity 

can increase, decrease or stay the same. [50-56] The process of curing of bisphenol M 

dicyanate ester was found to accelerate in native CPG pores by a larger extent comparing 

with that in the silanized CPG pores, which was attributed to the specific interaction 

between the hydroxyl groups on the pore surface and the monomer. [51] Vyazovkin and 

coworkers studied nanoconfined solid-state reaction and found a dramatic deceleration in 

the preexponential factor for trimerization of sodium dicyanamide in organically modified 

nanopores.[57] Mijangos and coworkers [55] studied MMA polymerization in anodic 

aluminum oxide (AAO) templates and also observed an increased reaction rate but a 

reduced molecular weight compared to bulk conditions. The increased polymerization rate 

is attributed to the increasing decomposition rate of the initiator at the beginning of the 

reaction. As the polymerization goes on, the termination rate becomes higher compared 

with bulk, which results in a reduced molecular weight.  

The equilibrium of polymerization also shifts under nanoconfinement. Figure 2.7 

shows a schematic plot of how polymer chains behave in bulk and under nanoconfinement. 

In the bulk condition, the monomer can move freely and does not feel any boundary. If the 

monomer is introduced into a small pore, it can still move freely since the size of the 

constrained matrix is relatively large compared to the monomer itself. 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 compared 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: here we define it as ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎, the entropy 
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loss on confining a chain. Accordingly, the equilibrium of polymerization changes with the 

excess entropy change. A shift in monomer/polymer equilibrium under nanoconfinement 

was also reported by Yannopoulos and coworkers [49, 58] for sulfur polymerization, where 

the floor temperature increases under nanoconfinement because entropy decreases. 
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Figure 2.1  Schematic of DSC heating scan with glass transition, melting, and an 
exothermic reaction. 
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Figure 2.2  Influence of sample mass on the melting of indium. [5] 
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Figure 2.3  Limiting conversion as a function of reaction time for different 
isothermal polymerization temperatures from literature. [59]  
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Figure 2.4  Heat flow as a function of reaction time for Butyl methacrylate 
polymerization at different isothermal polymerization temperatures.  
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Figure 2.5  Schematics of polymer chains confined in a slit, cylindrical pore and 
spherical cavity. 
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Figure 2.6  Schematic of entropy loss, ∆𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄, under nanoconfinement for a pore of 
diameter D. 
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CHAPTER III 

KINETIC STUDY OF ALKYL METHACRYLATE 

POLYMERIZATION IN NANOPOROUS CONFINEMENT OVER A 

BROAD TEMPERATURE RANGE 

3.1 Introduction 

Nanoconfinement is known to affect the physical properties of polymers, including the 

glass transition temperature [1-3], the molecular weight and the polydispersity of polymers 

synthesized under nanoconfinement [4-8], and polymerization reaction kinetics [9-20]. In the 

case of nanopore-confined step growth reactions, including phenolic resins [9], cyanate 

esters [10-12], isocyanates [13], and epoxies [14], polymerization kinetics are generally 

accelerated, except in the case of solid state reactions [15], with the acceleration attributed 

either to catalysis by functional groups on the pore surface or due to monomer layering at 

the pore surface in the absence of catalytic effects. On the other hand, for the nanoconfined 

free radical polymerization of methyl methacrylate (MMA) in controlled pore glasses 

(CPG) recently studied in our laboratory by differential scanning calorimetry (DSC) [8,16], 

the kinetics were found to be accelerated due to two effects: i) an earlier onset of 

autoacceleration presumed to arise from decreased chain diffusivity leading to a decreased 

rate of termination and ii) an increased rate of propagation in native pores presumed to 

result from specific interactions between the monomer and the silanol groups on the pore 

surface.  The specific interactions also seem to orient the growing chain end leading to a 

significant increase in isotacticity. [8]  In addition, the enhanced autoacceleration was found 

to result in an increase in the number-average and weight-average molecular weight and a 

decrease in the polydispersity index (PDI) relative to bulk values [8], consistent with earlier 
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and more recent work from other groups. [4-6,17,18,21] Mijangos and coworkers [19] also 

found that MMA polymerization in anodic aluminum oxide (AAO) templates is accelerated, 

but in their case, the acceleration was accompanied by a reduction in molecular weight 

compared to bulk conditions. Hence, they attributed their results to a higher initiator 

decomposition rate in the early stages of polymerization and increased termination in the 

latter stages of the reaction; a similar increase in the rate of termination was invoked to 

explain a reduction in polymerization rate by others in a nanoconfined liquid crystal 

structure. [20] Notwithstanding these two cases, the expected decrease in chain diffusivity 

under nanoconfinement [22] seems to generally dominate, leading to a decrease in 

termination rate and enhanced autoacceleration [16,23], as well as decreases in the rate of 

degradation in nanoconfined polystyrene and in poly(methyl methacrylate) [21,24].  

For free radical polymerization in bulk conditions, depropagation becomes more 

important with increasing reaction temperature and decreasing monomer concentration as 

the ceiling temperature is approached. [25-27] With a pulsed-laser technique, Hutchinson 

and coworkers [26] were able to quantify the temperature dependences of the propagation 

and depropagation rate constants for several methacrylates, including butyl-, cyclohexyl-, 

isobornyl- and 2-hydroxypropyl-, dodecyl- methacrylate, in both bulk and solution. The 

equilibrium conversion of MMA was also observed to decrease with increasing 

temperature in our own work, and this effect was found to be more pronounced under 

nanoconfinement [28]. 

The objective of this work is to study the nanoconfined polymerization of two alkyl 

methacrylates in controlled pore glasses over a broad temperature range by DSC in order 

to understand how nanoconfinement affects the initial rate of polymerization, 
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autoacceleration, and depropagation. In this work, we choose to study ethyl- and butyl- 

methacrylate (EMA and BMA) rather than the methyl methacrylate (MMA) used in our 

previous works [8,16,28] because of their higher boiling points, lower volatility, and lower 

glass transition temperatures. In addition, a different initiator, di-tert-butyl peroxide (DtBP), 

which initiates the reaction more slowly than the 2,2'-azobis(2-methylpropionitrile) 

(AIBN), is used in order to facilitate the measurements at high temperatures. 

3.2 Experimental methodology 

3.2.1 Materials 

Ethyl- and butyl-methacrylate monomers (Sigma Aldrich, 99%, contains 10 ppm 

monomethyl ether hydroquinone as inhibitor) were purified with a prepacked column 

(Sigma Aldrich, No. 306312) to remove the inhibitor, and then the monomers were mixed 

with 0.5 wt % di-tert-butyl peroxide (Sigma Aldrich, 98%) initiator at room temperature to 

form a homogeneous solution. Solutions were stored in a freezer at -20 °C with desiccant 

prior to use. Less than 1 % conversion accumulated during mixing and after two months 

of storage according to a calculation based on the reaction model.  

The media used for nanoconfinement is controlled pore glass (CPG, Millipore) with 

two pore diameters of 8.1 ± 0.7 nm and 50 ± 1.9 nm. The specifications of CPG are listed 

in Table 1. Two different pore surface chemistries were also used, following the procedures 

from Jackson and McKenna. [29] The so-called “native” pores are cleaned with nitric acid 

(Mallinckrodt Chemicals, 68 – 70%) at 110 °C, rinsed with nanowater (Barnstead 

Nanopure Infinity System, by Thermo Scientific) until neutral, and then dried under 

vacuum (29 in Hg) at 285 °C for 24 h. The “silanized” pores were obtained by immersing 

the cleaned CPG in hexamethydisilazane (Sigma Aldrich, 99.9%) at 55 °C for 20 h, rinsing 
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well with chloroform, and then drying at 120 °C under vacuum (29 In. Hg) for 24 h. The 

silanization does not significantly change the pore size or pore size distribution of CPG. 

[30] After the treatment, the native pores have -SiOH groups on the surface; whereas the 

silanized pores are functionalized by trimethylsilyl groups, -Si(CH3)3. The native and 

silanized CPGs were stored under desiccant prior to use. 

Table 3.1 Specifications of CPGs, as provided by the manufacturer.  

Product name Mean pore 
diameter (nm) 

Pore diameter 
distribution (%) 

Specific pore 
volume (cm3/g) 

Specific surface 
area (m2/g) 

CPG75C 8.1 9.0 0.49 197 
CPG00500B 50.0 3.7 1.10 51 

 

3.2.2 DSC measurements 

A Mettler-Toledo DSC 1 with an ethylene glycol cooling system and nitrogen purge 

gas was used to study the reaction kinetics of ethyl- and butyl-methacrylate free radical 

polymerization. Samples were prepared in 20 uL hermetic pans (Perkin Elmer) under a 

nitrogen blanket. Similar to previous work [16], pore fullness ranged from 70% to 95% 

based on the specific volume of the CPG. The DSC temperature was calibrated with indium 

and liquid crystal (+)-4-n-hexylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxylate (CE-

3) at 10 K/min, and the enthalpy was calibrated with indium only. An isothermal calibration 

was performed with indium at 0.1 K/min [31]. To minimize systematic errors, an indium 

check was performed on a daily basis.  

Polymerizations were carried out isothermally for temperatures ranging from 80 to 

190 °C for EMA and from 90 to 190 °C for BMA. Reproducibility was examined up to 

five times for certain reaction temperatures. After the isothermal run, the sample was 

cooled to room temperature at 10 K/min, and then a dynamic heating scan to 180 °C at 10 



                                                                                            Texas Tech University, Qian Tian, May 2021 

32 
 

K/min was performed on selected samples to check for residual heat. No residual heat was 

observed for any sample. In our previous work on equilibrium free radical MMA 

polymerization, a two-step temperature history had to be performed in order to avoid high 

reaction rates that can potentially cause leakage of the DSC pans. [28] In the current system, 

less than 1 % weight loss was observed during polymerization, even with a one-step 

temperature history, based on measurements of the sample mass before and after runs. Thus, 

the lower volatility monomers coupled with a slower initiator prevented the high reaction 

rates that may lead to leakage of sample pans. 

From the isothermal heat flow �̇�𝑄, the time-dependent conversion 𝑥𝑥 can be obtained: 

                                                              𝒙𝒙 =
𝟏𝟏

∆𝑯𝑯𝑻𝑻
� �̇�𝑸𝒅𝒅𝒅𝒅
𝒅𝒅

𝟎𝟎

                                                          (1) 

where the total heat of the polymerization ∆𝐻𝐻𝑇𝑇  for EMA is 505 ± 10 J/g based on six 

samples reacted from 80 and 95 °C, consistent with literature values of 506 ± 7 J/g and 528 

± 22 J/g [32,33]; the total heat of the polymerization for BMA is 419 ± 18 J/g based on seven 

samples reacted from 90 to 100 °C, also in good agreement with values of 397 ± 6 J/g, 408 

± 3 J/g, and 421 ± 9 J/g reported in the literature [33-35].  

3.3 Results 

Heat flow during isothermal polymerization at three reaction temperatures is plotted in 

Figure 1 for representative EMA and BMA samples as a function of time after subtracting 

the induction time (𝑡𝑡𝑎𝑎𝑎𝑎𝑑𝑑), which depends on temperature and confinement, as will be 

discussed later. For both EMA and BMA, the initial reaction rate decreases with decreasing 

polymerization temperature as indicated by a smaller initial heat flow. Autoacceleration is 

observed as the long-time exothermic peak, for example, at approximately 400 and 1750s 
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for bulk EMA polymerization at 150 and 120   °C, respectively. Autoacceleration, also 

known as the Tromsdorff effect, is due to the increase in viscosity as conversion increases, 

resulting in a decrease in chain diffusivity and an increase in the relative rate of propagation 

over termination. Since the viscosity increases as temperature decreases the exothermic 

peak associated with autoacceleration, which is imperceptible at 180 °C, becomes more 

and more significant at lower temperatures. For the samples confined in 8 nm CPG pores, 

the times required to reach autoacceleration and to complete the reaction decrease 

compared to the bulk at temperatures of 120 and 150 °C, as shown in Figure 1, consistent 

with our previous results for MMA. [16] For the same reaction environment, the EMA 

polymerization takes less time compared with the BMA polymerization due to a more 

pronounced autoacceleration effect. 

The effective rate constant can be obtained from the data in Figure 1 after transposing 

to conversion x versus time and applying a first-order reaction model [36]: 

                                                𝑹𝑹𝒐𝒐𝒐𝒐𝒆𝒆𝒐𝒐𝒄𝒄𝒐𝒐𝒐𝒐 = −𝒅𝒅[𝑴𝑴]
𝒅𝒅𝒅𝒅

= 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇[𝑴𝑴]                                                (2) 

                         − 𝒐𝒐𝒄𝒄(𝟏𝟏 − 𝒙𝒙) = 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇𝒅𝒅                                                              (3) 

where Roverall is the overall reaction rate, [M] is the monomer concentration, 𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 is the 

effective rate constant, which is related to the concentration of free radicals, as well as the 

specific reaction rate constants for propagation (𝑘𝑘𝑝𝑝 ), initiator dissociation (𝑘𝑘𝑑𝑑 ), and 

termination (𝑘𝑘𝑡𝑡). When the depropagation rate constant (𝑘𝑘𝑑𝑑𝑝𝑝) becomes important at high 

reaction temperatures, 𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 will also depend on 𝑘𝑘𝑑𝑑𝑝𝑝.  The reaction can be written as an 

equilibrium reaction: 

~𝑴𝑴𝒄𝒄
∙ + 𝑴𝑴

𝒇𝒇𝒑𝒑
⇌
𝒇𝒇𝒅𝒅𝒑𝒑

 ~𝑴𝑴𝒄𝒄+𝟏𝟏
∙                                                              (𝟒𝟒) 
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where ~𝑀𝑀𝑎𝑎
∙  and ~𝑀𝑀𝑎𝑎+1

∙  are the growing radical chain of length n and n+1 and 𝑀𝑀 is the 

monomer. The depropagation effect can be accounted for by revising equation 3 noting that 

at equilibrium, the forward and reverse reaction rates are equal such that, 

                         −𝒐𝒐𝒄𝒄(𝒙𝒙∞ − 𝒙𝒙) = 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇𝒅𝒅                                                    (𝟓𝟓) 

where x∞ is the conversion at equilibrium.  For all temperatures studied, the first-order 

model fits the data well at low conversions, from 2 to 20 %, where the reaction is kinetically 

controlled and the steady state approximation holds. This approach has been validated by 

two ways. First, the analysis was also performed over a narrower conversion range, from 

2 to 10 %, and the rate constant was found to be the same, with an average difference of 

3.6 % and a maximum difference of 13 % for one point at the highest reaction temperature.  

Given that the rate constant varies by over two orders of magnitude, these differences are 

inconsequential. In addition, the rate of free radical generation was calculated and found to 

decrease by less than 3 % relative to the initial rate at 20 % conversion for reaction at 

150 °C and to decrease less than 16 % at 180 °C, thus indicating sufficient initiator to 

maintain steady state over the conversion range in which we perform the analysis.  

The resulting effective rate constants for bulk EMA and BMA are plotted versus 

reciprocal temperature in Figure 2 (a) with results using equation 3 ignoring the back 

reaction shown as filled symbols and those using equation 5 considering the back reaction 

shown as open symbols. Below 160 °C, the effective rate is essentially the same for these 

two methods, but at higher temperatures, the effective rate constant is higher when the back 

reaction is taken into consideration. In addition, the effective rates are similar for the two 

monomers but the BMA reaction is approximately 11 % faster at 95 °C. This result is 

consistent with the data in the literature which show that the apparent rate constant 

increases as the alkyl group length increases for n-alkyl methacrylates due to a decrease in 
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the rate constant for termination with no change in the propagation rate [37-39]. The effect 

is stronger at lower temperatures [37-39], consistent with the small difference in the apparent 

activation energies which can be obtained from the Arrhenius plot: 

                                                          𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇 = 𝑨𝑨𝒆𝒆
−𝑬𝑬𝒄𝒄𝒑𝒑𝒑𝒑
𝑹𝑹𝑻𝑻                                                               (𝟔𝟔) 

where 𝐴𝐴 is the preexponential factor and  𝐸𝐸𝑎𝑎𝑝𝑝𝑝𝑝 is the Arrhenius activation energy which, 

in the absence of the reverse reaction, is related to the activation energies for propagation 

(𝐸𝐸𝑝𝑝), thermal decomposition (𝐸𝐸𝑑𝑑) and termination (𝐸𝐸𝑡𝑡) (i.e., 𝐸𝐸𝑎𝑎𝑝𝑝𝑝𝑝 = 𝐸𝐸𝑝𝑝 + 𝐸𝐸𝑑𝑑
2
− 𝐸𝐸𝑡𝑡

2
  ) [36]. 

From the slope of Figure 2 (a), 𝐸𝐸𝑎𝑎𝑝𝑝𝑝𝑝 of EMA and BMA are found to be 84 ± 1 kJ/mol and 

81 ± 1 kJ/mol for bulk samples reacted up to 150 °C, consistent with the literature values 

ranging from 79 to 102 kJ/mol [36,40-43]; the reported error in Eapp is the standard error of 

the fitted parameter.  

 In addition to the bulk reaction rates and activation energies, the conversion and 

time at the onset of autoacceleration for bulk EMA and BMA as a function of 

polymerization temperature are plotted in Figures 2 (b) and (c), respectively. The 

conversion (xgel) and time (tgel) required to reach autoacceleration are defined at the point 

where the slope of conversion versus time abruptly increases. For both EMA and BMA, 

the time at the onset of autoacceleration decreases with increasing temperature as the 

reaction rate increases. On the other hand, the conversion at the onset of autoacceleration 

increases with increasing temperature presumably because the viscosity decreases with 

increasing temperatures due to both the intrinsic temperature effect and the fact that the 

polymer molecular weight decreases as temperature increases; the result is that a higher 

conversion is needed to impact the termination rate and cause autoaccleration as 

temperature increases.  Comparing EMA to BMA, xgel and tgel are approximately the same, 
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indicating that the length of the alkyl substituent does not significantly affect the relative 

onset of autoacceleration, although as mentioned previously and shown in Figure 1, the 

increase in the reaction rate at autoacceleration is more pronounced for EMA. The similar 

values of xgel and tgel for the two systems is attributed to two issues: first, the Tgs of the two 

reaction mixtures at the onset of autoacceleration do not differ significantly, and second, 

the reaction temperature is far above Tg at the onset of autoacceleration. The Fox equation 

can be used to estimate the Tg of the systems at the onset of acceleration: 

 1
𝑇𝑇𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚

= 1−𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔
𝑇𝑇𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑔𝑔𝑚𝑚

+ 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔
𝑇𝑇𝑔𝑔,𝑝𝑝𝑚𝑚𝑔𝑔𝑝𝑝𝑚𝑚𝑔𝑔𝑚𝑚

                                              (7) 

where 𝑇𝑇𝑔𝑔,𝑚𝑚𝑎𝑎𝑥𝑥, 𝑇𝑇𝑔𝑔,𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚𝑔𝑔𝑚𝑚 and 𝑇𝑇𝑔𝑔,𝑝𝑝𝑚𝑚𝑔𝑔𝑝𝑝𝑚𝑚𝑔𝑔𝑚𝑚 are the glass transition temperature of the mixture, 

monomer and polymer, respectively. Tg of the monomers are assumed to be -141 and -142 

°C for EMA and BMA, respectively, based on the empirical rule that 𝑇𝑇𝑔𝑔 𝑇𝑇𝑚𝑚⁄ = 2/3 with 

melting temperature of -75 and -76 °C for EMA [44] and BMA [45], whereas Tg of PEMA 

and PBMA are taken to be 65 and 20 °C [46], respectively. The conversion to reach 

autoacccleration, 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔 , ranges from approximately 0.4 to 0.6. Accordingly, the glass 

transition temperature Tg at the lowest 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  is approximately – 100 °C, whereas at the 

highest 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔, it is -65 and -77 °C for the EMA and BMA mixtures, respectively. Thus, at 

the onset of autoacceleration, the reaction temperature is over 150 °C above Tg.  In this 

temperature regime, far above Tg, small differences in T-Tg do not have a large impact on 

mobility, and thus, the conversion at the onset of autoacceleration at a given temperature 

is not significantly different for EMA and BMA.     

The influence of nanoconfinement on the reaction rate is compared with the bulk 

in Arrhenius plots versus reciprocal absolute temperature in Figure 3 for EMA on the left 

and BMA on the right. The effective rate constants from Equation 3 (ignoring the back 
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reaction) are shown as filled symbols and those from equation 5 (considering for the back 

reaction) are shown as open symbols. As was the case for the bulk reactions, at 

temperatures below 160 °C, the two methods give essentially the same results. Also at 

temperatures below 160 °C, the effective rates are highest in the 8 nm-diameter native 

pores and lowest in bulk conditions for both EMA and BMA, with the rates for the reactions 

in silanized pores lying in between. The effective reaction rate shows an Arrhenius 

temperature dependence with the reaction rate increasing with increasing temperature. 

When the depropagation effect becomes significant at the highest temperatures, the 𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 

values from Equation 3 are considerably lower than the Arrhenius fitting line, whereas the 

values from Equation 5 deviate considerably less. Also at the highest temperatures, 𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 

from equation 3 is slightly higher in bulk compared to nanopores, suggesting that the rate 

of depropagation accelerates more than that of propagation under nanoconfinement.  

The apparent activation energies of EMA samples in silanized and native pores are 

82 ± 2 kJ/mol and 81 ± 2 kJ/mol, respectively, indicating no change within the error of the 

measurements from the bulk, whereas the apparent activation energies of BMA samples in 

silanized and native pores are 70 ± 2 kJ/mol and 68 ± 2 kJ/mol, a reduction of 

approximately 15 % from the bulk value.  The changes in the apparent activation energy 

under nanoconfinement for EMA and BMA differ from that previously found for MMA 

polymerization in 13 nm CPG pores, where the material confined in silanized pores showed 

the same activation energy as the bulk and material confined in native pores showed a 

decrease in activation energy. [16] The differences are presumably related to the wider 

temperature range, different initiator and monomers, and/or smaller pore sizes used in the 

current work, as discussed in more detail in the discussion.  
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For both bulk and nanoconfined samples reacted above 160 °C, the reaction rate is 

lower than expected based on the Arrhenius temperature dependence at lower temperatures 

due to the increasing importance of depropagation effects at the highest temperatures, as 

shown by the increasing differences in the keff values calculated from equations 3 and 5 

with increasing temperature. Our finding is similar to that of Hutchinson and coworkers 

[26] for butyl methacrylate polymerizations, who found that depropagation became 

significant at 130 °C. Our higher temperature at which depropagation becomes important 

is attributed to the range of temperatures fitted for the Arrhenius parameters: in the current 

study, the Arrhenius plot is fitted in the temperature range of 80 to 150 °C, whereas in 

Hutchinson and coworkers’ study, the Arrhenius plot was fitted for data from 10 to 90 °C. 

Hutchinson and coworkers were able to study such low temperatures because they used 

benzoin photoinitiator, whereas we used the thermal initiator DtBP, which is usually used 

at temperatures above 100 °C [36].  

The ratio of the effective rate constants of the nanoconfined and bulk samples 

(knano/kbulk) is plotted versus temperature in Figure 4, where data for the silanized pores are 

shown on the left and for the native pores are on the right. Calculations based on Equation 

3 are shown as filled symbols and those from equation 5 are shown as open symbols. As 

temperature increases, the ratio knano/kbulk decreases for both silanized and native cases, as 

was the case for our previous nanoconfined MMA polymerizations. [16] In the lower 

temperature range, the ratio of the effective rate constants knano/kbulk is higher in native 

pores than in silanized pores presumably due to specific interactions between the monomer 

and the native silanol groups on the pore surface. The ratio is also larger in 8 nm pores 

compared to in 50 nm pores. In fact, for the silanized pores, the ratio of the effective rate 
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constants knano/kbulk of BMA reacted in 50 nm pores is the same as in bulk conditions, 

independent of reaction temperature. When comparing EMA with BMA, the degree of 

acceleration (knano/kbulk) is larger for BMA than for EMA at a given temperature, indicating 

that the nanoconfinement effect is stronger in BMA since the bulk reactions have nearly 

similar rates as discussed earlier.  Above 170 °C, the ratio knano/kbulk becomes smaller than 

one, which indicates that nanoconfinement also accelerates depropagation, consistent with 

Figure 3.  

Changes to autoacceleration upon nanoconfinement can also be quantified by the 

conversion and time required to reach autoacceleration as a function of polymerization 

temperature, as shown in Figures 5. The conversion at the onset of autoacceleration, 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔, 

increases with increasing temperature for all temperatures in the bulk case, whereas under 

nanoconfinement, 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  first increases with increasing temperature and then appears to 

either level off or decrease. The conversion at the onset of autoacceleration,  𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔 is smaller 

under nanoconfinement than in bulk, and even smaller for samples in native pores 

compared to samples in silanized pores; this effect may be attributable to a higher effective 

viscosity in the silanized pores than in bulk and an even higher effective viscosity in the 

native pores. Such increases in effective viscosity have been observed for nanoconfined 

systems, both experimentally and by simulations, and the results have been ascribed to 

increased Tg in the nanopores, as well as to the presence of an immobile or slower layer at 

the nanopore or substrate surface [47–51], with larger reductions for stronger interactions 

between the fluid and the surface [51]; we similarly observed an increase in the glass 

transition of  PMMA in 13-nm pores, with native pores showing a larger effect with Tg 15 

°C higher than bulk. [8] We note that the effective viscosity of polymers may also decrease 
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in nanopores [48,50-52] due to plug flow when reptation motion rather than flow dominates 

under nanoconfinement, [48] slip at the pore surface [51], or, in the case of polymeric thin 

films, due to mobility at the free surface; [50] however, these mechanisms are not expected 

to dominate in our system since we do not have pressure-driven flow or a free surface. 

The time to reach autoacceleration, 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 , decreases dramatically with increasing 

temperature, as shown in Figure 5b. The temperature dependence of 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 depends on both 

the temperature dependence of 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔 and the effective reaction rate constant keff with the 

effect of temperature dominating due to the Arrhenius temperature dependence. In fact, the 

data in Figure 5 can be described by Arrhenius functions using apparent activation energies 

that are approximately 9 to 30 % lower than those that describe keff. The onset of 

autoacceleration clearly occurs earlier under nanoconfinement for both EMA and BMA 

systems, with polymerizations in native pores showing the most pronounced effects. 

Interestingly, the values of 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔 and 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 are approximately the same for EMA and BMA, 

indicating that, similar to the bulk case, the length of the alkyl group does not affect the 

onset of autoacceleration.  Again, this effect is ascribed to i) the two systems having similar 

Tgs at the onset of autoacceleration (due to the low conversion xgel and the similar Tgs of 

the monomers) and ii) the reaction temperature being very far above the glass transition 

such that small changes in T-Tg do not have a significant impact on mobility. 

The natural logarithm of the induction time is plotted as a function of reciprocal 

temperature in Figure 6. As temperature decreases, the induction time, which  increases. 

Only data at and below 120 °C is presented since the induction time becomes insignificant 

at temperatures higher than 120 °C. Nanoconfinement increases the induction time and the 

effect is stronger in native pores, similar to the trend observed previously for MMA 
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polymerization in 13 nm pores [16], although the increase appears to be more obvious in 

the current study perhaps due to different initiator and/or smaller pore size. The induction 

time follows an Arrhenius-type temperature behavior with an activation energy of 115 ± 9 

kJ/mol, lower than the 144 ± 1 kJ/mol found in our previous work on MMA polymerization 

[16], but in both cases, higher than the overall activation energy value for the reaction.   

3.4 Discussion 

The effective rate constants for the nanoconfined EMA and BMA polymerizations in 

8 nm silanized pores are larger than those for bulk conditions, in contrast with our previous 

work of MMA polymerization in 13 nm silanized pores, where the effective rate constant 

for silanized samples was unchanged compared with bulk samples within experimental 

error [16].  The current system differs from the previous MMA polymerization in the 

temperature range, monomer, initiator, and pore size. A comparison of the apparent 

activation energy as a function of reciprocal dimeter is plotted in Figure 7 for EMA and 

BMA using the left-hand axis; our previous MMA results are also plotted in Figure 7 using 

the right-hand axis which is shifted downwards by 12 kJ/mol [36] in order to account for 

the difference between the activation energy for decomposition 𝐸𝐸𝑑𝑑 for the initiator AIBN 

used for MMA [16] and DtBP used in current study. In silanized pores, the apparent 

activation energy appears to be a stronger function of pore diameter for BMA than for 

EMA or MMA, with the trend possibly being a function of alkyl chain length in these three 

n-alkyl methacrylates.  On the other hand, in native pores, the apparent activation energy 

appears to be a weaker function of pore diameter for EMA and BMA than for MMA, 

indicating that the interaction between the monomer and pore surface becomes weaker as 

the alkyl group length increases. One possible reason for this latter result could be due to 
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the temperature ranges investigated for these systems as our previous work on MMA was 

limited to below 100°C.  As temperature increases, for example, specific interactions 

between the methacrylate group and silanol groups on the pore surface may weaken, 

similar to the decreasing strength of hydrogen bonding in water as temperature increases 

[53].     

As shown in Figure 3, the effective rate constants based on equations 3 and 5 differ at 

temperatures higher than 160 °C, with the former significantly deviating from Arrhenius 

expectations indicating that the effect of depropagation becomes more appreciable. From 

equation 4, the ratio of the rates of depropagation to propagation, Rdp/Rp, can be derived 

as: 

                                                            𝑹𝑹𝒅𝒅𝒑𝒑
𝑹𝑹𝒑𝒑

= 𝟏𝟏 − 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇
𝒇𝒇𝑨𝑨𝒐𝒐𝒐𝒐

                                                              (8) 

where  𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 is the rate constant from equation 3, assuming no back reaction, and 𝑘𝑘𝐴𝐴𝑚𝑚𝑚𝑚  is 

the rate constant expected from the Arrhenius plot in the absence of the back reaction 

(which could also be given by the rate constant from equation 5, although here we use the 

extrapolated Arrhenius value). The resulting ratio of the rates of depropagation and 

propagation is plotted as a function of polymerization temperature in Figure 8. For both 

EMA and BMA, the depropagation rate is not significant until 160 °C, above which the 

ratio of the depropagation rate and propagation rate Rdp
Rp

 increases as the polymerization 

temperature increases, consistent with the previous results in Figure 3.  The ratio of 

depropagation to propagation is larger than in the bulk at temperatures above 160 °C for 

EMA, whereas for BMA, this is the case only at the highest temperature studied.  In 

addition, the relative rate versus temperature can be fitted using an Arrhenius expression, 

where the apparent activation energy is related to the difference in the activation energies 
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of depropagation and propagation. For both nanoconfined cases, the difference in 

activation energies is larger than that in the bulk, with an increase of 26 % for bulk, 

indicating that under nanoconfinement, depropagation will become even more significant 

relative to propagation as temperature increases.  

 3.5 Conclusions 

The free radical polymerizations of ethyl- and butyl-methacrylate have been 

investigated in bulk and nanoconfinement conditions over a broad temperature range from 

80 to 190 °C using di-tert-butyl peroxide (DtBP) as a thermal initiator. For bulk EMA and 

BMA, the initial reaction rates and autoacceleration becomes more significant with 

decreasing temperature. The effective rates are similar for the two monomers, but the BMA 

reacts approximately 11 % faster at 95 °C. The times and conversions to reach 

autoacceleration are also similar for bulk EMA and BMA polymerizations, although the 

increase in the reaction rate at autoacceleration is much higher for EMA. In both cases, the 

conversion to reach autoacceleration 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔 increases slightly with increasing temperature, 

whereas the time to reach autoacceleration 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔  decreases dramatically. As temperature 

increases towards the ceiling temperature, the depropagation effect becomes more 

significant, consistent with prior results from other researchers.  

Regarding the effect of nanopore confinement on EMA and BMA polymerization, the 

effective rates constants are highest in native pores and lowest in bulk conditions for both 

EMA and BMA, with the rates in silanized pores lying in the middle. The ratio of the 

effective rate constants of the nanoconfined and bulk samples, knano/kbulk, decreases with 

increasing temperature and shows a stronger nanoconfinement effect in BMA than EMA. 

The onset of autoacceleration occurs earlier under nanoconfinement for both EMA and 
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BMA systems, resulting in 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  and 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 showing the largest values in bulk samples and 

smallest values in native samples.  The induction time follows Arrhenius behavior and 

increases under nanoconfinement. The apparent activation energy under nanoconfinement 

decreases as compared to the bulk with a larger extent of reduction in native pores than in 

silanized pores. When compared to MMA, the apparent activation energy in silanized pores 

appears to be a stronger function of pore diameter for EMA and BMA than for MMA, with 

the trend appearing to be a function of alkyl chain length in these three n-alkyl 

methacrylates. On the other hand, in native pores, the apparent activation energy is a 

weaker function of pore diameter for EMA and BMA than for MMA presumably due to 

the higher temperature range investigated in present work. At high temperatures, as the 

ceiling temperature is approached, the ratio of the depropagation rate and propagation rate, 

Rdp
Rp

, increases with the effect being more pronounced for the nanoconfined reactions. 
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Figure 3.1  Heat flow versus time of isothermal polymerization at various 
reaction temperatures for representative samples in nanoconfined native 
and silanized CPGs of 8 nm diameter. The time scales for the two 
materials differ with the time range being 2600 s for EMA and 3250 s for 
BMA. 
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Figure 3.2  (a) Arrhenius plot for the effective rate constant prior to 
autoacceleration for bulk EMA and BMA. Filled symbols represent the slope 
calculated from equation 3 up to 20 % and open symbols represent the slope 
calculated from equation 10 up to 20 %. The time (b) and conversion (c) required 
to reach autoacceleration for bulk EMA and BMA samples as a function of 
polymerization temperatures. The lines are only guides to the eye.  
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Figure 3.3  Arrhenius plot for the effective rate constant prior to autoacceleration for 
bulk and nanoconfined samples of EMA and BMA. Filled symbols represent the 
slope calculated from equation 3 up to 20 % and open symbols represent the slope 
calculated from equation 10 up to 20 %. In the left figure, black dots represent the 
bulk samples, diamonds and upper triangles indicate the samples confined in 8 nm 
silanized pores and 8 nm native pores, respectively. In the right figure, black dots 
represent the bulk samples, squares and left triangles indicate the samples confined 
in 8 nm silanized pores and 8 nm native pores, respectively. The lines are fittings 
from equation 3 up to 150°C with solid line representing bulk sample, dashed line 
representing silanized sample and dotted line representing native sample. 
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Figure 3.4  The effective rate constant prior to autoacceleration normalized by the 
bulk value for nanoconfined samples as a function of polymerization temperature for 
reactions confined to silanized and native pores. Calculations based on Equation 3 
are shown as filled symbols and those from equation 4 are shown as open symbols. 
Red diamonds and purple triangles are results of EMA sample in 8 nm pores. Blue 
squares and green triangles are results of BMA sample in 8 nm pores. Light blue 
squares and light green triangles are results of BMA sample in 50 nm pores. The 
lines are only guides to the eye. 
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Figure 3.5  The conversion and time required to reach autoacceleration as a 
function of polymerization temperatures. Filled symbols indicate bulk samples, half 
symbols indicate the nanoconfined silanized (sil) samples and open symbols indicate 
the nanoconfined native (nat) samples. The lines are only guides to the eye with solid 
line representing bulk sample, dashed line representing silanized sample and dotted 
line representing native sample. 
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Figure 3.6  The induction time for bulk and samples in nanoconfined pores as a 
function of reciprocal temperature. Half symbols indicate the nanoconfined 
silanized samples and open symbols indicate the nanoconfined native samples. The 
lines are only guides to the eye with solid line representing bulk sample, dashed line 
representing silanized sample and dotted line representing native sample. 
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Figure 3.7  The activation energy as a function of reciprocal pore size for EMA and 
BMA using the left-hand axis, with our previous MMA results [16] plotted using the 
right-hand axis which is shifted downwards by 12 kJ/mol to account for the 
different initiators used. Half symbols indicate the nanoconfined silanized samples 
(left plot) and open symbols indicate the nanoconfined native samples (right plot). 
The lines are only guides to the eye. The error bars are the standard errors of the 
fitted parameter from the Arrhenius fit. 
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Figure 3.8  The ratio of depropagation rate and propagation rate as a function of 
polymerization temperature for EMA and BMA. Black dots represent the bulk 
samples, full diamonds and squares indicate the samples confined in 8 nm silanized 
pores and open diamonds and squares indicate the samples confined in 8 nm native 
pores. The solid and dotted lines are presented only as guides to the eye for bulk and 
nanoconfined samples, separately. 
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CHAPTER IV 

DODECYL METHACRYLATE POLYMERIZATION UNDER 

NANOCONFINEMENT: REACTIVITY AND RESULTING 

PROPERTIES 

4.1 Introduction 

Nanoconfinement is known to affect the reaction kinetics, thermodynamics, and 

resulting properties of polymerizations, including molecular weight and polydispersity. In 

previous work from our laboratory [1-7], nanoconfined polymerization of n-alkyl 

methacrylates was performed in controlled pore glasses (CPG) for methyl-, ethyl-, and 

butyl-methacrylates. Nanoconfinement was found to increase the initial reaction rates and 

to decrease the apparent activation energy, with effects particularly strong in native or 

unfunctionalized CPG due to interaction between the monomer and the silanols on the 

pore surface.  In addition, autoacceleration occurs at shorter times and lower conversions 

for the nanoconfined alkyl-methacrylate polymerizations, presumably due to a decrease 

in the rate of termination arising from decreased diffusivity under nanoconfinement. [1,2] 

The result, for the case of poly(methyl methacrylate), is an increase in molecular weight 

and a decrease in dispersity (Đ) for the polymer synthesized under nanoconfinement. [4, 

7, 8] Similar behavior is observed for the nanoconfined free radical polymerization of 

many other monomers, including styrene [9], vinyl esters [10] and ε‑caprolactone [11]. 

The effect of synthesis under nanoconfinement on the molecular weight for longer 

n-alkyl methacrylate monomers is not as straightforward, however.  In the particular case 

of n-dodecyl methacrylate, chain transfer to polymer in the bulk polymerization leads to 
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branching and crosslinked products [12-15], and if such products are suppressed under 

nanoconfinement, as is the case for vinyl esters in metallic organic frameworks [10] and 

for ε-carprolactone in aluminum oxide membranes [11],  one might expect a decrease in 

molecular weight for polymer synthesized under nanoconfinement.  In addition to 

promoting chain transfer to polymer, the long alkyl side chain in the dodecyl 

methacrylate monomer leads to a suppression of autoacceleration, [12, 13] an increase in 

the propagation rate constant, [16-18] a decrease in the termination rate [19], and a 

propensity of the dodecyl groups in the polymer to crystallize. [23]   

The purpose of this work is to investigate the nanoconfined polymerization of 

dodecyl methacrylate in controlled pore glass over a broad temperature range by 

differential scanning calorimetry (DSC) in order to understand the influence of the long 

alkyl chain.  In particular, we are interested in how nanoconfinement influences the 

polymerization kinetics, including autoacceleration, induction, and chain transfer, as well 

as the molecular weight and molecular weight distribution of the synthesized polymer. 

We demonstrate that nanoconfinement can be used as a synthesis tool to suppress the 

branching & crosslinking during polymerization. 

4.2 Experimental methodology 

4.2.1 Materials 

Dodecyl methacrylate monomer (Sigma Aldrich, contains 500 ppm MEHQ as 

inhibitor, 96 %) was purified with a prepacked column (Sigma Aldrich, No. 306312) to 

remove the inhibitor, and then were mixed with 0.5 wt % di-tert-butyl peroxide (Sigma 

Aldrich, 98 %) initiator at room temperature to form a homogeneous solution. The 

premixed solutions were stored in a freezer at −20 °C with desiccant prior to use. Less 
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than 1 % conversion accumulated during mixing and after two months of storage according 

to a calculation based on the reaction model.  

Controlled pore glass (CPG, Millipore) with diameters of 8.1 ± 0.7 nm1 and 50 ± 

1.9 nm were used as the confinement media. The CPG consists of nanoporous borosilicate 

particles and has been shown to be stable with organic liquids [20, 21]. The specifications 

of CPG are listed in Table 1. The pores are cleaned prior to use following the procedures 

from Jackson and McKenna [22] using nitric acid (Mallinckrodt Chemicals, 68 – 70 wt %) 

at 110 °C, and then rinsing with nanowater (Barnstead Nanopure Infinity System, by 

Thermo Scientific) until neutral, followed by drying under vacuum (740 mm Hg) at 285 °C 

for 24 h. The CPGs were stored under desiccant prior to use to ease the effect of moisture. 

 

Table 4.1 Specifications of CPGs, as provided by the manufacturer. 

Product name Mean pore 
diameter (nm) 

Pore diameter 
distribution (%) 

Specific pore 
volume (cm3/g) 

Specific surface 
area (m2/g) 

CPG75C 8.1 9.0 0.49 197 
CPG00500B 50.0 3.7 1.10 51 

 

4.2.2 DSC measurements 

A Mettler-Toledo DSC 1 with an ethylene glycol cooling system and nitrogen purge 

gas was used to study the polymerization kinetics. Samples were prepared in 20 uL 

hermetic pans under a nitrogen blanket. Pore fullness of the samples ranged from 70 % to 

95 % based on the specific volume of the CPG following previous work [1, 6]. Indium and 

the liquid crystal, (+)-4-n-hexylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxylate (CE-

 
1 The CPG having a pore diameter of 8.1 nm is in this paper and is the same as the one in reference 7, 
Figure 5. CPG75C is the catalogue number for the CPG product, and for this reason, it was erroneously 
referred to as having 7.5 nm diameter pores in reference 7. 
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3) were used to calibrate the DSC temperature at 10 K/min, and enthalpy was calibrated 

using only indium. An isothermal calibration [23] was performed with indium at 0.1 K/min 

for isothermal conditions. An indium check was performed daily to minimize systematic 

errors.  

The polymerization reaction was carried out under isothermal temperatures ranging 

from 110 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. 

4.2.3 Gel Permeation Chromatography (GPC) 

The polymer products from the nanoconfined reactions were extracted from CPG 

beads by immersion in HPLC-grade tetrahydrofuran for 48 hours (THF), and then the 

CPG was filtered out with a Nylon Millex syringe filter (0.20 µm pore size, 13 mm 

diameter, Millex-GN Nylon membrane, hydrophilic), as in the previous published 

work.[4] Most of the molecular weight data was obtained on a Tosoh EcoSEC system 

with differential refractive index (RI) detection coupled to a Wyatt Dawn Heleos II 

multiangle light scattering detector (18 angles) and a Wyatt Viscostar III differential 

viscometer THF was used as mobile phase at 35 °C, and the stationary phase was a set of 

two Tosoh mixed pore columns (2× TSKgel GMHHR-H). Data were collected using 

Astra 7, and molar masses were determined using light scattering data with a Zimm plot 

method, [24] and secondary calibrations were checked with poly(methyl methacrylate). 

The calibrated results from PMMA standards yielded errors of less than 1.5 % in molar 

mass. The differential refractive index increment (dn/dc) values were measured from 
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offline batch injections. A portion of the molecular weight data were characterized using 

Tosoh HLC-8320GPC with TSKgel SuperH-H and two TSKgel SuperHM-H columns 

coupled with a refraction index (RI) detector. The calibration results used PMMA 

standards, and errors were less than 4 % in molar mass. Reproducibility between the two 

instruments were checked at two reaction temperatures resulting in an average difference 

in logarithmic molecular weight of 5 % and a maximum difference of 8 %.  

4.3 Results 

Conversion (x) versus time data during the isothermal polymerization is obtained 

by integrating the DSC heat flow (�̇�𝑄): 

𝒙𝒙 = 𝟏𝟏
∆𝑯𝑯𝒑𝒑

∫ �̇�𝑸𝒅𝒅𝒅𝒅𝒅𝒅
𝒅𝒅𝟎𝟎

                                                                      ( 11 ) 

where t is time and the enthalpy of reaction ∆Hp is found to be (222 ± 8) J/g from bulk 

polymerization at 110 °C, in good agreement with literature data of (217.2 ± 3) J/g [25].  

Representative data for three polymerization temperatures are plotted in Figure 1 for both 

bulk and nanoconfined samples after subtracting the induction time (tind). As expected, 

the initial reaction rate increases with increasing temperature as indicated by the higher 

initial slope (dx/dt).  Autoacceleration, which is observed as a dramatic increase in slope 

at intermediate conversions in the case of methyl methacrylate polymerization [1], is 

almost entirely suppressed for the dodecyl methacrylate monomer with increases in rate 

of only 20 – 90 % at around 40 % conversion at 120 °C for bulk and 8 nanoconfined 

samples. Even at 110 °C, which is lowest temperature studied, the increase in rate at 

autoacceleration was a maximum of only 125 ± 12 % for the sample in 8 nm CPG. The 

suppression of autoacceleration in DMA is consistent with reports in the literature, 

although the origin of the phenomenon is under debate: Vizovišek and coworkers [26] 
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attribute it to the ease of rotation of the PDMA chain which causes a delay in the onset of 

autoacceleration and its suppression; whereas Borsig and coworkers [13] relate it to the 

chain transfer reaction from the growing radical to the alkyl group of the ester. 

The influence of nanoconfinement on the reaction rate can also be observed from 

Figure 1. Although reaction rates are faster in pores than in bulk, the increase is less 

pronounced than was observed for methyl, ethyl and butyl methacrylates [1, 2]. The 

effective initial rate constants can be obtained from the conversion versus time data, 

considering both propagation and depropogation reactions: [6] 

−𝒐𝒐𝒄𝒄(𝒙𝒙∞ − 𝒙𝒙) = 𝒇𝒇𝒆𝒆𝒇𝒇𝒇𝒇𝒅𝒅                                                        ( 12 ) 

where 𝑥𝑥∞ is the conversion at equilibrium,  𝑘𝑘𝑔𝑔𝑒𝑒𝑒𝑒 is the effective rate constant, which is 

related to the specific reaction rate constants for propagation (𝑘𝑘𝑝𝑝), initiator dissociation 

(𝑘𝑘𝑑𝑑), and termination (𝑘𝑘𝑡𝑡). For all of the temperatures studied, the first-order model fits 

the data well at low conversions, from 5 to 10 %. The reaction is kinetically controlled in 

this conversion range, as was validated in our previous study for BMA [6];  in addition, 

the rate of free radical generation was calculated and found to decrease by less than 7 % 

relative to the initial rate at 10 % conversion for reaction at 160 °C and to decrease less 

than 29 % at 190 °C, thus indicating sufficient initiator to maintain steady state over the 

conversion range in which we perform the analysis.  

The influence of nanoconfinement on the effective reaction rate is shown versus 

reciprocal absolute temperature in Figure 2. The effective rate constants show an 

Arrhenius temperature dependence at temperatures lower than 160 °C, with the apparent 

activation energy  𝐸𝐸𝑎𝑎𝑝𝑝𝑝𝑝 of the bulk being (97 ± 2) kJ/mol and that in 50 nm and 8 nm 

pores being approximately 10 % lower at (86 ± 2) kJ/mol and (88 ± 3) kJ/mol, 
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respectively. The effective rate is highest in 50 nm pores and lowest in the bulk condition 

at temperatures lower than 160 °C.   

The effect of nanoconfinement on the number-average molecular weight Mn, 

weight-average molecular weight Mw and Đ is shown as a function of polymerization 

temperature in Figure 3. Molecular weight increases as the reaction temperature 

decreases. For bulk polymerization, a crosslinked sample with infinite molecular weight 

is obtained at temperatures of 140 °C and lower, consistent with the literature and 

attributed to chain transfer to polymer. [12, 13] For reactions carried out under 

nanoconfinement, molecular weights are lower than for bulk reactions, and finite 

molecular weights are observed at all temperatures. A similar suppression of hydrolysis 

and chain transfer by transesterification under nanoconfinement was reported in ring 

opening polymerization of ε‑caprolactone in nanoporous aluminum oxide (AAO) 

membranes [11], where the authors attributed the suppression to the application of hard 

confinement conditions and competition between finite size, surface interaction, and free 

volume. Similarly, in reversible addition fragmentation transfer (RAFT) polymerization 

of vinyl esters in metal–organic-frameworks (MOF) of diameter 7.5 Å [10], the authors 

attributed the suppression of chain transfer and termination to the effective entrapment of 

the propagating radicals in the nanochannels which was suggested to stabilize 

propagating radicals. In addition,  

As indicated in Figure 3, the molecular weight decreases for samples synthesized in 

nanopores compared to the bulk samples, and this decrease is more pronounced in 8 nm 

pores. However, in previous MMA work [4], molecular weight was found to increase in 

nanoconfined polymerization. Schmidt and coworkers [10] also found that increased 
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monomer size can lead to a decrease of molecular weight in free radical and RAFT 

polymerization of vinyl esters in the MOF, and they attributed lower molecular weight 

upon confinement to be due to the limited amount of monomer in the small pore as a result 

of confinement environment and decreased diffusivity of the large monomer in the 

nanochannels. In our case, however, we attribute the lower molecular weights to 

suppression of chain transfer under nanoconfinement. The polydispersity index (Đ) first 

increases and then decreases with increasing polymerization temperature, going through a 

maximum near 180 °C for the bulk and 140 °C for nanoconfined samples. The Đ at the 

highest temperatures is lower for the nanoconfined samples, again consistent with a 

suppression of chain transfer to polymer under nanoconfinement, resulting in less 

branching and narrower molecular weight distribution in the nanoconfined sample.  

The heat of reaction and equilibrium conversion as a function of reaction temperature 

for dodecyl methacrylate reacted in both bulk and nanoconfined conditions are plotted in 

Figure 4.  For bulk polymerization, the equilibrium conversion is unity at low temperatures 

(≤ 120 °C), and as the reaction temperature increases, the equilibrium conversion decreases 

as the ceiling temperature (Tc) is approached. The ceiling temperature (Tc) is approximately 

193 °C, lower than the literature value  reported of (209 ± 29) °C for MMA [27] and (212 

± 32) °C for EMA [28]. Hutchinson and coworkers [18] also studied DMA polymerization 

up to 180 °C, and they conclude that different analysis methods lead to different Tc  values, 

ranging from 199 °C to 204 °C. Of importance is the fact that our study is the first to study 

bulk DMA polymerization at 190 °C which quite closely approaches Tc. In addition, the 

analysis method in current study incorporates the Flory-Huggins theory to determine 

activity of the monomer, 𝑎𝑎�𝑀𝑀, instead of assuming 𝑎𝑎�𝑀𝑀 = 1 − 𝑥𝑥∞ which assumes an ideal 
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monomer/polymer solution and no volume change during polymerization. As a matter of 

fact, shrinkage during free radical polymerization is not negligible and can reach as high 

as 26 % at 90 °C, [29] and the shrinkage becomes more significant as polymerization 

temperature increases. When approaching the ceiling temperature, the depropogation rate 

becomes more significant and dominates the reaction. The value of entropy of propagation 

for bulk polymerization is obtained as ∆𝑆𝑆𝑝𝑝,𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏 =  −121 ± 5 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚 · K  from the 

temperature-dependent equilibrium conversion, consistent with literature values for methyl 

methacrylate [27, 30] and ethyl methacrylate[31], which fall in the range of -115 J/mol·K 

to -125 J/mol·K.  

Following the same trend as the bulk data, the equilibrium conversion decreases with 

increasing temperature under nanoconfinement. At a given temperature, the equilibrium 

conversion remains the same for samples reacted in bulk and 50 nm pores but decreases in 

8 nm pores. However, the decrease is less pronounced than previous MMA work in 13 nm 

pores and the difference between bulk and nanoconfined samples disappears very near Tc. 

[5]  

A long-time endothermic event was observed in the isothermal polymerization of 

DMA in 8 nm only at reaction temperatures of 175 °C and 180 °C, as shown in Figure 5. 

This phenomenon has not been previously observed for other alkyl methacrylate 

polymerization under nanoconfinement in our laboratory, nor has it been reported in the 

literature. The endothermic peak occurred at different times during the polymerization 

ranging from immediately following the end of the exothermic reaction to times as much 

as three times longer. The magnitude of the endotherm is approximately the same as the 

exotherm, indicating nearly complete depolymerization at long times as shown by the 
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open symbols in Figure 4. Interestingly, however, the molecular weight of the samples 

tested before and after the endothermic peak were the same. We were not able to quantify 

changes in polymer yield and that is an open question. In addition, we do not know the 

origin of this endothermic peak and suggest further studies in this area are also needed. 

4.4 Conclusion 

The free radical polymerization of dodecyl methacrylate has been investigated in 

bulk and CPG nanoconfinement conditions over 110 °C to 190 °C. The initial reaction 

rate increases with increasing temperature for all cases. Autoacceleration is strongly 

suppressed in dodecyl methacrylate polymerization compared to methyl methacrylate. At 

temperatures lower than 160 °C, the effective rate shows an Arrhenius temperature 

dependence and is highest in 50 nm pores and lowest in bulk condition. Molecular weight 

increases as reaction temperature decreases. For bulk polymerization, crosslinked 

polymer with infinite molecular weight was obtained at temperatures of 140 °C and 

lower. Under nanoconfinement, no crosslinking is observed due to the suppression of 

chain transfer, and the molecular weight decreases with decreasing pore size and is lower 

than that obtained in bulk condition. The polydispersity index (PDI) increases and then 

decreases with increasing polymerization temperature going through a maximum near 

180 °C for the bulk and 140 °C for the nanoconfined samples. The PDI at the highest 

temperatures is lower for the nanoconfined samples, consistent with a suppression of 

chain transfer to polymer under nanoconfinement.  
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Figure 4.1  Conversion versus time of isothermal polymerization for representative 
bulk and nanoconfined hydrophobic samples at three reaction temperatures. The 
solid line represents samples reacted in bulk condition, the dashed line represents 
samples reacted in 8 nm pores and the dotted line represents samples reacted in 50 
nm pores. 
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Figure 4.2  The natural logarithm of the effective reaction rate constant is plotted 
versus reciprocal absolute temperature for bulk and nanoconfined DMA. Black dots 
represent samples reacted in the bulk condition, blue squares are reacted in 50 nm 
pores, and red diamonds are reacted in 8 nm pores. The lines are Arrhenius fits up 
to 140 °C with the solid line representing the bulk, dotted line representing samples 
in 50 nm pores, and the dashed line representing samples in 8 nm pores. View in 
color for best clarity. 
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Figure 4.3  (a) The dependence of number average molecular weight (Mn, left) and 
mass average molar mass (Mw, right) on polymerization temperature for dodecyl 
methacrylate in both bulk and nanoconfined pores. b. The dependence of the 
polydispersity index (PDI) on polymerization temperature for dodecyl methacrylate 
in both bulk and nanoconfined pores. The black dots represent the samples reacted 
in bulk conditions, the red diamonds represent the samples reacted in 8 nm pores 
and the blue squares represent the samples reacted in 50 nm pores. All the lines are 
guides to the eye. 

a 

b 
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Figure 4.4  The heat of reaction and equilibrium conversion as a function of reaction 
temperature for dodecyl methacrylate reacted in both bulk and nanoconfined 
conditions. The black dots represent the samples reacted in bulk condition, the red 
solid diamonds represent the samples reacted in 8 nm pores counting only the 
exothermic peak, the red empty diamonds represent the samples reacted in 8 nm 
pores counting the both the exothermic and endothermic peak, and the blue squares 
represent the sample reacted in 50 nm pores. The included line is a fit to the bulk 
with 𝒙𝒙𝒄𝒄𝟐𝟐 being 157 (J/g) 2 and 𝒙𝒙𝒄𝒄𝟐𝟐 =

∑(𝒚𝒚𝒄𝒄−𝒚𝒚𝒄𝒄,𝒇𝒇𝒄𝒄𝒅𝒅)𝟐𝟐

𝑵𝑵
. 
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Figure 4.5  Heat flow versus time for isothermal polymerization at three reaction 
temperatures for representative samples in bulk and CPG pores of 8 and 50 nm. 
The solid line represents the bulk sample, the dotted line represents the sample 
reacted in 8 nm pores and the dashed line represents the sample reacted in 50 nm 
pores. The time scales for each polymerization temperature differ and the y-axis 
scales also differ.
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CHAPTER V 

CHAIN ENTROPY AND POLYMERIZATION 

THERMODYNAMICS: QUANTIFYING NANOCONFINEMENT 

EFFECTS 

5.1 Introductions 

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 and geometry 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 (𝑇𝑇𝑐𝑐 = ∆𝐻𝐻𝑝𝑝 ∆𝑆𝑆𝑝𝑝⁄ , where ∆𝐻𝐻𝑝𝑝 and ∆𝑆𝑆𝑝𝑝 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 ∆𝑆𝑆𝑝𝑝 on 

polymerization.[5] However, as 𝑇𝑇𝑐𝑐 is approached, the chain length decreases, and at 𝑇𝑇𝑐𝑐, 

∆𝑆𝑆𝑝𝑝 reverts to its bulk value – thus, there is actually a rounding of the transition and no 

actual change in 𝑇𝑇𝑐𝑐. For the case of sulfur polymerization reported by Yannopoulos and 

coworkers [6, 7], where ∆𝐻𝐻𝑝𝑝 and ∆𝑆𝑆𝑝𝑝 are both positive, there is also a rounding of the 

floor temperature and an apparent increase under nanoconfinement because ∆𝑆𝑆𝑝𝑝 under 

nanoconfinement becomes a smaller positive value. 
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Under nanoconfinement, the number of available conformations of polymer is 

decreased, thus leading to a decrease in entropy and an excess in free energy. [8] For an 

ideal linear chain in a confined space with a characteristic confinement size D < 𝑅𝑅0 , 

where the radius of gyration 𝑅𝑅0 = 𝑎𝑎𝑁𝑁1/2,  𝑁𝑁  is the number of monomers in the chain 

and 𝑎𝑎 is the monomer size, the free energy excess was hypothesized by Cassasa to scale 

with chain size to first power and with confinement size to the second power:[9] 

𝑭𝑭𝒄𝒄𝒅𝒅
𝒇𝒇𝑩𝑩𝑻𝑻

≅ (
𝑹𝑹𝟎𝟎
𝑫𝑫

)𝟐𝟐~
𝒄𝒄𝟐𝟐𝑵𝑵
𝑫𝑫𝟐𝟐                                                                              (𝟏𝟏) 

This is the "so – called" weak confinement regime (WCR), in which the free 

energy varies with 𝑁𝑁 and 𝐷𝐷−2 as also argued by De Gennes. [4] On the other hand, in the 

strong confinement regime (SCR), the chain is highly compressed and the interactions 

between the repeating units become significant, and thus, the free energy is no longer a 

linear function of N. [10] Rather, the entropy loss on confining a chain ( ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎) can 

generally be related to the chain length N and the pore diameter D: . 

Muthukumar and coworkers studied a polymer chain under nanoconfinement without 

self-excluded volume by Monte Carlo simulations and found out that the diffusion 

coefficient can be scaled with chain length N to the power of -2.9 ± 0.3. [11] Doyle and 

coworkers investigated double-stranded DNA diffusion in slitlike channels and 

concluded that the diffusivity scales inversely with chain length N if the channel height is 

smaller than the bulk radius of gyration 𝑅𝑅0. [12] 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 [13] found that excess entropy change 

mp
chain DNS /−∝∆
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scales with chain length N to the second 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 for nanoconfined polymerization. In 

particular, we presented an investigation of butyl- and benzyl methacrylate free radical 

polymerizations 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 the chains are longer. Two initiators are used in this study in order to 

synthesize polymer chain of different molecular weights at a given temperature. Changes 

in the limiting conversion between bulk and nanoconfined cases allow us to obtain the 

entropy change upon the nanoconfinement reaction, which in turn is related to the 

entropy change on confining a polymer chain in a pore, as schematically demonstrated in 

Figure 1. When the monomer is polymerized in the bulk condition, there is an entropy 

loss, which is even greater for the nanoconfined case. The difference is the entropy loss 

on confining a chain ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎. In this study, the effects of nanoconfinement on limiting 

conversion is studied and related to ∆𝑆𝑆𝑝𝑝 and ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 in order to test the scaling with 

chain length N and pore diameter D.  

 

5.2 Polymerization thermodynamics 

The propagation step in free radical polymerizations is an equilibrium reaction 

and can be written as [14]: 
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~𝑴𝑴𝒄𝒄 ∙ +𝑴𝑴
𝒇𝒇𝒑𝒑
⇌
𝒇𝒇𝒅𝒅𝒑𝒑

 ~𝑴𝑴𝒄𝒄+𝟏𝟏 ∙                                                      (𝟐𝟐) 

where Mn ∙ and Mn+1 ∙ are the free radical species with length n and n+1, 𝑀𝑀 is the 

monomer, 𝑘𝑘𝑝𝑝 is the propagation rate constant and 𝑘𝑘𝑑𝑑𝑝𝑝 is the rate constant of reverse 

reaction, termed depropogation or depolymerization. The rate of depropagation, initially 

zero at low temperature, increases and becomes more and more significant as temperature 

increases.  

The equilibrium constant K is the ratio of the activities of the products and 

reactants: 

𝑲𝑲 =
𝒄𝒄�𝑴𝑴𝒄𝒄+𝟏𝟏∙

𝒄𝒄�𝑴𝑴𝒄𝒄∙𝒄𝒄�𝑴𝑴
=

𝟏𝟏
𝒄𝒄�𝑴𝑴

                                                        (𝟑𝟑) 

where  𝑎𝑎�Mn+1∙ and 𝑎𝑎�Mn∙ is the activity of the free radical species of length n+1 and n,  𝑎𝑎�𝑀𝑀 

is the activity of the monomer, with K also related to the enthalpy and entropy of 

propagation: 

𝑲𝑲 = 𝒆𝒆𝒙𝒙𝒑𝒑�−
∆𝑮𝑮𝒑𝒑
𝑹𝑹𝑻𝑻

� = 𝒆𝒆𝒙𝒙𝒑𝒑 (
−∆𝑯𝑯𝒑𝒑 + 𝑻𝑻∆𝑺𝑺𝒑𝒑

𝑹𝑹𝑻𝑻
)                               (𝟒𝟒) 

Combining Equation 3 and 4, the change of entropy on propagation (∆𝑆𝑆𝑝𝑝) can be related 

to the activity of the monomer: 

∆𝑺𝑺𝒑𝒑 =
∆𝑯𝑯𝒑𝒑

𝑻𝑻
− 𝑹𝑹𝒐𝒐𝒄𝒄𝒄𝒄�𝑴𝑴                                                     (𝟓𝟓) 

where the activity of the monomer is given by Flory-Huggins:[15] 

𝑚𝑚𝑙𝑙𝑎𝑎�𝑀𝑀 = 𝑚𝑚𝑙𝑙�1 − 𝜑𝜑𝑝𝑝� + �1 −
1
𝑟𝑟
�𝜑𝜑𝑝𝑝 + 𝜒𝜒𝜑𝜑𝑝𝑝2                              (6) 

where 𝑟𝑟 represents the number of repeating units in the polymer molecule, and 𝜒𝜒 is Flory-

Huggins parameter, which is taken to be 0.5 assuming that the mixture of polymer and 
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monomer at the 𝜃𝜃 condition where the polymer-monomer interaction is zero. [16] The 

volume fraction of polymer 𝜑𝜑𝑝𝑝 can be related to the equilibrium conversion 𝑥𝑥  through 

the volume contraction factor 𝜀𝜀: 

𝝋𝝋𝒑𝒑 =
(𝟏𝟏 + 𝜺𝜺)𝒙𝒙
𝟏𝟏 + 𝜺𝜺𝒙𝒙

                                                          (𝟕𝟕) 

The volume contraction factor 𝜀𝜀 here ranges from 16 – 27 %  in free radical 

polymerizations and increases with increasing polymerization temperature.[17-19] For 

the convenience of calculation, 𝜀𝜀𝐵𝐵𝑀𝑀𝐴𝐴 and 𝜀𝜀𝐵𝐵𝐵𝐵𝑀𝑀𝐴𝐴 are obtained by scaling with density and 

molar mass from 𝜀𝜀𝑎𝑎 = 𝑀𝑀𝑚𝑚 𝜌𝜌𝑚𝑚⁄
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝜌𝜌𝑀𝑀𝑀𝑀𝑀𝑀⁄

[0.264 + 𝑘𝑘(𝑇𝑇 − 90℃)] (where 𝜀𝜀𝑀𝑀𝑀𝑀𝐴𝐴 = 0.264, 𝑀𝑀𝑎𝑎 is 

the molar mass, 𝜌𝜌𝑎𝑎 represents the density, 𝑘𝑘 is the calculated slope). The temperature 

dependence of volume contraction is estimated with literature data on both MMA and 

BMA and considered the same for BMA and BzMA. In fact, the effect of the temperature 

dependence or the absolute value of ε is less than 1 % on the activity in our calculation. 

We note that the activity of monomer is often approximated by the monomer volume 

fraction 𝜑𝜑𝑀𝑀 in literature, which is in turn equated to the monomer concentration 

assuming no volume change on polymerization. Here, we forgo these approximations in 

favor of the expression from the Flory-Huggins theory and relate the volume fraction of 

polymer to the volume contraction factor 𝜀𝜀 for more precise calculation. 

Applying Equation 5 to bulk and nanoconfined cases, and noting that the 

difference in ∆Spfor bulk and nanoconfined polymerization is simply the entropy loss on 

confining a chain, ∆Schain: 

                   ∆𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = ∆𝑺𝑺𝒑𝒑,𝒃𝒃𝒃𝒃𝒐𝒐𝒇𝒇 − ∆𝑺𝑺𝒑𝒑,𝒄𝒄𝒐𝒐𝒄𝒄𝒇𝒇 =  ∆𝑺𝑺𝒑𝒑,𝒃𝒃𝒃𝒃𝒐𝒐𝒇𝒇 −
∆𝑯𝑯𝒑𝒑
𝑻𝑻
− 𝑹𝑹𝒐𝒐𝒄𝒄 𝒄𝒄�𝑴𝑴𝒄𝒄𝒐𝒐𝒄𝒄𝒇𝒇                    (𝟖𝟖)      



                                                                                            Texas Tech University, Qian Tian, May 2021 

81 
 

where subscripts bulk and conf refer to the bulk and nanoconfined conditions, 

respectively. The heat of polymerization ∆𝐻𝐻𝑝𝑝 is assumed to be independent of 

confinement size and the same as the bulk, as has been experimentally confirmed in our 

previous work.[5, 20, 32] 

 The entropy loss on confinement has a profound impact of the polymerization 

themodynamics, as shown in Figure 3, where ∆S, ∆H and ∆G are plotted as a function of 

temperature for an exothermic polymerization. Since in this case, both enthalpic and 

entropic terms are negative values and the 𝑇𝑇∆S term increases in magnitude as 

temperature increases, a ceiling temperature (𝑇𝑇𝑐𝑐) is observed, above which the 

polymerization cannot occur. As illustrated in Figure 1, 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  ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎. As temperature decreases, chain length increases, 

resulting in an increase in the confinement entropy. For large enough chains or small 

enough confinement geometries, the 𝑇𝑇∆S term may become so negative that 

polymerization can no longer occur and a floor temperature occurs. 

 
5.3 Experimental 

5.3.1 Materials 

Butyl methacrylate (99%) and benzyl methacrylate (96%) monomers (both from 

Sigma Aldrich) were purified with a prepacked column (Sigma Aldrich, No. 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) 
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(AIBN; 98 %, Sigma Aldrich) initiator at room temperature to form a homogeneous 

solution. All solutions were stored in freezer at -20 °C with desiccant when not in use. 

Less than 1 % conversion was accumulated during mixing and after one-month storage 

according to 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 [21]) diameter are used. The native pores (with -SiOH group) 

are referred to hydrophilic pores; whereas the silanized pores (with the surface 

functionalized by trimethylsilyl groups, -Si(CH3)3) are referred to hydrophobic pores. 

Cleaning and surface modification of the CPG follows previous work. [22] 

Table 5.1 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 

 

5.3.2 Polymer characterization 

A Mettler-Toledo DSC 1 with an ethylene glycol cooling system and nitrogen 

purge gas was used to study the polymerization thermodynamics. Samples were prepared 

in 20 uL hermetic pans under a nitrogen blanket. Similar to previous work, pore fullness 

ranges from 70% to 95% based on the specific volume of the CPG. Indium and a specific 

liquid crystal, (+)-4-n-hexylophenyl-40-(20-methylbutyl)-biphenyl-4-carboxylate (CE-3), 

were used to calibrate the DSC temperature at 10 K/min, and enthalpy was calibrated 

using only indium. An isotherm calibration [23] was performed with indium at 0.1 K/min 
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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 oC. 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: 𝑥𝑥 =  ∆𝐻𝐻
∆𝐻𝐻𝑝𝑝

, where ∆𝐻𝐻𝑝𝑝  is the total heat of polymerization, which decreases from 

419 ± 6 J/g for BMA (measured at 90 to100 °C)  to 335 ± 6 J/g for BzMA (measured at 

60 to100 °C), 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. [24-26] Here, we assume that the total heat of 

polymerization is a constant since for BMA we estimate that it decreases by 2 % from 

373 to 463 K based on the available heat capacity (𝐶𝐶𝑝𝑝) literature data [27-29] for the 

monomer and calculating 𝐶𝐶𝑝𝑝 for the polymer from group contribution method since data 

is unavailable. [30] For BzMA, due to the lack of literature data, the heat capacity of 

monomer and polymer are both calculated from group contribution method [30] and the 

estimated ΔHp of BzMA decreases by 1% from 373-463 K. In addition, the total heat of 

polymerization does not change upon nanoconfinement. [5, 20, 31]  

5.3.3 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. 

Before the measurement, the polymer products from the nanoconfined reactions were 



                                                                                            Texas Tech University, Qian Tian, May 2021 

84 
 

extracted from CPG beads in order to obtain the molecular weight results by immersion 

in HPLC-grade tetrahydrofuran (THF) for 48 hours to extract the polymer products, and 

then the CPG was filtered out with a Nylon Millex syringe filter (0.20 µm pore size, 13 

mm diameter, Millex-GN Nylon membrane, hydrophilic), following the procedures from 

previous published work.[32] A refraction index (RI) detector was used with THF as 

mobile phase, and the GPC calibration curve was obtained from PMMA standards with 

molecular weights ranging from 2.71 to 1677 kg /mol purchased from Agilent 

Technologies. The calibration results were checked by running the standard solutions and 

the errors were ensured to be less than 4 % before collecting the experimental data. A 

portion of the BMA molecular weight data was obtained on a Tosoh EcoSEC system with 

a Wyatt Dawn Heleos II multiangle light scattering detector (18 angles) and 

reproducibility between the two instruments are good.  

 

5.4 Results 

The limiting conversion is plotted as a function of temperature for bulk and 

nanoconfined BMA and BzMA polymerizations in Figure 4. 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 nanoconfined 

samples which disappears as Tc is reached, as previously mentioned, because the 

confinement effect decreases as chains get shorter. Hence, at Tc, where no chains are 

made, there is no confinement effect. The ceiling temperature Tc, is approximately 192 ± 

10 °C for BMA and 193 ± 11 °C for BzMA within error. The reported ceiling 

temperature from literature on MMA is 209 ± 29 °C[33] and EMA is 212 ± 32 °C [34]. 
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Since our model estimation considered the volume shrinkage on polymerization and our 

experimental data is the first one to approach Tc as close as 190 °C, thus there is an offset 

from literature data. The value of entropy of propagation for bulk polymerization can be 

obtained from fitting using Equation 5, with ∆𝑆𝑆𝑝𝑝,𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏 fitting as 128 ± 2 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚 · K for 

BMA and 126 ± 2 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚 · K for BzMA, consistent with the literature values, for alkyl 

methacrylates which range from -116 to -124 J/mol·K. [33-35] 

Table 5.2 Bulk Polymerization thermodynamic values 

Reaction ∆𝐻𝐻𝑝𝑝,𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏(J/g) ∆𝑆𝑆𝑝𝑝,𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏(J/mol · K) Tc (°C) 
BMA -419 ± 6  -128 ± 2 192 ± 10 
BzMA -335 ± 6  -126 ± 2 193 ± 11 

 

 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 8 nm 

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 smallest 4 nm pores show pronounced 

decreasing conversion with decreasing temperature. This decrease in conversion at low 

temperatures, may arise from either: 1) dead-end polymerization or 2) new floor 

temperature. Following the analysis method developed by Gobran et al. [36], the system 

still contains more than 20 % initiator concentration for all polymerization temperatures 

with the assumption of low initiator efficiency of 0.2 in nanopores. Thus, we proposed a 

floor temperature here from our model and it will be discussed later. 

In order to examine the scaling of chain length N on ∆𝐒𝐒𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜, the degree of 

polymerization (DP) for BMA and BzMA are plotted versus reciprocal temperature in 
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Figure 5. 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 80 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 show similar trend in bulk and under nanoconfinement.  

The value of ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is calculated from Eqn 8 using ∆H𝑝𝑝 and ∆S𝑝𝑝 from Table 2 

and obtaining a�𝑀𝑀 from Equation 6 and &, and data are shown in Figure 6 as a function of 

the chain length. For a given data point, the error bar is determined based on the standard 

deviation of the conversion data. The magnitude of ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 ranges from 20 to 54 

J/mol/K, as high as 42 % of ∆𝑆𝑆𝑝𝑝, and is found to scale with chain length N to the power 

0.7 ± 0.3. In addition, the scaling parameter for nanopore 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 ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is obtained. Also, stronger 

confinement effect is obtained in 4nm than in 8nm pores for both BMA and BzMA.  

As discussed in the introduction, the effects of nanoconfinement on equilibrium 

conversion has been studied and related to ∆𝑆𝑆𝑝𝑝 and ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 in order to test the scaling 

with chain length N: 

                                           ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎~ − 𝑁𝑁𝑝𝑝/𝐷𝐷𝑚𝑚                                                           (9) 



                                                                                            Texas Tech University, Qian Tian, May 2021 

87 
 

From Figure 6, the best fit which well describes the data indicates that p equals 0.7 in 

current study, which can be considered as a weak confinement case, the entropy change 

on confining a chain ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎, originates from the configurational entropy, as we 

described in Figure 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 6 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 -0.9 ± 0.3 for BMA 

and -1.1 ± 0.1 for BzMA.   

Combining the molecular weight dependence of ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is obtained from Figure 4 

and the relationship between temperature and molecular weight, the fitting of the limiting 

conversion as a function of reaction temperature in Figure 3 can be obtained. The ceiling 

temperature, indicated by the extrapolation from the fitting, barely decreases for BMA 

and BzMA with the new analysis method involves Flory-Huggins theory. The trend of 

the dashed line indicates the existence of “floor temperature”. 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. 

 

5.5 Disscusion 

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 
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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[39] exhibited decreased yield than bulk and they attribute it to the frozen 

diffusion of monomers. Previous study from Kitagawa and coworkers [40] also showed 

decreased 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 conversion with 

smaller pore size can be explained by lower initiator efficiency and frozen mobility of 

monomers in extreme confined pores. In present study, we find out that the equilibrium 

conversion is not only a function of pore size, but also a function of temperature and the 

data does not qualify the typical characteristic of dead-end polymerization.[41] 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. 

 

5.6 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 
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confining a chain is determined from the change in the activity of monomer (𝑎𝑎�𝑀𝑀) 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 

∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 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 ∆𝑆𝑆𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is as large as 54, 

about 42 % of ∆𝑆𝑆𝑝𝑝 (maximum -128 J/mol/K), eventually resulting in the new floor 

temperature in the exothermic free radical polymerization. 
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Figure 5.1  Schematic plot of entropy changes at bulk conditions and under 
nanoconfinement. The solid lines show the entropy change in bulk and the dashed 
lines represent the entropy change under nanoconfinement. 
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Figure 5.2  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 ∆𝑯𝑯, 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 5.3  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 equation 5 using constant values of ∆𝑯𝑯𝒑𝒑 and 
∆𝑺𝑺𝒑𝒑. The dashed line represents the fitting that includes two assumption: molecular 
weight of the polymer as a function of reversing temperature and ∆𝑺𝑺𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄~ 𝑵𝑵𝟎𝟎.𝟕𝟕. 
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Figure 5.4  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 5.5  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 0.7 ± 
0.3. 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 VI 

CONCLUSIONS 

Motivated by the previous work on methyl methacrylate (MMA) polymerization from 

our laboratory [1, 2], the effect of nanoconfinement on polymerization has been further 

investigated with ethyl- and butyl-, and dodecyl methacrylate in a larger temperature range 

using di-tert-butyl peroxide (DtBP) as a thermal initiator. The longer alkyl group in the 

alkyl methacrylates exhibit higher boiling temperatures than MMA, and the relatively 

slower initiator DtBP facilitated high temperature experiments, which enables the 

isothermal polymerization closer to the ceiling temperature. Starting from the different 

monomers, the resulting reaction kinetics and polymer properties are also different: 

• For bulk polymerization of ethyl methacrylate (EMA) and butyl methacrylate 

(BMA),  

 The initial effective rates are similar, but the BMA reacts approximately 

11 % faster at 95 °C.  

 The times and conversions to reach autoacceleration are also similar for 

bulk EMA and BMA polymerizations, although the increase in the 

reaction rate at autoacceleration is much higher for EMA.  

 The conversion to reach autoacceleration 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  increases slightly with 

increasing temperature, whereas the time to reach autoacceleration 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 

decreases dramatically.  

 As temperature increases towards the ceiling temperature, the 

depropagation effect becomes more significant, consistent with prior 

results from other researchers.  
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• Regarding the effect of nanopore confinement on EMA and BMA 

polymerizations,  

 The effective rates constants are highest in native pores and lowest in 

bulk conditions for both EMA and BMA, with the rates in silanized 

pores lying in the middle.  

 The ratio of the effective rate constants of the nanoconfined and bulk 

samples, knano/kbulk, decreases with increasing temperature and shows a 

stronger nanoconfinement effect in BMA than EMA.  

 The onset of autoacceleration occurs earlier under nanoconfinement for 

both EMA and BMA systems, resulting in 𝑥𝑥𝑔𝑔𝑔𝑔𝑔𝑔  and 𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔 showing the 

largest values in bulk samples and smallest values in native samples. 

 The induction time follows Arrhenius behavior and increases under 

nanoconfinement.  

 The apparent activation energy under nanoconfinement decreases as 

compared to the bulk with a larger extent of reduction in native pores 

than in silanized pores. When compared to MMA, the apparent 

activation energy in silanized pores appears to be a stronger function of 

pore diameter for EMA and BMA than for MMA, with the trend 

appearing to be a function of alkyl chain length in these three n-alkyl 

methacrylates. On the other hand, in native pores, the apparent 

activation energy is a weaker function of pore diameter for EMA and 

BMA than for MMA presumably due to the higher temperature range 

investigated in present work.  
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 At high temperatures, as the ceiling temperature is approached, the ratio 

of the depropagation rate and propagation rate, Rdp
Rp

, increases with the 

effect being more pronounced for the nanoconfined reactions. 

• As the alkyl group increases in the case of DMA,  

 Autoacceleration is strongly suppressed compared to methyl 

methacrylate.  

 At temperatures lower than 160 °C, the effective rate shows an 

Arrhenius temperature dependence and is highest in 50 nm pores and 

lowest in bulk condition.  

 Molecular weight increases as reaction temperature decreases.  

 For bulk polymerization, crosslinked polymer with infinite molecular 

weight is obtained at temperatures of 140 °C and lower.  

 Under nanoconfinement, no crosslinking is observed due to the 

suppression of chain transfer, and the molecular weight decreases with 

decreasing pore size and is lower than that obtained in bulk condition. 

 The polydispersity index (PDI) increases and then decreases with 

increasing polymerization temperature going through a maximum near 

180 °C for the bulk and 140 °C for the nanoconfined samples. The PDI 

at the highest temperatures is lower for the nanoconfined samples, 

consistent with a suppression of chain transfer to polymer under 

nanoconfinement.  

The reaction thermodynamics of free radical polymerization is also examined 

with BMA and BzMA. Key findings are listed below: 



                                                                                            Texas Tech University, Qian Tian, May 2021 

101 
 

• With increasing polymerization temperature, the chain length decreases 

with inverse temperature in all cases. 

• With a new analysis method involved with Flory – Huggins theory, the 

ceiling temperature did not show significant change under confinement. 

• A new floor temperature in exothermic free radical polymerization is 

observed. 

• The entropy loss on confining a chain is determined from the change in 

the activity of monomer (𝑎𝑎�𝑀𝑀) instead of conversion from previous work 

[2], considering the volume shrinkage can be more than 20% in free 

radical polymerization.  

• The entropy change on confined polymerization can be as much as forty 

percent greater than the entropy change on bulk polymerization (180 

J/mol/K compared to 130 J/mol/K).  

• Chain confinement entropy is found to scale with chain length N to the 0.7 

±0.3 power and to scale with pore size D to 0.9 ± 0.3 for BMA and 1.1 ± 

0.1 for BzMA.   
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CHAPTER VII 

FUTURE WORK 

7.1 Comparative study of anodic aluminum oxide (AAO) and controlled pore 

glasses (CPG) for free radical polymerization 

In the past decade, polymerization under nanoconfinement has attracted 

considerable attention. Due to the complexity of the systems under these studies, different 

results were reported and were attributed to different theories or explanations. [1-5] For 

methyl methacrylate (MMA) free radical polymerization, enhanced reactivity was 

observed in controlled pore glasses [1, 2] and in anodic aluminum oxide (AAO) 

templates [3]. Interestingly, the resulting properties are different for MMA 

polymerization with two confinement media. In 13 nm CPG, the molecular weight was 

observed to increase [6] and this phenomenon was attributed to an earlier 

autoacceleration. Whereas in 35 and 60 nm AAO templates, lower molecular weight is 

observed compared to bulk and the authors attributed it to a decrease in the termination 

rates in the latter stages of polymerization.  

Interestingly, butyl methacrylate (BMA) polymerization has also been performed 

in the above two confinement media, [2, 4] and for this monomer, enhanced reactivity 

was observed in both cases. However, in contrast to the previous MMA findings, BMA in 

AAO show decreases molecular weight and PDI compared to bulk condition. In this 

dissertation, BMA polymerization in 8 nm CPG pores shows slightly lower molecular 

weight compared to bulk samples. Thus, the cause of this low limiting conversion needs 

to be further studied. Furthermore, the question of why the two confinement media affect 

the polymerization in different ways also needs to be answered. Therefore, a comparative 
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study of anodic aluminum oxide (AAO) and controlled pore glasses (CPG) for free 

radical polymerization on alkyl methacrylate monomers with similar pore size is worth 

examination.  

 

7.2 Scaling with radius of gyration 

The effect of the nanoconfinement depends on the length scale of the confined 

space and the size of the confined polymer, as described by scaling arguments by De 

Gennes. [7] In this dissertation, the entropy loss of confining a chain is scaled with chain 

length N and pore diameter D. However, one remaining question is how the radius of 

gyration of the synthesized polymers comparing to the pore diameter. 

Simulation work in this field often starts from random walk on a lattice [8] as 

shown in Figure 7.1. A flexible polymer chain of a chain length N can be represented by 

a random walk from origin to a lattice point r. To calculate the energy required in this 

random walk. The radius of gyration can be represented by average end to end distance in 

this lattice. The energy required to complete this random walk is proportional to the 

radius of gyration.    

Thus, the scaling on radius of gyration is a more direct comparison rather than the 

chain length N. To get the radius of gyration of the system studied in this thesis, static 

light scattering experiments on the polymer immersed in the monomer solution is of 

particular interest.  

 



                                                                                            Texas Tech University, Qian Tian, May 2021 

105 
 

7.3 Effect of polymer tacticity and film thickness on poly(methyl 

methacrylate) 

The nanoconfinement effect on the glass transition temperature depends on several 

factors, including surface chemistry [9, 10], molecular weight [11], and polydispersity 

[12]. Keddie, Jones, and Cory found that variations in the Tg of polymer films might be 

caused by surface effects, independent of molecular weight. [9, 10] Tokelson and 

coworkers [11] discovered that Tg increases upon confinement for high molecular weight 

(509 kg/mol) poly(methyl methacrylate) (PMMA) 12 nm thin film but decreases for low 

molecular weight (3.3 kg/mol) PMMA 17 nm thin film. Vogt and coworker [12] found 

that when the polydispersity of the film increases from 1.8 to 2.6, Tg could alter from 

decreasing with increasing film thickness to increasing with decreasing film thickness. 

Schick found that PMMA thin film on SiN substrate show no change in Tg. [13] Tsui and 

coworkers [14] investigated the PMMA tacticity and molecular weight effects on Tg for 

films. They found that the free surface and the substrate interface have stronger effect on 

Tg for higher molecular weight PMMA with higher percentage of syndio tacticity as 

shown in Figure 2.  

Future work is proposed to investigate the influence of tacticity and nanoconfinement 

on the glass transition of PMMA ultrathin film by flash DSC. Syndiotactic PMMA with a 

Tg of 131 °C and atactic PMMA with a Tg of 114 °C are good candidates for this purpose. 

[15] The investigating temperature range should cover 30 to190 °C to observe a good 

glass transition from Flash DSC.   
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Figure 7.1  Two-dimensional random walk on a lattice. 
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Figure 7.2  Tacticity and molecular effect on the PMMA thin films. [14] 
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