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Abstract: 9 

The effects of intermolecular interaction between casting solvents and polymer chains 10 

on molecular entanglement and dynamics in solution-cast poly(methyl 11 

methacrylate)/poly(styrene-co-maleic anhydride) (PMMA/SMA) films were 12 

investigated by dynamic rheological measurement and broadband dielectric 13 

spectroscopy. A series of polymer blend films were cast from the mixed solvents 14 

composed of m-xylene and acetic acid with different mass ratio of acetic acid (Rac) at 15 

a solution concentration of 5 wt%, and in solutions the quantity of hydrogen bonding 16 

between PMMA and acetic acid was adjusted by Rac. FTIR results confirmed the 17 

existence of hydrogen bonding between carbonyl in PMMA and hydroxyl in acetic 18 

acid. Although the topological entanglement density of the resultant films decreased 19 

with increasing Rac, the α-relaxation peak shifted towards lower frequency and a 20 

higher glass transition temperature (Tg) appeared due to the increased cohesional 21 

entanglement in PMMA/SMA blend films induced by hydrogen bonding between 22 
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PMMA and acetic acid. Furthermore, the dc conductivity decreased due to the more 23 

homogeneous structure in PMMA/SMA blend films cast from mixed solvents with 24 

higher Rac. Neither the width distribution of α-relaxation nor the dynamics of 25 

β-relaxation in these films was influenced by hydrogen bonding between PMMA and 26 

acetic acid due to the unchanged heterogeneity of the segmental dynamics and local 27 

environment of the segments. These results revealed that the hydrogen bonding 28 

between polymers/solvent during casting film can greatly influence the chain 29 

entanglement and molecular dynamics of the resultant polymer blends due to the 30 

memory effect of polymer chain. 31 

 32 

Key words: Hydrogen bonding; cohesional entanglement; molecular dynamics 33 

 34 

1. Introduction 35 

As one of the major routes to prepare uniform, thin and transparent polymer films 36 

in many applications, such as painting, coating and adhesives etc, the solution casting 37 

technique has aroused general concern in recent decades [1-5]. For the rapid drying 38 

process of casting films, the polymer chains do not have enough time to approach the 39 

conformational equilibrium before vitrification and consequently the chain 40 

conformation in the solution can more or less survive in the resultant films, known as 41 

the chain memory effect [6]. Different processes of casting films may result in the 42 

distinct architecture structures of macromolecules including conformation, 43 

entanglement and packing state of polymer chains, which may influence the 44 
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macroscopic properties of the product such as glass transition temperature (Tg) [7, 8], 45 

polymer chain relaxation [9], phase-separation [5, 10] and crystallization behavior 46 

[11, 12]. As a result, many researchers laid their emphasis on the process of solution 47 

casting to investigate the relationships between preparing process and macroscopic 48 

performance of the solution-cast films [7, 13-18]. 49 

 50 

Fig. 1  Schematical of toplogical entanglement and cohesional entanglement. 51 

Reproduced with permission from 1997, Wiley VCH. [27] 52 

 53 

Many variables during solution casting process, such as drying rate [7, 13], 54 

annealing time [13], solution concentration [14, 15], solvent quality [7, 14, 16] etc, 55 

could significantly affect the architecture structures of polymer chain and properties 56 

of the resultant films. Li et al. [7] found that rapid drying precluded the polymer 57 

chains from achieving full interpenetration before vitrification and some memories of 58 

the chain conformation in the solution were held and survived in the resultant films. 59 

Usually, in order to ensure complete evaporation of the solvent, the samples are 60 

inevitably treated through annealing. Recently, we investigated the influences of 61 

annealing on the chain entanglement and molecular dynamics in solution-cast 62 
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poly(methyl methacrylate)/poly(styrene-co-maleic anhydride) (PMMA/SMA) blends, 63 

and found chain entanglement density increased as the increasing annealing 64 

temperature and/or time, leading to higher Tgs and longer relaxation time [19]. With 65 

regards to the chain entanglement, there are two types of of chain entanglement in 66 

amorphous polymer: topological entanglement [20-24] and cohesional entanglement 67 

[25-27], as schematically demonstrated in Fig.1. The former comes from the 68 

entanglement of different chains in three-dimensional space [20-22], while the latter 69 

results from interchain cohesion with local parallel alignment of neighboring 70 

segments as physical crosslinks [26, 27]. As to solution concentration, when the 71 

casting solution concentration increases, the Tg and relaxation time of the blend film 72 

increases due to the more densely packed chain conformation both in the casting 73 

solution and the blend films [14]. Besides the solution concentration, the 74 

conformation of polymer chains in the solution also strongly depends on the solvent 75 

quality [6]. In a good solvent, the intermolecular interaction between polymer 76 

segments and solvent is dominant rather than the interaction between segments, 77 

which enables the polymer chain to swell. On the contrary, the chains collapse in a 78 

poor solvent and as a result, the resultant blend film appears a more compact 79 

architecture structure. 80 

In previous report [14], it was found that the PMMA/SMA films cast from a N, 81 

N-dimethylformamide (DMF) solution presented higher Tg and longer segmental 82 

relaxation time than those of the films cast from chloroform, methyl ethyl ketone and 83 

tetrahydrofuran solution. These results were ascribed to the higher entanglement 84 
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degree in PMMA/SMA blend films and in turn the decreased segment mobility 85 

induced by poor solvent quality of DMF. However, it was noticed that there exists a 86 

strong interaction, namely hydrogen bonding between PMMA and DMF in solution 87 

[3]. More importantly, the intermolecular interaction between polymer and solvent 88 

molecule such as hydrogen bonding can influence the chain conformation in the 89 

solution as indicated by some previous reports [3, 28-31]. For example, it was found 90 

that poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-co-HFP)) membranes 91 

with different crystalline phase compositions could be obtained by using acetone and 92 

dimethylacetamide (DMAc) due to the different solvent-polymer interactions, and the 93 

different solubilities and diffusivities of ethyl acetate (EtAc) in the two solution-cast 94 

membranes appeared [28]. On the basis of solvent polarity, a water-soluable 95 

conjugated polymer, poly[2,5-bis(diethylaminetetraethylene glycol)phenylene 96 

vinylene] (DEATG-PPV) presented a wide range of chain conformations: extended, 97 

coiled, and collapsed chain conformations in solutions, leading to distinct 98 

morphologies and optical properties in resultant films [30]. Thus, taking the fact that 99 

the hydrogen bonding between solvent and polymer can be destroyed during solvent 100 

evaporation into account, whether this interaction in the solution influences the 101 

architecture structure of the resultant PMMA/SMA film is still unknown, and it is 102 

important and necessary to estimate the contribution of this intermolecular interaction 103 

to the elevated Tg and increased segmental relaxation time of PMMA/SMA film. 104 

As mentioned above, so far there are many investigations about the effect of 105 

solvent quality on performances of solution-cast films [6, 32-36], and the solvent 106 
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quality is always represented by the solubility parameter δ. Actually, the δ criterion 107 

representing the interaction between the solvent and polymer can only work 108 

reasonably well for non-polar interactions due to van der Waals forces between 109 

species, since it results from the Flory interaction parameter χ and is obtained by the 110 

method developed by Hildebrand and Scott [37]. However, it fails in the mixtures 111 

with strong polar or specific interactions, such as hydrogen bonds [38]. Thus, how the 112 

strong solvent-polymer interaction affects the microstructure and molecular dynamics 113 

of the resultant films has not been figured out yet. 114 

As one of the most important interactions between species, hydrogen bonding 115 

widely exists in several polymer-solvent systems. In this article, we try to probe 116 

whether and how the hydrogen bonding between the solvent and polymer affects the 117 

molecular architecture and dynamics of the resultant blend films by using rheological 118 

measurement and broadband dielectric spectroscopy. Theorotically, taking pure 119 

PMMA as the investigated model would be simpler and more instrutive, yet the 120 

solution-casting blend films of PMMA/SMA instead of pure PMMA are chosen as the 121 

model system for the following two reasons: firstly, in order to compare the results 122 

with the previous publications and keep the continuity of research, we still use the 123 

PMMA/SMA system; secondly, the α-relaxation and β-relaxation of pure PMMA will 124 

mix to one signal in the investigated temperature, which would lead to erroneous 125 

results fitted from dielectric measurments. [39] In order to achieve a good dissolution 126 

of the PMMA/SMA blends and control the quantity of hydrogen bonding between 127 

polymer/solvent, a series of mixed solvents composed of m-xylene and acetic acid 128 
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with different mass ratio of acetic acid (Rac) were applied to cast films. The molecular 129 

entanglement and dynamics of PMMA/SMA films were investigated by dynamic 130 

rheological measurement and broadband dielectric spectroscopy (BDS) to evaluate 131 

the effects of hydrogen bonding between polymer/solvent. 132 

2. Experimental 133 

2.1. Materials and sample preparation 134 

Polymethyl methacrylate (PMMA, IF850) with Mw = 8.1×10
4
 g/mol and Mw/Mn = 135 

1.9 was purchased from LG Co. Ltd, South Korea. Poly (styrene-co-maleic anhydride) 136 

(SMA, 210) with Mw = 2.6×10
5
 g/mol, Mw/Mn = 3.7 and a MA content of 10 wt% was 137 

obtained from SINOPEC Shanghai Research Institute of Petrochemical Technology, 138 

China. Acetic acid (AR, Shanghai) and m-xylene (CP, Shanghai) were used to prepare 139 

a mixed solvent to cast the blend film. The pure m-xylene was also used to cast film 140 

as a reference. The parameter Rac was used to represent the mass ratio of acetic acid 141 

in the mixed solvent. PMMA/SMA (20/80 wt/wt) blends were dissolved in the mixed 142 

solvent (Rac = 0, 0.1, 0.2, 0.4) respectively with a weight concentration of 5% to form 143 

a clear and uniform solution. According to the calculated c*(critical overlap 144 

concentration) and ce (entanglement concentration), the 5wt% PMMA/SMA solution 145 

is identified to locate in the concentrated regime and the details are demonstrated in 146 

Supporting Information. The homogeneous solution was then cast onto a horizontal 147 

flat glass Petri dishes held at 35 
o
C and dried at 50, 70 and 90

 o
C successively in an 148 

ordinary oven for at least 3 days. Finally, the films were dried at 110 and 130 
o
C in a 149 

vacuum oven (vacuum degree < 133 Pa) for 5 days to remove residual solvent. It’s 150 
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convinced by thermogravimetry analysis (Q600, TA, USA) results (as indicated by 151 

Fig. S1 in Supporting Information) that the residual solvent had been completely 152 

removed. All dried blend films with thickness of 200±10 µm were homogeneous (all 153 

samples appear a single glass transition temperature from the broadband dielectric 154 

spectroscopy (Fig. 4) and DSC( Fig.5a) method) and optically transparent. 155 

2.2. FTIR spectroscopy 156 

With the evaporation of acetic acid at 25
 o

C, the Fourier Transform Infrared 157 

(FTIR) spectrum for the acetic acid solution of PMMA was recorded in the range of 158 

4000-400 cm
-1

 on a Fourier transform Infrared Spectroscopy (Nicolet 6700, Thermo 159 

Fisher Scientific, USA) with a spectral resolution of 4 cm
-1

. Also the pure acetic acid, 160 

the PMMA films cast from acetic acid, m-xylene and their mixed solvents were tested. 161 

All the spectra were baseline corrected and automatically smoothed thereafter using 162 

Nicolet Omnic.  163 

2.3. BDS spectroscopy 164 

Broadband dielectric spectroscopy (BDS) measurements of PMMA/SMA blend 165 

films were conducted on an Alpha high resolution dielectric analyzer (GmbH 166 

Concept 40, Novocontrol Technology, Germany), which is equipped with a Novocool 167 

cryogenic system for temperature control with a precision of ±0.1
 o

C. The film 168 

samples were placed between two circular gold electrodes with a diameter of 20 mm. 169 

Temperature sweeps were carried out at a frequency of 10 Hz and a heating rate of 3 170 

o
C/min from 80 to 160 

o
C. Isothermal frequency sweeps were performed over a wide 171 

frequency range of 10
-1

-10
7
 Hz in the temperature range of 40 - 160 

o
C.  172 

Page 8 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2.4. Rheological measurements 173 

To obtain the samples for rheological measurements, 8 pieces of films with 174 

thickness of 200 µm were piled up and compression molded into a specimen disk 175 

with a diameter of 25mm and a thickness of 1.5mm at 10MPa and 160
o
C. In order to 176 

minimize the influence of annealing, the hot compression process was completed in 5 177 

min. The rheological measurements were carried out on an advance rheometric 178 

expansion system (ARES-G2, TA, USA) with parallel plate geometry of 25 mm in 179 

diameter. Frequency sweeps were conducted in the range of 0.01 - 500 rad/s from low 180 

to high frequency at 160
 o
C. The strain amplitude of 1% was employed to ensure all 181 

the rheological tests to lie in the linear viscoelastic region (indicated by Fig. S2 in 182 

Supporting Information). During these frequency sweeps, the test time required for a 183 

point at high frequency is short (a few seconds) while long (hundreds of seconds) at 184 

low frequency. Consequently, the full spectra of storage modulus (G′) and loss 185 

modulus (G'') takes about 2 hours from 0.01 rad/s to 500 rad/s and it takes more than 186 

90 min from 0.01 rad/s to 0.1 rad/s. As shown in Fig. S3 in Supporting Information, 187 

the increase of G′ in the beginning may be ascribed to the influence of 188 

hot-compression procedure which also has a annealing effect on smaples indeed 189 

besides compressive stress. Considering that the annealing time is very short and all 190 

the samples underwent the same process, the equilibrium value of storage modulus 191 

will minimize the influence of hot-compression procedure, but the storage modulus 192 

obtained in one thousand seconds may contain the contribution of hot-compression 193 

procedure or annealing effect. 194 
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2.5．MDSC tests 195 

Thermal characteristics of PMMA/SMA blend films were determined with a 196 

modulated differential scanning calorimeter(MDSC, Q100, TA, USA). Samples of 197 

5-10 mg were used in this test. A heating rate of 2 
o
C/min was employed from 70

 o
C 198 

to 140
 o

C with temperature modulation amplitude of 0.5 
o
C and an oscillation period 199 

of 60s throughout this investigation. All the tests were run in a nitrogen flow of 50 200 

ml/min.  201 

3. Results and discussion 202 

3.1.Hydrogen bonding between PMMA and acetic acid 203 

In this article, we try to probe whether and how the hydrogen bonding between 204 

solvent/polymer affects the molecular architecture and dynamics of the resultant 205 

blend films by using rheological measurement and broadband dielectric spectroscopy. 206 

The quantity of hydrogen bonding between polymer and solvent was controlled by 207 

changing the mass ratio of acetic acid in the mixed solvents. It is noticed that only the 208 

hydrogen bonding between PMMA and acetic acid will be considered, because SMA 209 

can’t be dissolved at all in acetic acid both at room temperature or heating while it 210 

can be completely dissolved in the mixed solvents used in this work. It is widely 211 

accepted that hydrogen bonding between the solvent and polymer facilitates the 212 

dissolution of polymer in solvent, so the above facts indicates that hydrogen bonding 213 

impossibly exists between acetic acid and MA, which may be ascribed to the high 214 

rigidity of SMA chains induced by the dominant (90% styrene in SMA) phenyl side 215 

chain and in turn a large steric hindrance for the formation of hydrogen bonding 216 
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between acetic acid and MA.  217 

Affirming the existence of hydrogen bonding between PMMA and acetic acid 218 

during casting PMMA/SMA films is a precondition. FTIR spectra were used to 219 

determine the intermolecular interaction between PMMA and acetic acid. To avoid 220 

unexpected noise on FTIR spectra and clearly identify it, the casting film process of 221 

pure PMMA was chosen. Fig. 2(a) shows the infrared spectra of acetic acid, 222 

PMMA/acetic acid solution, and PMMA film cast from acetic acid, respectively. On 223 

the PMMA spectrum, the following characteristic peaks appear: the peaks 224 

representing the stretching vibration of the C-O-C and C-H at 1300-1100 cm
-1

 and 225 

3000-2840 cm
-1

, respectively; the stretching peak of C=O in carbonyl groups at 1732 226 

cm
-1

; the peaks representing the bend vibration of -CH2 and -CH3 groups at 1442 and 227 

1388 cm
-1

, respectively. On the acetic acid spectrum, several characteristic peaks 228 

appear: the stretching vibration peak of -OH at 3300-2500 cm
-1

; the stretching 229 

vibration peak of C=O at 1711 cm
-1 

(dimer of acetic acid); the coupling peaks of 230 

stretching vibration of C=O and bend vibration of -OH at 1411 cm
-1

 and 1292 cm
-1

; 231 

the stretching vibration peak of C-O at 1012 cm
-1

; the out-of-plane bend vibration of 232 

–OH and O-H----O at 933 cm
-1

 and 619 cm
-1

, respectively; the in-plane deformation 233 

vibration of C-C=O at 478 cm
-1

. Due to the hydrogen bonding between acetic acid 234 

molecules, the peak at 3300-2500 cm
-1

 becomes wide. As to the PMMA/acetic acid 235 

solution, the characteristic peaks are similar to that of acetic acid, which should be 236 

ascribed to the less content of PMMA compared with acetic acid in the initial solution. 237 

As a result, most of the characteristic peaks of PMMA are covered by the broad peaks 238 
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of acetic acid. In spite of this, the characteristic peaks of PMMA/acetic acid solution 239 

at the range of 4000-1300 cm
-1

 are broader compared with that of acetic acid, 240 

indicating that there exist interactions between PMMA and acetic acid.  241 

The real-time infrared spectra of a 5 wt% PMMA/acetic acid solution upon 242 

volatilizing at 25
 o

C are presented in Fig.2 (b). The four curves presented in Fig.2 (b) 243 

correspond to the marked time points (1-4) in the volatilization curve of acetic acid 244 

given in Fig. S4 in Supporting Information, respectively. As acetic acid evaporating, 245 

the characteristic peaks in Fig.2 (b) become narrower and weaker due to the decrease 246 

of acetic acid molecules. Meanwhile, more associated acetic acid molecules are 247 

separated to be non-associated ones, which can be proved by the weak peak located at 248 

3558 cm
-1

 indicating the stretching vibration of non-associated -OH in acetic acid. On 249 

the other hand, the characteristic peak at 1178 cm
-1

 for PMMA is observed as acetic 250 

acid evaporates, meaning that the content of PMMA in the tested sample increases 251 

significantly and the acetic acid decreases. Most importantly, one can find that a 252 

shoulder peak appears at 1780 cm
-1

 near the stretching vibration peak of C=O at 1732 253 

cm
-1

 and subsequently becomes weaker [3]. It is reasonable to attribute this peak to 254 

hydrogen bonding between the carbonyls in PMMA and the hydroxyls of acetic acid. 255 

The gradually weaker shoulder peak at 1780 cm
-1

 indicates that the quantity and/or 256 

strength of hydrogen bonding between acetic acid and PMMA reduce as the acetic 257 

acid decreases.
 

258 

The similar FTIR results of PMMA films cast from acetic acid, m-xylene and their 259 

mixed solvent are presented in Fig.2(c). Since there is no specific intermolecular 260 
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interaction between m-xylene and PMMA except van der Waals force, certainly there 261 

is no hydrogen bonding in the resultant film from m-xylene. Considering the almost 262 

identical FTIR spectra of three films, one can deduce that there is no hydrogen 263 

bonding between the solvents and PMMA in all three resultant films. 264 

Thermogravimetric analysis (TGA) results given in Fig. S1 in the Supporting 265 

Information also confirm that no residual solvent remains in them. In this 266 

investigation, the mass ratio of PMMA/SMA blend films taken as the model system 267 

is 20/80 in order to investigate the effect of the quantity of hydrogen bonding. The 268 

mixed solvents composed of m-xylene and acetic acid with different Rac were used as 269 

the casting solvents since the SMA component is insoluble in acetic acid at all. In 270 

addition, small portion of acetic acid minimizes the change of solubility parameter of 271 

the mixed solvents rather than pure acetic acid. The mixed solvents with different Rac 272 

match the PMMA/SMA (20/80) blend well to change the quantity of hydrogen 273 

bonding between PMMA chains and acetic acid without an evidently variation of 274 

solubility parameter. 275 

 276 
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Fig. 2  FTIR spectra of (a) PMMA film cast from acetic acid, acetic acid and PMMA/acetic acid 278 

solution, (b) real-time FTIR spectra of PMMA/acetic acid solution as the acetic acid volatilized 279 

and (c) PMMA films cast from acetic acid, m-xylene and their mixed solvent, respectively. The 280 

four curves in (b) correspond to the time of the marked points (1, 2, 3, 4) in Fig. S4 in Supporting 281 

Information. 282 

 283 

3.2.Topological entanglement of molecules 284 

Since the 5 wt% PMMA/SMA solution used here is in the concentrated regime [14, 285 

40-42], polymer chains entangle with each other. Hence, the chain entanglement 286 

density is very important for the properties of the resultant films. As mentioned in the 287 

Introduction, there are topological entanglement [20-24] and cohesional entanglement 288 

[25-27] in amorphous polymer.Since the topological entanglement can intuitively 289 

demonstrate the long chain characteristics of polymers and is easily measured by 290 
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experiments compared with cohesional entanglement, it is widely used to describe the 291 

architecture structures of polymeric materials. Thus, the topological entanglements of 292 

blend films were firstly investigated in this section. Rheological measurments were 293 

adopted to obtain parameters related to the topological entanglements. As is shown in 294 

the Experimental section, the tested samples were hot-compression molded by the 295 

casting PMMA/SMA films at 160
o
C because the 200µm casting films were too thin 296 

for the rheological measurements. It must be pointed out that the annealing effect in 297 

the hot-compression procedure will affect the storage modulus G′ and loss storage G′′ 298 

slightly.( shown in Fig. S3 in the Supporting Information) Consequently, on one hand, 299 

we minimized the time of hot-compression procedure to reduce the annealing effects 300 

on the samples; on the other hand, we adopt the same hot-compression process and 301 

the same number of layers to ensure the variations of different samples are identical. 302 

Based on above reasons, we believed that the comparison between the following 303 

results in this work can effectually reflect the influence of hydrogen bonding between 304 

casting solvents and polymer chains on the topological entanglements of the resultant 305 

PMMA/SMA films. 306 

 307 

In our previous study [5, 19], the entanglement molecular weight, Me, defined as 308 

the average molecular weight between adjacent temporary entanglement points, can 309 

be calculated from the plateau modulus ���  (eq.1). By measuring storage modulus G′ 310 

and loss storage G′′ in rheological test, G��  can be determined by the MIN method 311 

(eq.2) [43- 45] and the ‘Crossover modulus-based’ method (eq.3) [44] respectively, 312 
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which is shown in the inlay of Fig. 3 schematically. 313 

��� = �
�
	
�
�
                                    (1) 314 

In which ρ is the density, R is the gas constant, and T is the absolute temperature. In 315 

this work, the values of Me were calculated from ���  obtained by  the MIN 316 

method(eq.2) [43- 45] and the ‘Crossover modulus-based’ method (eq.3)[44] 317 

respectively for comparison. 318 

 ���
�� = ��(�)����→���                               (2) 319 

log �� !�"# = 0.38 +
).*+,-.	(0102)
34).��,-.	(0102)

                           (3) 320 

The weight average molecular weight Mw and number average molecular weight Mn 321 

for the blends were calculated using classic formula in polymer physics [38]: 322 

56 = 73563 +7)56)                             (4) 323 

3
�2 = 68

�28 + 69
�29                                (5) 324 

in which w is the weight fraction and subscripts 1 and 2 refer to blend components 325 

1 and 2, respectively. The plateau modulus ���  calculated by eq 2, the crossover 326 

modulus Gx and Me calculated by MIN method and crossover modulus-based method 327 

of the PMMA/SMA blend films cast from different mixed solvents are presented in 328 

Fig. 3. It can be seen that ���  decreases and Me increases as the mass ratio of acetic 329 

acid increases, indicating a entanglement depression in the resultant blend films. 330 

Furthermore, as mentioned in Experimental section, the G�	:;<�  and Gx in the inset of 331 

Figure 3 were obtained at the higher frequency than 0.1 rad/s, which means that these 332 

moduli data for calculating are equilibrium value (indicated by Fig. S3 in Supporting 333 

Information) and the the influence of hot-compression procedure can be ignored. 334 
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As well known, the conformation of polymer chains in solution is significantly 335 

influenced by the quality of solvent. As mentioned previously, due to the rapid 336 

evaporation of the solvent, some chain conformation in the solution will survive in 337 

the resultant films. Hence, molecular entanglement and chain conformation in the 338 

blend films are closely related to the quality of casting solvent. The solubility 339 

parameter δ of PMMA and SMA is 9.0~9.5 and 8.7~9.1 cal
1/2

·cm
-3/2

, respectively, 340 

while δ of m-xylene and acetic acid is 8.8 and 12.6 cal
1/2

·cm
-3/2

, respectively. The δ of 341 

mixed solvent can be calculated by using eq 6 [38], in which = is the volume fraction 342 

and subscripts 1 and 2 refer to solvent components 1 and 2, respectively. 343 

  >��� = =3>3 + =)>)                                (6) 344 

As is calculated using eq 6, the δ of casting solvents with different Rac (0, 0.1, 0.2, 0.4) 345 

are 8.8, 9.1, 9.4 and 10.1 cal
1/2

·cm
-3/2

, respectively. Obviously, the ∆δ between the 346 

mixed solvents and PMMA/SMA blends changed little as Rac increased, indicating 347 

that in principle all of the casting solvents are near good solvent for this blend. In 348 

spite of this, the differences among the solvents with different Rac are undeniable for 349 

the different δh and δp, which represent the contribution of hydrogen bonding and 350 

polar force in the three-dimensional solubility parameter, respectively [46]. The δp of 351 

PMMA, m-xylene and acetic acid are 4.0, 0.5 and 3.9 cal
1/2

·cm
-3/2

, while the δh are 352 

3.3, 1.5 and 6.6 cal
1/2

·cm
-3/2

, respectively [46]. Similarly, δp and δh of the mixed 353 

solvents can be obtained according to eq 6. As Rac increases, δp and δh of the mixed 354 

solvents calculated using eq 6 generally get close to that of PMMA, meaning the 355 

hydrogen bonding and polar force between PMMA chains and the solvents become 356 
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stronger. As a result, the PMMA chains spread loosely in solvent with increasing Rac 357 

and the segmental alignment brings a local reduction of chain. It’s documented that 358 

the PMMA chains and SMA chains are likely to entangle with themselves rather than 359 

each other owing to their dissimilar chain structure [43, 47]. Hence, most of the 360 

topological entanglements happen in the two components themselves. In the mixed 361 

solvents with higher Rac, less entanglement points are formed in the solution owing to 362 

the more loose chain conformation. Therefore, the topological entanglement density 363 

decreases with the increase of Rac in the resultant films due to the chain memory 364 

effect.  365 
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 367 

Fig. 3  Plateau modulus ��	
��� , crossover modulus Gx and entanglement molecular weight 368 

estimated using the ‘MIN method’ (5
		�) and the ‘Crossover modulus-based’ method (5
		?) for 369 

PMMA/SMA (20/80) blend films cast from solvents with different Rac. The inlay presents the 370 

dependence of G′ , G'' and tanδ on frequency for PMMA/SMA(20/80) blend film cast from 371 

m-xylene at 160 
o
C, while the plateau modulus ��	
���  and crossover modulus Gx are determined 372 

using the ‘MIN method’ and the ‘crossover modulus-based’ method, respectively. 373 

 374 

3.3. Glass transition temperature and cohesional entanglement of molecules 375 
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In order to clarify the influence of architecture structure on glass transition, Tgs of 376 

the resultant films cast from solvents with different Rac were detected by the 377 

broadband dielectric spectroscopy (BDS), which is based on the interaction of an 378 

external field with the electric dipole moment of the sample and consequently has 379 

been widely employed in a wide variety of scientific fields such as fuel cell testing, 380 

molecular interaction, and microstructural characterization. Fig. 4 shows Tgs as a 381 

function of Rac for PMMA/SMA blend films by BDS measurements. One can find 382 

that Tg increases with increasing the mass ratio of acetic acid. Usually, the glass 383 

transition behavior of polymer film can be influenced by some factors such as chain 384 

entanglement [5], substrate [48], interfacial conditions [49], film thickness [50] and 385 

residual solvents [51-53]. In this investigation, the influences of substrate, interfacial 386 

conditions, film thickness and residual solvents can be ignored because all the 387 

experiment conditions are uniform and the residual solvents are removed completely. 388 

Note that in most cases reported previously, the elevated Tg is related to the increased 389 

entanglement degree [5, 7, 19, 54, 55]. In previous study [19], the Tg of PMMA/SMA 390 

blends increases when annealing time or temperature increases owing to the increased 391 

topological entanglement density during the annealing process. Therefore, the Tg 392 

should be positive correlated with the topological entanglement density. Considering 393 

the decreased topological entanglement density in PMMA/SMA films with the 394 

increase of Rac as mentioned in last section, this phenomenon that Tg increases as the 395 

extent of chain entanglement decreases is rather interesting. Lu et al. found that a 396 

hydrophilic polymer polyacrylamide (PAL) presented an increased Tg with decreasing 397 
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chain entanglement and they attributed it to the strong molecular interaction formed 398 

between an amino group and a carbonyl group in PAL [56]. However, the 399 

PMMA/SMA system differs from the PAL one. It is a hydrophobic one and there is 400 

no intermolecular interaction between PMMA and SMA molecular, because the 401 

hydrogen bonding only occurs between the polymer and the casting solvents during 402 

sample preparation.  403 

 404 

0.0 0.1 0.2 0.3 0.4

122

124

126

T
g
(°

C
)

Rac
 405 

Fig. 4  Tgs of PMMA/SMA (20/80) blend films cast from solvents with different Rac measured 406 

by broadband dielectric spectroscopy with a heating rate of 3 
o
C/min at 10 Hz. 407 

 408 

To explore the reason of elevated Tg in PMMA/SMA films cast from the mixed 409 

solvents with Rac, the cohesional entanglements in polymers mentioned above was 410 

investigated. Previously, some evidences of cohesional entanglements have been 411 

demonstrated by low wavevector wide angle neutron scattering [57], wide angle 412 

X-ray scattering [58], high resolution solid state NMR experiments [59] and DSC 413 
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[27]. Fig.5 gives the reversing and non-reversing heat flows of PMMA/SMA blend 414 

films obtained by modulated DSC test. The reversing signal presenting glass 415 

transition shifts towards higher temperature with increasing Rac. It is observed that Tg 416 

obtained from MDSC is lower than that measured by BDS for each sample, but its 417 

variation trend with Rac is in good accord with the BDS result in Fig.4. These Tg 418 

differences obtained from two methods should result from the different testing 419 

principle. On the other hand, there is only one non-reversing heat flow signal at 109.1 420 

o
C when the casting solvent is pure m-xylene, while another signal at about 116 

o
C 421 

appears at higher temperature when hydrogen bonding exists between PMMA/SMA 422 

and casting solvents. With the increasing of Rac, the signal at lower temperature 423 

weakens and the one at higher temperature becomes stronger. The double-peak 424 

behavior has been found in many systems [60-63], and one considers that the 425 

temperature endothermic peak located in physically aged poly(DL-lactide) is induced 426 

by the disengaging of the cohesional entanglements formed during physical aging 427 

[63]. In this investigation, it is noted for the blend sample prepared by pure m-xylene, 428 

its Tg is about 112.1 
o
C and it is slightly higher than the peak temperature of 109.1

o
C 429 

on the non-reversing heat flow curve. This endothermic peak at 109.1 
o
C should 430 

present the energy barrier acquired of segment motion, which may induce by various 431 

Van der waals interaction in these polymers including cohesional entanglement. For 432 

the blend samples prepared by various mixed solvents, the endothermic peak at about 433 

116 
o
C indicates that a greater energy barrier which segment motion must overcome. 434 

With increasing Rac, the endothermic peak at about 109 
o
C decreases and the one at 435 
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about 116 
o
C becomes stronger, so Tgs of these blends gradually rise. Thus, these 436 

results clearly show that the endothermic peak at about 116 
o
C in PMMA/SMA blend 437 

films should be ascribed to the cohesional entanglements induced by hydrogen 438 

bonding between the polymer and the casting solvents. The enhanced signal at high 439 

temperature indicates an increasing quantity of cohesional entanglements with 440 

increasing Rac. 441 
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Fig. 5  Variation  of  reversing (a) and non-reversing (b) heat  flow  with  temperature  for 443 

PMMA/SMA (20/80) blend films cast from solvents with different Rac measured by MDSC upon 444 

heating.  445 

 446 

As discussed previously, in the blends/mixed solvent solutions, the hydrogen 447 

bonding and polar force between PMMA chains and the solvents become stronger 448 

with increasing Rac, hence the PMMA chains spread loosely and more segmental 449 

alignment appears. Furthermore, there are more opportunities for local parallel 450 

alignment neighboring segments to form cohesional entanglements in the 451 
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cast-solution with increasing Rac. Due to the memory effect, the amount of the 452 

cohesional entanglements in the resultant blend films may also increase as Rac 453 

increases. It was reported that the average cohesional entanglement spacing along the 454 

chain was much smaller than that of the topological entanglement below Tg, and the 455 

cohesional entanglements prevented the occurrence of the long-range cooperative 456 

conformational changes of the chain and the polymers presented a glassy state [26].  457 

As the Rac increases, the cohesional entanglement spacing along the chains become 458 

smaller, so a higher temperature is acquired to offer a sufficient energy for the 459 

polymer segments to overcome the baffle of cohesional entanglements. During 460 

heating, the cohesional entanglements will gradually disentangle or vanish, so the 461 

long-range cooperative motions are unlocked. Once the temperature reaches Tg, the 462 

cohesional entanglement spacing is large enough for rubber elasticity and 463 

consequently the cooperative changes of conformation involving successive 464 

backbone bonds are permitted [26]. Hence, even the topological entanglement density 465 

decreases in samples cast from mixed solvents with higher Rac, Tg increases due to the 466 

incremental cohesional entanglement, which might be destroyed during the high 467 

temperature rheological tests at 160
 o

C. In accord with the previous study [45], the 468 

cohesional entanglements are indeed important to the physical properties of polymers 469 

near Tg and in their glassy state. Furthermore, as discussed above, the cohesional 470 

entanglement could be destroyed partially when the temperature exceeds the Tg. Since 471 

the experiments in Figure 3 were conducted at 160
o
C, at which most of the 472 

cohesional entanglement would be destroyed, consequently the contribution of 473 
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cohesional entanglement to the plateau modulus can almost be ignored. 474 

In addition, it needs to be pointed out that a fixed sample preparation condition 475 

including concentration and casting method was chosen in order to make a reliable 476 

comparison between experimental results. Furthermore, to obtain reliable 477 

experimental results and conclusion, PMMA/SMA blends with other different 478 

composition were also investigated. It is found that the experimental results of these 479 

samples are rather similar to those of PMMA/SMA with composition of 20/80, as 480 

indicated by Fig. S5 and Fig. S6 in Supporting Information. 481 

 482 

3.4. Molecular dynamics 483 

3.4.1.  α-relaxation process 484 
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Fig. 6  Dielectric loss ε” as a function of frequency for PMMA/SMA (20/80) blend films cast 486 

from mixed solvents with different mass ratio of acetic acid at 130
 o

C. The solid curves represent 487 

HN fittings of the data. 488 

 489 

Usually, molecular dynamics is directly influenced by the chain entanglement. In 490 
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order to investigate the effect of hydrogen bonding between polymer/solvent on 491 

molecular structure of the resultant films, the molecular dynamics of PMMA/SMA 492 

films was examined. Fig. 6 demonstrates the frequency dependences of dielectric loss 493 

ε'' for PMMA/SMA (20/80) blend films cast from the pure m-xylene and mixed 494 

solvents at a weight concentration of 5% at 130 
o
C. In the frequency range 495 

investigated herein, three processes can be observed, namely ionic conductivity, α- 496 

and β-relaxation from low to high frequency, respectively. Similar to the 497 

polyurethane/styrene-acrylonitrile system [64], the process of ionic conductivity is 498 

attributed to the accumulation of charge carriers at the interface between PMMA and 499 

SMA segments phase. The α-relaxation is related to the segment motion of the blends 500 

and the β-relaxation corresponds to the partial rotation or conformational changes of 501 

the –COOCH3 side groups around the C-C bond on the backbone of the PMMA 502 

component [39]. In order to acquire more quantitative Information, the dielectric loss 503 

of the complex dielectric function was analyzed according to the Havriliak-Negami 504 

(HN) equation (eq. 7). It can be seen that the HN equation agrees well with the 505 

experimental data [65]. 506 

 507 

@∗ = @B + ∆D
[34(�FGH )IH ]KH − M N

D!FO              (7) 508 

 509 

in which ω is angular frequency ( ω = 2πf ), ε
*
 is the complex dielectric constant, ε0 510 

and ε∞ is dielectric permittivity of vacuum and the unrelaxed (ω = ∞) value of the 511 

dielectric constant respectively, ∆ε is the dielectric strength, and τHN is the HN 512 
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characteristic relaxation time. The exponents αHN and βHN (0<αHN, βHN ≤ 1) are shape 513 

parameters which describe the symmetric and asymmetric broadening of the 514 

relaxation time distribution, respectively. Here, the M N
D!FO presents the process of 515 

ionic conductivity, in which σ is the dc conductivity constant, ε0 is the dielectric 516 

permittivity of vacuum and s (0 < s < 1) is a coefficient characterizing the conduction 517 

mechanism. In this work, two HN functions and a conductivity process were used to 518 

analyze the isothermal dielectric spectra. Furthermore, τHN is related to τmax 519 

corresponding to the maximum of the dielectric loss by eq. 8 [65]. 520 

 521 

P��� = PQ�(RMS TH UH V)(UH 43))
8

IH (RMS TH V
)(UH 43))W3/TH               (8) 522 
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 525 

Fig. 7  Dependence of dc conductivity on temperature for PMMA/SMA (20/80) blend films cast 526 

from mixed solvents with various Rac at a concentration of 5wt%. The solid curves represent 527 

Arrhenius fittings of the data. 528 

 529 

Page 26 of 39RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



In Fig. 6, the ionic conductivity processes of the resultant films are obviously 530 

distinct. To further understand the effect of hydrogen bonding between solvent and 531 

polymer on dc conductivity of the resultant films, dc conductivity were obtained by 532 

fitting raw data in Fig.6 using eq.7.  Fig. 7 shows the dependences of dc 533 

conductivity on temperature for PMMA/SMA (20/80) blend films cast from mixed 534 

solvents with difference Rac and the lines fitted by Arrhenius equation. It can be seen 535 

that σ of a given sample increases with increasing temperature, indicating that the 536 

ionic conduction process is strengthened at elevated temperatures. It can be explained 537 

by the increased mobility of ions at elevated temperatures and the enhanced wagging 538 

vibration of molecular framework and side chains, as indicated by Ref 66. 539 

Furthermore, there is no sharp change of the dc conductivity, meaning that no phase 540 

transition process happens in the temperature range investigated. Compared with the 541 

blend films cast from pure m-xylene, the dc conductivity of samples cast from mixed 542 

solvents is lower. The conductivity activation energy can be obtained by Arrhenius 543 

equation fitting, which is assumed to be the energy required to move the ion in the 544 

ionic conductivity process. The activation energy values of different samples cast 545 

from different solvents (Rac = 0, 0.1, 0.2, 0.4) are 102.39±2.6, 109.74±3.8, 118.66546 

±3.1and 124.30±3.2 kJ·mol
-1

, respectively. As the mass ratio of acetic acid in the 547 

mixed solvent increases, the increasing activation energy suggests it is more difficult 548 

for the casting films to be conductive. It implies a more uniform structure in the blend 549 

films cast from the mixed solvents due to the more homogeneous solution system. In 550 

our previous work [14],
 
it was found that PMMA/SMA blend film cast from DMF 551 
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could present a higher σdc than that from chloroform, MEK and THF. If the hydrogen 552 

bonding between PMMA and DMF plays an important role in the solution, the 553 

PMMA/SMA chains should spread more homogeneous and the resultant film is more 554 

uniform, as a result，a lower σdc than films cast from other solvents will appear. 555 

However, the fact is opposite to the assumption. Therefore, in spite of the hydrogen 556 

bonding between PMMA and DMF [3], the extraordinary performance of films cast 557 

from DMF may result from the poor solvent property of DMF rather than the 558 

interaction between PMMA and DMF. 559 

Fig. 8 shows τmax of the α-relaxation as a function of temperature for PMMA/SMA 560 

(20/80) blend films cast from m-xylene and mixed solvents with various Rac. 561 

Meanwhile, the normalized ε'' of different blend films at 130
 o

C is presented in the 562 

inlay. It can be observed that the α-relaxation peak shifts towards lower frequency 563 

and τmax increases with the increase of Rac, indicating the decreased segmental motion 564 

ability. These phenomena are similar to those for annealed films or films cast from 565 

solutions with higher concentration in which a higher entanglement density and a 566 

more compact chain conformation of polymer chains appears [14, 19]. According to 567 

the data of entanglement density reported previously, both the annealing process and 568 

larger solution concentration lead to a higher degree of topological entanglement 569 

estimated by plateau modulus acquired in rheological tests, which is positive related 570 

to the increasing τmax of α-relaxation. However, the increasing τmax of α-relaxation 571 

demonstrated in Fig. 8 does not correspond with the decreasing topological 572 

entanglement density, which can be explained by the increasing cohesional 573 
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entanglement. As discussed before, taking the topological entanglement results 574 

estimated from Fig. 3 and the cohesional entanglement results obtained by Fig. 5, the 575 

average cohesional entanglement spacing along the chain is much smaller than that of 576 

the topological entanglement below Tg and the cohesional entanglement might play a 577 

more important role than topological entanglement near and below Tg [26, 27]. The 578 

increasing cohesional entanglements in the resultant films with increasing Rac will 579 

restrict the segmental motion more. As a result, the τmax of the α-relaxation increases 580 

with increasing Rac in spite of the decreasing topological entanglement degree.  581 
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 583 

Fig. 8  Relaxation time of the α-relaxation process as a function of temperature for PMMA/SMA 584 

(20/80) blend films cast from different solvents at a concentration of 5 wt% measured by BDS. 585 

The solid curves represent VFT fittings of the data. The inlays present the corresponding 586 

normalized dielectric loss of different PMMA/SMA (20/80) blend films measured at 130
 o

C. 587 

 588 

Table1.  Relevant fitting parameters for the VFT equation for PMMA/SMA blend films cast 589 

from acetic acid/m-xylene mixed solvents with various Rac. 590 

   Solvent type   logτ0（（（（s））））  A(K××××10
3
)  T0(K××××10

2
)  
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Rac = 0  -16.4±0.8  1.72±0.21 2.73±0.08 

Rac = 0.1 -16.1±1.0  1.51±0.24  2.93±0.09  

Rac = 0.2  -14.8±0.7 1.21±0.16 3.04±0.07 

Rac = 0.4  -13.9±0.8  1.05±0.15  3.15±0.07  

 591 

It is well known that the time-temperature superposition (TTS) principle and 592 

equations, i.e. Williams-Landel-Ferry (WLF) equation, Vogel-Fulcher-Tamman (VFT) 593 

equation and Arrhenius equation have been used in many aspects of polymer physics. 594 

However, it is well accepted that the three equations have their own application 595 

limitations. WLF equation is valid at the temperatures ranging from Tg to Tg +100 
o
C 596 

for amorphous polymers [67, 68]. And VFT equation equivalent to WLF equation is 597 

also applicable to describe the relaxations of segments in glass-forming liquids [69, 598 

70] while Arrhenius equation for whole chain motion and secondary relaxations (β, γ, 599 

δ-relaxation)of smaller motion unit than segments [71, 72]. To further understand the 600 

segmental dynamics (α-relaxation) of the PMMA/SMA blends with different 601 

entanglement states, the VFT equation (eq.9) was used to analyze the temperature 602 

dependence of the relaxation time and the curves of fitting data are presented in Fig. 603 

8. 604 

 605 

YZ[P��� = YZ[P� + \
�W�!                     (9) 606 

 607 

Where τ0 is the relaxation time at infinite temperature, A is a numerical constant 608 

related to fragility, and T0 is the so-called Vogel temperature, typically 30~70 K 609 
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below Tg. The parameters obtained from fitting by VFT equation to τmax in Fig. 8 are 610 

listed in Table 1. Obviously, the relaxation time τ0 and the Vogel temperature T0 611 

increases with increasing acetic acid mass ratio in mixed solvents, which is in good 612 

agreement with the Tg and τmax results discussed above. The decreased fragility 613 

parameter A indicates an increase of fragility of the PMMA/SMA blend films [73]. In 614 

the pure m-xylene solvent, the PMMA/SMA molecular chains spread 615 

heterogeneously with curly molecular clews connected by loose chains, which is 616 

similar to the polymer chains in poor solvents [74]. Meanwhile, the acetic acid in 617 

mixed solvents provides hydrogen bonding with PMMA chains, which makes the 618 

PMMA/SMA blends dissolve better and impenetrate more homogeneously. The loose 619 

chains linking the clews play a vital role in the PMMA/SMA blend films cast from 620 

m-xylene which makes most contribution to the toughness of the system. Considering 621 

the more homogenous chain structure in PMMA/SMA blend films cast from mixed 622 

solvents and the less loose chains with higher Rac, it’s intelligible that the 623 

PMMA/SMA blend film becomes more fragile with the increasing mass ratio of 624 

acetic acid in mixed solvents.  625 

 626 
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Fig. 9  Relaxation time distribution of PMMA/SMA (20/80) blend films at 130
 o

C cast from 628 

different solvents at a concentration of 5 wt% by BDS. 629 

 630 

Furthermore, by analyzing the relaxation time distribution G(τ) quantitatively, the 631 

mechanism of intermolecular interaction between acetic acid and PMMA molecules 632 

is revealed. The G(τ) can be obtained from the following equation[65]. 633 

 634 

�(τ) = (G/GH )IK ^_`(Ua)
VG((G/GH )9I4)(G/GH )I b-^(VT)43)K9

              (10) 635 

In which 	636 

c = arctan	i sin(lm)
(P/PQ�)T + cos(lm)n 

Fig. 9 shows the G(τ) curves for various PMMA/SMA (20/80) blend films at 130
 

637 

o
C by BDS measurements. There are two different relaxation modes in the 638 

investigated temperature and frequency range, namely, the α-relaxation at a longer 639 

relaxation timescale and β-relaxation at the shorter one. As shown in Fig. 9, the 640 

α-relaxation peak shifts towards longer average relaxation time with increasing Rac, 641 

indicating an increase of α-relaxation time. In despite of G(τ) shifts towards longer 642 
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relaxation time, no obvious distribution broadening of the α-relaxation is observed. It 643 

means that the heterogeneity of the segmental dynamics in the films is hardly 644 

influenced by the change of blends architecture and chain entanglement caused by the 645 

hydrogen bonding between PMMA and acetic acid. To further discuss the 646 

heterogeneity of the segmental dynamics, the shape parameters of α-relaxation peaks 647 

were also analyzed. The αHN and βHN which describe the symmetric and asymmetric 648 

broadening of the relaxation time distribution are listed in Table 2. For the films cast 649 

from pure m-xylene and mixed solvents with various Rac, the values of αHN and βHN 650 

are close to each other. Hence, the α-relaxation width and symmetry are considered 651 

to be almost unchanged in PMMA/SMA blend films cast from mixed solvents with 652 

different Rac. 653 

 654 

Table 2  Shape parameters of the α-relaxation at 130
 o
C for different PMMA/SMA (20/80) blend 655 

films cast from solvents with different ratio of acetic acid at the concentration of 5 wt%.  656 

Solvent type  αHN  βHN  

Rac = 0  0.688±0.008  0.455±0.001  

Rac = 0.1 0.706±0.018 0.427±0.007 

Rac = 0.2  0.697±0.003  0.442±0.011  

Rac = 0.4  0.711±0.001  0.425±0.002  

 657 

β-relaxation process 658 

In Fig. 9, it is seen that the boundary between α- and β-relaxation time distribution 659 

moves to a longer time with increasing Rac in the G(τ) curves, while the average 660 

relaxation time of β-relaxation is hardly changed. The β-relaxation of the 661 

PMMA/SMA blends reflects the partial rotation or conformational changes of the 662 
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-COOCH3 side groups around the C-C bond in the main chain of the PMMA 663 

component [39]. The β-relaxation is relatively weak compared with the α-relaxation 664 

due to the facts that only 20 wt% PMMA in the blends and the β-relaxation of SMA 665 

cannot be observed in temperature and frequency ranges investigated [5]. The 666 

average ability of the -COOCH3 to rotate partially or to change the conformation is 667 

considered to be unchanged with the increase of Rac on the basis of the unchanged 668 

β-relaxation average distribution time. 669 

In order to further investigate the β-relaxation, frequency sweep at 50 
o
C was 670 

carried out. Fig. 10 shows the normalized dielectric loss ε'' as a function of frequency 671 

for PMMA/SMA (20/80) blend films. It is seen that the β-relaxation peaks remain 672 

around 10
3
-10

4
 Hz and little difference appears in the peak positions of blend films 673 

cast from mixed solvents with various Rac. It declares that the average ability of 674 

-COOCH3 in PMMA molecular to rotate or to change its conformation will not be 675 

affected by the variation in architecture in the films cast from different mixed 676 

solvents. In other words, the hydrogen bonding between solvents and PMMA hardly 677 

affects the average mobility of -COOCH3 in resultant blend films. With the increase 678 

of Rac, the boundary between α- and β-relaxation moves towards lower frequency, 679 

which corresponds to the G(τ) curves in Fig. 9. This may be ascribed to the shift of 680 

the α-relaxation with increasing Rac, so the merged boundary of α- and β-relaxation 681 

shifts accordingly. In fact, besides the average mobility of -COOCH3, the 682 

homogeneity of β-relaxation is almost unchanged because the peaks in the 683 

normalized curves coincide. Above all, neither the dynamics nor the distribution of 684 
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β-relaxation in solvent-cast PMMA/SMA films is influenced by the hydrogen 685 

bonding between solvent and polymer chains, indicating that the local environment of 686 

the segments is not changed. 687 
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 688 

Fig. 10  Normalized frequency-dependence of dielectric loss ε'' for PMMA/SMA (20/80) blend 689 

films cast from mixed solvents with different Rac at 50
 o

C.  690 

 691 

4. Conclusion 692 

The hydrogen bonding between PMMA and acetic acid during casting film has a 693 

distinct effect on the molecular architecture of PMMA/SMA in solutions, which can 694 

lead to the pronounced changes of macroscopic properties and molecular dynamics in 695 

the resultant PMMA/SMA blend films. Tg increases and the α-relaxation shifts to 696 

lower frequency, indicating a pronounced inhibiting effect on segmental dynamics in 697 

blend film cast from mixed solvent with increasing hydrogen bonding between 698 

PMMA and acetic acid. In mixed solvent with higher Rac, there are more 699 
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opportunities for the local parallel alignment neighboring segments to form 700 

cohesional entanglements. As a result, although the topological entanglement density 701 

obtained by rheological measurement decreases, the cohesional entanglement in the 702 

film rises as Rac increases, which restricts the segmental motion and plays a vital role 703 

in molecular dynamics near Tg. The molecular dynamic results obtained from 704 

broadband dielectric spectroscopy also confirm the role of cohesional entanglement. 705 

The dc conductivity decreases due to the more uniform structure in PMMA/SMA 706 

(20/80) blend film with increasing Rac while the width distribution of α-relaxation nor 707 

the dynamics of β-relaxation in these films is influenced by hydrogen bonding since 708 

the unchanged local environment of the segments. 709 
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Caption for Figures and Tables 810 

Fig. 1  Schematical of toplogical entanglement and cohesional entanglement. Reproduced with 811 

permission from 1997, Wiley VCH. 812 

Fig. 2  FTIR spectra of (a) PMMA film cast from acetic acid, acetic acid and PMMA/acetic acid 813 

solution, (b) real-time FTIR spectra of PMMA/acetic acid solution as the acetic acid 814 

volatilized and (c) PMMA films cast from acetic acid, m-xylene and their mixed solvent, 815 

respectively. The four curves in (b) correspond to the time of the marked points (1, 2, 3, 4) 816 

in Fig. S4 in Supporting Information. 817 

Fig. 3  Plateau modulus ��	
��� , crossover modulus Gx and entanglement molecular weight 818 

estimated using the ‘MIN method’ (5
		�) and the ‘Crossover modulus-based’ method 819 

(5
		?) for PMMA/SMA (20/80) blend films cast from solvents with different Rac. The 820 

inlay presents the dependence of G′ , G'' and tanδ on frequency for PMMA/SMA(20/80) 821 

blend film cast from m-xylene at 160 
o
C, while the plateau modulus ��	
���  and 822 

crossover modulus Gx are determined using the ‘MIN method’ and the ‘crossover 823 

modulus-based’ method, respectively. 824 

Fig. 4  Tgs of PMMA/SMA (20/80) blend films cast from solvents with different Rac measured 825 

by the broadband dielectric spectroscopy with a heating rate of 3 
o
C/min at 10 Hz. 826 

Fig. 5  Variation  of  reversing (a) and non-reversing (b) heat  flow  with  temperature  for 827 

PMMA/SMA (20/80) blend films cast from solvents with different Rac. The DSC results 828 

were obtained in the modulated mode upon heating with temperature modulation 829 

amplitude of 0.5
o
C and an oscillation period of 60s. 830 

Fig. 6  Dielectric loss ε” as a function of frequency for PMMA/SMA (20/80) blend films cast 831 

from mixed solvents with different mass ratio of acetic acid at 130
 o

C. The solid curves 832 

represent HN fittings of the data. 833 

Fig. 7  Dependence of dc conductivity on temperature for PMMA/SMA (20/80) blend films cast 834 

from mixed solvents with various Rac at a concentration of 5wt%. The solid curves 835 

represent Arrhenius fittings of the data. 836 

Fig. 8  Relaxation time of the α-relaxation process as a function of temperature for PMMA/SMA 837 

(20/80) blend films cast from different solvents at a concentration of 5 wt%. The solid 838 

curves represent VFT fittings of the data. The inlays present the corresponding 839 

normalized dielectric loss of different PMMA/SMA (20/80) blend films measured at 130
 

840 

o
C. 841 

Fig. 9  Relaxation time distribution of PMMA/SMA (20/80) blend films at 130
 o

C cast from 842 

different solvents at a concentration of 5 wt%. 843 

Fig. 10  Normalized frequency-dependence of dielectric loss ε'' for PMMA/SMA (20/80) blend 844 

films cast from mixed solvents with different Rac at 50
 o

C.  845 

Table 1  Relevant fitting parameters for the VFT equation for PMMA/SMA blend films cast 846 

from acetic acid/m-xylene mixed solvents with various Rac. 847 

Table 2  Shape parameters of the α-relaxation at 130
 o
C for different PMMA/SMA (20/80) 848 

blend films cast from solvents with different ratio of acetic acid at the concentration of 5 849 

wt%. 850 
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