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Abstract: This brief review addresses the source of the dependence of copolymer glass transition 
temperatures (Tgps) on their comonomer sequences. Here we show that a comparison of the 
conformational entropies obtained from the Rotational Isomeric State (RIS) conformational 
models of the poly-A and poly-B homopolymers and their resultant poly-A/B co-polymers, i.e., 
ΔSconf = (XASA + XBSB) - SA/B (X = comonomer fraction), can be used to predict/understand the 
Tgps of copolymers. For copolymers with ΔSconf ~ 0, we expect their Tgps to follow Fox behavior 
and to depend only on copolymer composition, because of the similar conformational flexibilities 
of the A and B homo- and A/B-copolymers. When the conformational entropy ΔSconf is negative 
the A/B copolymer is assumed more flexible than the weighted sum of polymer-A and polymer-B 
conformational entropies, resulting in Tgps that are lower than expected from the Fox equation. 
Conversely, a positive ΔSconf suggests the copolymer’s lower flexibility, resulting in higher Tgps 
than expected from the Fox relation. We use the successful comparison of the observed 
dependence of numerous copolymer Tgps to demonstrate the validity of using their calculated RIS 
conformational entropies to predict their comonomer sequence dependencies. 
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1. Introduction 

We have correlated/predicted the comonomer sequence dependence observed for copolymer 
glass-transition temperatures (Tgps). The conformational entropies obtained from the realistic 
Rotational Isomeric State (RIS) conformational models [1] of the poly-A and poly-B homo-
polymers and their resultant poly-A/B co-polymers, i.e., ΔSconf = (XASA + XBSB) - SA/B (X = 
comonomer fraction) were found to be consistent with observed Tgps, which can be described by 
1/Tgp = WAPAA/TgAA + (WAPAB + WBPBA )/TgAB + WBPBB/TgBB (W and P are the weight fractions 
and diad probabilities of comonomers) as described by Johnston [2]. Copolymers with ΔSconf ~ 0, 
were expected to exhibit Tgps that follow Fox behavior 1/Tgp = WA/TgA + WB/TgB and depend only 
on copolymer composition [3–5], because of the similar conformational flexibilities of the A,B 
homo- and copolymers. Negative calculated conformational entropies ΔSconf for A/B copolymers 
are assumed to indicate that they are more flexible than the weighted sum of polymer-A and 
polymer-B conformational entropies, resulting in Tgps that are described by the Johnston equation 
[2] and are lower than expected from the Fox equation. On the other hand, positive ΔSconfs stem 
from weighted sums of homopolymer conformational entropies that are greater than that of the 
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copolymer, resulting in the latter’s lower flexibility and higher Tgps than expected from the Fox 
relation. 

The detailed experimental and calculational results of our intramolecular conformational 
approach to predicting the comonomer sequence dependence of copolymers can be found in 
references [6–12]. Here we will summarize only the predicted Tgps of poly (vinyl chloride) 
(VC)/poly(methyl acrylate) (MA) [7], poly (vinylidene chloride) (VDC)/MA [7], polystyrene 
(S)/poly(p-bromostyrene) (pBrS) [11] and amorphous aliphatic 3,4/6,6 polyesters [12] made from 
propane and hexane diols, and succinic and adipic acids. These are compared with their observed 
glass-transition temperatures to see if they are consistent with and show the same observed 
comonomer sequence dependencies. 

2. Representative Scenarios 
2.1. VC/MA and VDC/MA Copolymers 

In Figure 1 we present the Tgps observed [13] for different composition of VC/MA (a) and 
VDC/MA (b) copolymers, while the conformational entropies ΔSconfs calculated [7] for VDC/MA 
are shown in part (c). Experimentally it is clear that, while VC/MA copolymer Tgps depend only 
on comonomer composition and follow the Fox equation, the VDC/MA copolymer Tgps depend 
on comonomer sequence, as well as on comonomer compositions, with Tgps observed well above 
those predicted by the Fox relation. 

 

Figure 1. Glass-transition temperature comonomer composition behaviors of VC/MA (a) and 
VDC/MA (b) copolymers [13], and (c) ΔSconf = (XVDCSVDC + XMASMA - SVDC/MA) calculated [7] 
for (o) random and (●) regularly alternating VDC/MA copolymers as a function of comonomer 
composition. 

From a comparison in Table 1 of the conformational entropies calculated for VDC and MA 
homopolymers and the VDC/MA copolymer it can be seen that the calculated ΔSconfs are positive, 
so the VDC/MA copolymer conformational entropies are lower than those of the weighted sum of 
VDC and MA homopolymer conformational entropies as plotted in Figure 1(c). As a consequence, 
the Tgps are elevated above those predicted by the Fox relation. In addition, for the same 
composition (50:50), the Tgps and ΔSconfs for the regularly alternating sample are higher than those 
of the random sample. 
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Table 1. Calculated Conformational Entropies of VDC-MA Copolymer Chains [7]. 

Mole % MA Stereoregularity Sequence Distribution S, e.u./mol of backbone bonds 

0 - - 0.754 
20 Atactic Random 0.636 
40 Atactic Random 0.579 
50 Atactic Random 0.579 
50 Atactic Regularly Alternating 0.412 
50 Syndiotactic Regularly Alternating 0.404 
50 Isotactic Regularly Alternating 0.420 
60 Atactic Random 0.591 
80 Atactic Random 0.641 
100 Syndiotactic - 0.569 
100 Atactic - 0.732 
100 Isotactic - 1.012 

This is to be contrasted with the Tgps observed in Figure 1(a) [13] and the ΔSconfs calculated 
in Table 2 for the atactic VC-MA copolymers [7]. The observed VC/MA Tgps follow the Fox 
relation and only depend on comonomer content. This is supported by the calculated 
conformational entropies of the atactic VC and MA homopolymers and their atactic 50:50 random 
and regularly alternating copolymers, respectively, which are closely similar to each other and to 
that of their resultant copolymer. This means that the calculated ΔSconfs are close to zero, indicating 
little deviation from their Fox behavior as observed in Figure 1(a). 

Table 2. Calculated Conformational Entropies of VC-MA Copolymer Chains [7]. 

Mole% MA Stereo-regularity Sequence distribution S, e.u./mol of 
backbone bonds 

0 Syndiotactic - 0.845 
0 Isotactic - 0.900 
0 Atactic - 0.740 
50 Syndiotactic Regularly alternating 0.768 
50 Isotactic Regularly alternating 0.854 
50 Atactic Random 0.741 
100 Syndiotactic - 0.560 
100 Isotactic - 1.015 
100 Atactic - 0.725 

 

2.2. S/pBrS Copolymer [11] 

We characterized the structures and behaviors of S/pBrS copolymers made by brominating 
atactic polystyrene and by controlled ATRP and RAFT co-polymerization [14–18]. In Figure 2 we 
present the glass-transition temperatures measured for random and random-blocky comonomer 
sequences as a function of comonomer composition [11]. The random and random-blocky S/pBrS 
copolymers were made via bromination of uncontrolled free-radical polymerized atactic- (a-) 
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polystyrene in good and poor solvents, where the a-PS chains are relatively expanded and 
contracted, and produce random and random-blocky comonomer sequences [10]. Their Tgps are 
nearly independent of comonomer sequence, and instead evidence Fox behavior with dependence 
solely upon comonomer composition. 

Note that both random and random-blocky copolymer Tgs closely follow the additive behavior 
of the Fox equation, with Tgs that depend only on comonomer composition, but not upon 
comonomer sequences. For S/pBrS copolymers this is expected, because the conformational 
characteristics of PS and PpBrS homopolymers and S/pBrS copolymers are virtually identical and 
depend only on their tacticities [19]. 

 

Figure 2. Glass transition temperatures of a-S/pBrS copolymers having random (circle) and 
random-blocky (square) comonomer sequences [11]. 

 

2.3. Amorphous aliphatic 3,4/6,6 co-polyester 

In Figure 3(a) the observed Tgps of random 3,4/6,6-aliphatic polyesters are plotted versus their 
composition (ester bonds/CH2 ratio) produced from propane and hexane diols and succinic and 
adipic acids. There it is seen that their Tgps are linearly related to their compositions, or, in other 
words, show Fox behavior. This is expected, because the conformations of all –CH2– sequences 
separating ester bonds are independent of the conformations of [–CH2–]3 or [–CH2–]6 sequences 
on either side of the rigid planar trans ester bond adjoining them [20,21]. As seen in Figure 3(b), 
Fox behavior of the aliphatic 3,4/6,6 polyester Tgp is also demonstrated by the linear relation of 
1/Tgps to their calculated conformational entropies (Sconf). 
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Figure 3. Amorphous aliphatic 3,4/6,6 polyester Tgp versus their ester bond/CH2 ratio (a) and 
1/Tgps versus conformational entropies Sconf (b) (Reprinted with permission from Ref. [12]. 
Copyright Elsevier 2017). 

 

3. Current Status and Future Perspectives 

We have demonstrated that the comonomer dependence of copolymer glass-transition 
temperatures has an intramolecular origin: the conformational flexibility of their individual chains 
as evidenced by their conformational entropies Sconfs. A recent study has clearly emphasized the 
relatively higher importance of intra-chain effects as compared to the inter-chain interactions [22]. 
They went on to categorize monomers into mono-substituted (M), asymmetrical di-substituted 
(AD), and symmetrical di-substituted (SD) types, and proposed that the origin of the Tgp deviations 
from the linear relationship is the destruction of the special conformational structures, either as 
rigid or flexible local sequences, by inserting a dissimilar comonomer. Successes were met 
explaining the negative Tgp deviation in copolymers of M-type and AD-type comonomers, and the 
positive Tgp deviation in copolymers of the M-type and SD-type comonomers. However, this 
simplified approach was unsatisfactory for the more complex binary copolymers, especially 
AD−SD type copolymers [22]. The most fundamental molecular origin and the source of ΔSconf 
reside in the pair-wise nearest-neighbor dependent rotational states, which is adequately described 
by the RIS model regardless of the types of comonomers used. It seems that the two hypothetical 
scenarios raised by the authors in reference to our approach were both caused by intramolecular 
backbone conformations, captured in the RIS treatment, as evidenced by the calculated ΔSconf. The 
authors’ scenario B is clearly the effect of replacing –AA– and –BB– intrachain homopolymer 
sequences by –AB– copolymer sequences. This may lead to ΔSconfs = or < or > 0 and not just to 
“an excess conformational entropy”, causing the copolymer Tgps to be dependent solely on 
comonomer composition (Fox behavior) or show higher or lower Tgps than those linearly related 
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to their compositions. Thus it is an intrachain conformational effect, as we have previously 
demonstrated [6–12]. 

Though not detailed here, it should also be mentioned that the comonomer, as well as the 
stereoequence, dependencies of several additional copolymers have been rationalized/understood 
in the same way: via correlation with the conformational flexibilities of their individual homo- and 
co-polymer chains, as evidenced by their RIS conformational entropies ΔSconf [6,8,9]. 
Negative/positive ΔSconfs were calculated for random syndiotactic (s)/isotactic (i) S/Acrylonitrile 
(S/AN) copolymers which correlated with their observed Tgps [6]. On the other hand, the ΔSconfs 
calculated for S/poly(methyl methacrylate) (MMA) copolymers were negative no matter their 
stereo- or comonomer sequence [9]. This is consistent with observed Tgps that are lower than 
predicted by the Fox relation. The observed Tgps of both S/AN and S/MMA copolymers are not 
the result of interchain interactions. 

RIS is a generalized conformational approach dependent on the types of comonomers, as each 
bond pair is explicitly examined and all energy levels are statistically summed along any specific 
chain connectivities, e.g., any regio-, stereo-, or comonomer-sequence distributions can be 
explicitly considered. Thus it has great potential in future studies to explain the more peculiar 
comonomer sequence dependent Tgp deviations observed for AD-SD type comonomers [23]. In 
addition, similar to stereosequence dependence of local conformational geometry and 
subsequently the dynamics of the glass transition process [24], comonomer sequence dependence 
of glass transition dynamics of copolymers with tunable chain architectures can be studied in 
combined experimental and simulation studies which ultimately contribute to the understanding 
of the molecular bases of polymer glass transition phenomena.   

 

 

Author Contributions: Writing—original draft preparation, A.E.T. and J.S.; writing—review and 
editing, A.E.T. and J.S. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

References 

1.  Flory, P.J. Statistical Mechanics of Chain Molecules; Wiley-Interscience: New York, 1969; 
2.  Johnston, N.W. Sequence Distribution-Glass Transition Effects. J. Macromol. Sci. Part C 

1976, 14, 215–250, doi:10.1080/15321797608065770. 
3.  Fox, T.G.; Flory, P.J. Second-Order Transition Temperatures and Related Properties of 

Polystyrene. I. Influence of Molecular Weight. J. Appl. Phys. 1950, 21, 581–591, 
doi:10.1063/1.1699711. 

4.  Fox, T.G. Influence of Diluent and of Copolymer Composition on the Glass Temperature 
of a Polymer System. Bull. Am. Phys. Soc. 1956, 123. 

5.  Dimarzio, E.A.; Gibbs, J.H. Glass Temperature of Copolymers. J. Polym. Sci. 1959, 40, 
121–131, doi:10.1002/pol.1959.1204013609. 

6.  Tonelli, A.E. Possible Molecular Origin of Sequence Distribution-Glass Transition Effects 
in Copolymers. Macromolecules 1974, 7, 632–634, doi:10.1021/ma60041a017. 

7.  Tonelli, A.E. Sequence Distribution-Glass Transition Effects in Copolymers of Vinyl 

https://doi.org/10.26434/chemrxiv-2023-8m6b9 ORCID: https://orcid.org/0000-0002-8692-4663 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-8m6b9
https://orcid.org/0000-0002-8692-4663
https://creativecommons.org/licenses/by-nc/4.0/


Chloride and Vinylidene Chloride with Methyl Acrylate. Macromolecules 1975, 8, 544–
547, doi:10.1021/ma60046a030. 

8.  Tonelli, A.E. Glass Transition Temperatures of Regularly Alternating Acrylonitrile-Vinyl 
Acetate Copolymers. Macromolecules 1977, 10, 716–717, doi:10.1021/ma60057a048. 

9.  Tonelli, A.E. Intramolecular Interactions as the Source of Sequence Distribution-Glass 
Transition Effects and Dilute Solution Properties of Styrene-Methyl Methacrylate 
Copolymers. Macromolecules 1977, 10, 633–635, doi:10.1021/ma60057a027. 

10.  Semler, J.J.; Jhon, Y.K.; Tonelli, A.; Beevers, M.; Krishnamoorti, R.; Genzer, J. Facile 
Method of Controlling Monomer Sequence Distributions in Random Copolymers. Adv. 
Mater. 2007, 19, 2877–2883, doi:10.1002/adma.200602359. 

11.  Tonelli, A.; Jhon, Y.; Genzer, J. Glass Transition Temperatures of Styrene/4-BrStyrene 
Copolymers with Variable Co-Monomer Compositions and Sequence Distributions. 
Macromolecules 2010, 43, 6912–6914, doi:10.1021/ma101355f. 

12.  Shen, J.; Caydamli, Y.; Gurarslan, A.; Li, S.; Tonelli, A.E. The Glass Transition 
Temperatures of Amorphous Linear Aliphatic Polyesters. Polymer (Guildf). 2017, 124, 
235–245, doi:10.1016/j.polymer.2017.07.054. 

13.  Hirooka, M.; Kato, T. Glass Transition Temperature and Sequential Structure of Equimolar 
Copolymers. J. Polym. Sci. Polym. Lett. Ed. 1974, 12, 31–37, 
doi:10.1002/pol.1974.130120106. 

14.  Khanarian, G.; Cais, R.E.; Kometani, J.; Tonelli, A.E. Kerr Effect and Dielectric Study of 
the Copolymer Poly(Styrene-Co-p-Halogenated Styrene). Macromolecules 1982, 15, 866–
869, doi:10.1021/ma00231a033. 

15.  Hardrict, S.N.; Gurarslan, R.; Galvin, C.J.; Gracz, H.; Roy, D.; Sumerlin, B.S.; Genzer, J.; 
Tonelli, A.E. Characterizing Polymer Macrostructures by Identifying and Locating 
Microstructures along Their Chains with the Kerr Effect. J. Polym. Sci. Part B Polym. Phys. 
2013, 51, 735–741, doi:10.1002/polb.23248. 

16.  Gurarslan, R.; Gurarslan, A.; Tonelli, A.E. Characterizing Polymers with Heterogeneous 
Micro- and Macrostructures. J. Polym. Sci. Part B Polym. Phys. 2015, 53, 409–414, 
doi:10.1002/polb.23645. 

17.  Gurarslan, R.; Hardrict, S.; Roy, D.; Galvin, C.; Hill, M.R.; Gracz, H.; Sumerlin, B.S.; 
Genzer, J.; Tonelli, A. Beyond Microstructures: Using the Kerr Effect to Characterize the 
Macrostructures of Synthetic Polymers. J. Polym. Sci. Part B Polym. Phys. 2015, 53, 155–
166, doi:10.1002/polb.23598. 

18.  Gurarslan, R.; Tonelli, A.E. An Unexpected Stereochemical Bias in the RAFT Syntheses of 
Styrene/p-Bromostyrene Copolymers Uncovered by the Kerr Effect. Polymer (Guildf). 
2016, 89, 50–54, doi:10.1016/j.polymer.2016.02.032. 

19.  Yoon, D.Y.; Sundararajan, P.R.; Flory, P.J. Conformational Characteristics of Polystyrene. 
Macromolecules 1975, 8, 776–783, doi:10.1021/ma60048a019. 

20.  Flory, P.J.; Williams, A.D. Configurational Statistics of Polyamide Chains. J. Polym. Sci. 
Part A-2 Polym. Phys. 1967, 5, 399–415, doi:10.1002/pol.1967.160050301. 

21.  Tonelli, A.E. Intramolecular and Intermolecular Contributions to the Fusion of Linear 
Aliphatic Polyesters and Polyamides and Their Effects on the Observed Differences in 
Polyester and Polyamide Melting Temperatures. J. Chem. Phys. 1971, 54, 4637, 
doi:10.1063/1.1674734. 

22.  Huang, C.-C.; Du, M.-X.; Zhang, B.-Q.; Liu, C.-Y. Glass Transition Temperatures of 
Copolymers: Molecular Origins of Deviation from the Linear Relation. Macromolecules 

https://doi.org/10.26434/chemrxiv-2023-8m6b9 ORCID: https://orcid.org/0000-0002-8692-4663 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-8m6b9
https://orcid.org/0000-0002-8692-4663
https://creativecommons.org/licenses/by-nc/4.0/


2022, 55, 3189–3200, doi:10.1021/acs.macromol.1c02287. 
23.  Yang, K.; Niu, H.; Yu, H.; Dong, J.; Wang, J.; Yu, J.; Shen, K.; Li, Y. Synthesis of High 

Molecular Weight Isobutylene-α-Methylstyrene Copolymers Containing Alkenyl Groups 
with a Half Sandwich Scandium Initiator System under Mild Conditions. Polym. Chem. 
2019, 10, 1724–1729, doi:10.1039/c8py01749b. 

24.  Shen, J.; Yildirim, E.; Li, S.; Caydamli, Y.; Pasquinelli, M.A.; Tonelli, A.E. Role of Local 
Polymer Conformations on the Diverging Glass Transition Temperatures and Dynamic 
Fragilities of Isotactic-, Syndiotactic-, and Atactic-Poly(Methyl Methacrylate)S. 
Macromolecules 2019, 52, 3897–3908, doi:10.1021/acs.macromol.9b00434. 

 

https://doi.org/10.26434/chemrxiv-2023-8m6b9 ORCID: https://orcid.org/0000-0002-8692-4663 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-8m6b9
https://orcid.org/0000-0002-8692-4663
https://creativecommons.org/licenses/by-nc/4.0/

