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A B S T R A C T

In this study, CO2-based alternating copolymers with different side chain lengths, including poly(propylene 
carbonate) (PPC), poly(n-butyl glycidyl ether carbonate) (PnBGEC), poly(t-butyl glycidyl ether carbonate) 
(PtBGEC), and poly(2-ethylhexyl glycidyl ether carbonate) (PEHGEC), were successfully synthesized using salen 
Co-Cl as a catalyst based on FTIR, 1H and 13C NMR spectroscopy, and MALDI-TOF mass spectrometry. The results 
indicated that increasing the side chain length decreased the glass transition temperature (Tg) and thermal 
stability, attributed to increased free volume and reduced inter- and intramolecular interactions. The 1D- and 2D- 
FTIR correlation spectroscopy further demonstrated that intramolecular hydrogen bonding interactions 
decreased with increasing side chain length, as evidenced by the shifting of C=O absorption peaks and reductions 
in full width at half maximum (FWHM) values. Additionally, the binary polymer blends of poly(vinyl phenol) 
(PVPh) with these CO2-based copolymers were examined to determine their miscibility and intermolecular in
teractions, indicating that PVPh/PPC and PVPh/PnBGEC blends exhibited partially miscible behavior. In 
contrast, PVPh/PtBGEC blends were immiscible. Most interestingly, PVPh/PEHGEC blends exhibited a single Tg, 
suggesting complete miscibility due to stronger intermolecular hydrogen bonding and free volume effect be
tween PVPh and PEHGEC, as confirmed by FTIR analysis. This result can also be extended to PVC-based binary 
blends (PVC/PnBGEC and PVC/PEHGEC), whose miscibility was weaker compared to blends with PVPh, with the 
PVC/PEHGEC blend exhibiting a more favorable miscibility behavior due to stronger hydrogen bonding in
teractions. This study highlights the critical role of side chain length in governing the thermal properties, 
intermolecular interactions, and miscibility of CO2-based alternating copolymers, providing valuable insights for 
designing advanced polymer materials with tailored properties.

1. Introduction

The growing environmental concerns surrounding plastic waste and 
fossil fuel depletion have driven significant research into the develop
ment of bio-based and sustainable polymers [1–3]. There has been a 
growing interest in developing sustainable polymers from renewable 
resources, with carbon dioxide (CO2)-based copolymers emerging as a 
promising class, which not only utilize CO2, a greenhouse gas, as a 
feedstock but also contribute to the reduction of fossil fuel dependency 
[4–7]. These copolymers are typically synthesized via the ring-opening 
copolymerization (ROC) of epoxides with CO2, offering an eco-friendly 
alternative to traditional petroleum-based plastics [8–13]. This process 

results in the formation of alternating copolymers with varying prop
erties, including high thermal stability, biodegradability, and tunable 
mechanical characteristics, making them ideal for applications in 
packaging, automotive, and biomedical fields [14–19].

To mediate the thermal properties of CO2-based copolymer, re
searchers blend them with other polar polymers through intermolecular 
hydrogen bonding such as starch, cellulose, poly(methyl methacrylate) 
(PMMA), poly(lactic acid) (PLA), poly(vinyl alcohol) (PVA), poly(vinyl 
chloride) (PVC), and poly(vinyl phenol) (PVPh) [20–27]. For example, 
cyclohexene oxide (CHO) was copolymerized with CO2 to produce poly 
(cyclohexene carbonate) (PCHC) alternating copolymers or further 
copolymerized with phthalic anhydride (PA) or 1, 
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2-cyclohexanedicarboxylic anhydride (CHA) to form CO2-based poly 
(carbonate-co-ester) (PC-co-PE) copolymers. These copolymers were 
then blended with PVPh to produce miscible binary blends, attributed to 
strong intermolecular hydrogen bonding interactions. [28]. In addition, 
Meng et al. have proposed that poly(carbonate-co-ester) from propylene 
oxide (PO) and PA monomers with CO2 as a plasticizer exhibits complete 
miscibility with PVC, as evidenced by dynamic mechanical analysis 
(DMA). [29]. Di-2-ethylhexyl phthalate (DOP), a standard plasticizer 
with a long alkyl chain, is commonly used in the PVC industry. [30]. As a 
result, the influence of different side chain lengths on the miscibility and 
thermal properties of CO2-based alternating copolymers and blending 
form with PVC or PVPh was of interest in this study.

To achieve this goal, the choice of epoxide and catalyst plays a sig
nificant role in determining the properties of the resulting CO2-based 
copolymers. In particular, the structure of epoxide, such as the length of 
the side chains, can influence physical and chemical properties of the 
copolymer, including its glass transition temperature (Tg), molecular 
weight, and intermolecular interactions [31,32]. In this study, we 
explore the influence of different side chain lengths on the properties of 
polycarbonate-based alternating copolymers. Specifically, we examine a 
series of poly(propylene carbonate) (PPC), poly(n-butyl glycidyl ether 
carbonate) (PnBGEC), poly(t-butyl glycidyl ether carbonate) (PtBGEC), 
and poly(2-ethylhexyl glycidyl ether carbonate) (PEHGEC) copolymers 
synthesized via the ring-opening copolymerization of CO2 with their 
corresponding epoxides using a salen Co-Cl catalyst as shown in Scheme 
1.

The influence of side chain length on the thermal stability, molecular 
interactions, and miscibility of these copolymers is investigated through 
various techniques, including FTIR, NMR spectroscopy, MALDI-TOF 
mass spectrometry, differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), and 2D-IR spectroscopy. In addition, 
the miscibility of binary polymer blends of PVPh or PVC with these CO2- 
based copolymers is also evaluated to understand how intermolecular 
hydrogen bonding affects the phase behavior of these blends. We use a 
combination of analytical techniques, such as DSC, 1D, and 2D-FTIR 
spectroscopy, to probe the molecular structure and phase transition of 
the blends. Of particular interest is the role of intermolecular hydrogen 
bonding and free volume effect from the different side chain lengths in 
influencing the miscibility behavior of PVPh or PVC with the CO2-based 
copolymers. The aim of this work is to provide a comprehensive un
derstanding of how side chain length impacts the properties of CO2- 
based copolymers and their blend. By understanding the factors that 
govern the miscibility and phase transition of CO2-based copolymers 
with PVPh or PVC, we can better tailor the properties of these materials 
for specific applications, paving the way for the development of new and 
environmentally friendly polymer blends.

2. Experimental section

2.1. Materials

Propylene oxide (PO, 99.5 %), butyl glycidyl ether (BGE, 99 %), tert- 
butyl glycidyl ether (t-BGE, 99 %), and 2-ethylhexyl glycidyl ether 
(EHGE, 98 %) were stirred with calcium hydride overnight, then 
distilled under reduced pressure. After purification, the distilled com
pounds were transferred into Schlenk flasks and stored in a glovebox 
under an inert atmosphere. (S, S)-(+)-N, N′-Bis(3,5-di-tert-butylsalicy
lidene)-1,2 cyclohexane diamine cobalt (II) (Salen Co) was dissolved in 
DCM and subsequently purified by recrystallization from methanol 
before use. Dichloromethane (DCM, 99 %), tetrahydrofuran (THF, 99.9 

Scheme 1. The synthesis of alternating copolymers of PPC, PtBGEC, PnBGEC, and PEHGEC.
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%), and methanol (MeOH, 99.9 %) were purchased from Acros. Poly 
(vinyl phenol) (PVPh, Sigma-Aldrich), magnesium sulfate anhydrous 
(MgSO4, SHOWA), bis(triphenylphosphoranyldene)ammonium chloride 
(PPNCl, TCI), p-toluenesulfonic acid (SHOWA), hydrochloric acid (Alfa- 
Aesar). Poly(vinyl chloride) (PVC) was purchased from Sigma–Aldrich 
and used without further purification. The average molecular weight of 
the PVC used in this study was approximately 90,000, with a poly
dispersity index (Đ) of 2.25, as provided by Sigma–Aldrich. High-purity 
CO2 (>99.999 %) was purchased from Hsin E-Li Co., Ltd.

2.2. Synthesis of the salen Co-Cl catalyst [33–36]

Salen-Co (0.4 g) was dissolved in DCM under stirring until a satu
rated solution was obtained. p-TsOH (0.1336 g) was added, and the 
reaction mixture was stirred magnetically at room temperature for 4 h. 
Then, most of the DCM was evaporated under reduced pressure, and the 
crude residue was precipitated by adding pre-cooled hexane. The pre
cipitate was collected by filtration and dried under vacuum, yielding a 
green powder identified as Salen Co-OTs. 1H NMR (500 MHz, DMSO‑d6, 
δ, ppm): 1.30 (s, 18H), 1.55–1.61 (m, 2H), 1.74 (s, 18H), 1.87–1.93 (m, 
2H), 1.98–2.01 (m, 2H), 2.27 (s, 3H), 3.04–3.08 (m, 2H), 3.58–3.62 
(m,2H), 7.09 (d, J = 8.0 Hz, 2H), 7.43–7.47 (m, 6H), 7.81 (s, 2H). Salen 
Co-OTs (0.3g) was dissolved in DCM under stirring until a saturated 
solution was obtained and washed with saturated NaCl solution, 
ensuring complete phase separation. The DCM solution was collected 
and dried over MgSO4. The drying agent was removed by gravity 
filtration, and the solvent was evaporated under reduced pressure. The 
resulting concentrated solution was added dropwise into pre-cooled 
hexane with stirring, inducing precipitation. The solid was collected 
by filtration and dried under vacuum, yielding the final product, Salen 
Co-Cl, as a green powder (yield: 30 %). 1H NMR (500 MHz, DMSO‑d6, δ, 
ppm):1.31 (s, 18H), 1.54–1.66 (m, 2H), 1.74 (s, 18H), 1.85–1.99 (m, 
2H), 1.99–2.10 (m, 2H), 3.03–3.12 (m, 2H), 3.58–3.68 (m, 2H), 7.46 (s, 
2H), 7.50 (s, 2H), 7.82 (s, 2H). All characteristics of Salen Co-Cl catal
yses were summarized by FTIR and 1H NMR analyses as shown in Fig. S1 
and S2.

2.3. Copolymerization of CO2 and glycidyl ether via ROCOP

The copolymerization of CO2 and BGE (16 mL) was conducted via 
ring-opening copolymerization (ROCOP). In a glovebox, BGE, PPNCl 
(co-catalyst, 64.3 mg), and Salen Co-Cl (catalyst, 71.6 mg) were loaded 
into a pre-dried reactor, purged with CO2, and reacted at 40 ◦C and 470 
psi for 6 h. After cooling in an ice bath, the mixture was dissolved in 
DCM, and CH3OH was added to terminate the reaction. The catalyst was 
removed via extraction with 5 wt% HCl solution, and the organic layer 
was dried over MgSO4. The purified solution was precipitated into pre- 
chilled methanol, filtered, and dried under high vacuum at 40 ◦C for 24 
h, yielding a honey-like polymer poly(n-butyl glycidyl ether carbonate) 
(PnBGEC). PnBGEC: 1H NMR (500 MHz, CDCl3, δ, ppm): 5.01 
(-CHCH2OCO2-), 4.22–4.47 (-CHCH2OCO2-), 3.62 (-CH2OCH2CH2 
CH2CH3), 3.44 (-CH2OCH2CH2CH2CH3), 1.55 (-CH2OCH2CH2CH2CH3), 
1.35 (-CH2OCH2CH2CH2CH3), 0.89 (-CH2OCH2CH2CH2CH3). 13C NMR 
(125 MHz, CDCl3, δ, ppm): 154.1 (C=O), 74.3 (-CHCH2OCO2-), 71.4 
(-CHCH2OCO2-), 68.1 (-CH2OCH2CH2CH2CH3), 66.0 (-CH2OCH2CH2 
CH2CH3), 31.4 (-CH2OCH2CH2CH2CH3), 19.0 (-CH2OCH2CH2CH2CH3), 
13.7 (-CH2OCH2CH2CH2CH3). FTIR (KBr, cm− 1): 1750 (C═O). Yield: 
54.31 %. Following the same procedure and molar ratios, poly(propyl
ene carbonate) (PPC), poly(t-butyl glycidyl ether carbonate) (PtBGEC), 
and poly(2-ethylhexyl glycidyl ether carbonate) (PEHGEC) were 
synthesized.

PPC: 1H NMR (500 MHz, CDCl3, δ, ppm): 4.99 (-CH(CH3)CH2OCO2-), 
4.11–4.29 (-CH(CH3)CH2OCO2-), 1.34 (-CH(CH3)CH2OCO2-). 13C NMR 
(125 MHz, CDCl3, δ, ppm): 154.1 (C=O), 72.3 (-CH(CH3)CH2OCO2-), 
68.9 (-CH(CH3)CH2OCO2-), 16.1 (-CH(CH3)CH2OCO2-). FTIR (KBr, 
cm− 1): 1750 (C═O). Yield: 49.16 %. PtBGEC: 1H NMR (500 MHz, CDCl3, 

δ, ppm): 4.94 (-CHCH2OCO2-), 4.22–4.47 (-CHCH2OCO2-), 3.53 
(-CH2OCH(CH3)3), 1.17 (-CH2OCH(CH3)3). 13C NMR (125 MHz, CDCl3, 
δ, ppm): 154.3 (C=O), 74.9 (-CHCH2OCO2-), 73.5 (-CHCH2OCO2-), 66.3 
(-CH2OCH(CH3)3), 59.6 (-CH2OCH(CH3)3), 27.2 (-CH2OCH(CH3)3). 
FTIR (KBr, cm− 1): 1750 (C═O). Yield: 31.27 %. PEHGEC:1H NMR (500 
MHz, CDCl3, δ, ppm): 5.00 (-CHCH2OCO2-), 4.17–4.47 (-CHCH2OCO2-), 
3.58 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 3.33 (-CH2OCH2CH 
(-(CH2)3CH3)CH2CH3), 1.57 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 1.41 
(-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 1.48, 1.31, 1.26 (-CH2OCH2CH 
(-(CH2)3CH3)CH2CH3), 0.89 (CH3 -CH2OCH2CH(-(CH2)3CH3)CH2CH3), 
0.83 (CH3 -CH2OCH2CH(-(CH2)3CH3)CH2CH3). 13C NMR (125 MHz, 
CDCl3, δ, ppm): 154.2 (C=O), 74.8 (-CHCH2OCO2-), 74.6 (-CHCH2 
OCO2-), 68.5 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 66.1 (-CH2OCH2CH 
(-(CH2)3CH3)CH2CH3), 39.5 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 30.4, 
29.0, 23.7 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), 23.0 (-CH2OCH2CH 
(-(CH2)3CH3)CH2CH3), 14.0 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3), and 
11.0 (-CH2OCH2CH(-(CH2)3CH3)CH2CH3). FTIR (KBr, cm− 1): 1750 
(C═O). Yield: 58.79 %.

2.4. Preparation for binary polymer blends

Binary polymer blends were prepared by adding PVPh or PVC along 
with different CO2-based copolymers into a flask, followed by dissolu
tion in THF to obtain a 5 wt% solution. The solution was left to evap
orate at room temperature for three days, then placed in a vacuum oven 
at 40 ◦C for an additional three days to ensure complete solvent removal.

3. Results and discussion

3.1. The synthesis of CO2-based alternating copolymers

To explore the influence of polycarbonate with different side chains 
to intermolecular hydrogen bonding interactions, alternating co
polymers of poly(propylene carbonate) (PPC), poly(n-butyl glycidyl 
ether carbonate) (PnBGEC), poly(t-butyl glycidyl ether carbonate) 
(PtBGEC), and poly(2-ethylhexyl glycidyl ether carbonate) (PEHGEC) 
were synthesized by using salen Co-Cl as a catalyst, as shown Scheme 1. 
To analyze the influence of the length of the side chains on the inter
action between polymers, the copolymers with different lengths of side 
chains were chosen compared to pure PPC. The copolymerization re
action was carried out at 470 psi of CO2 at 40 ◦C for 6 h; all results were 
summarized in Table 1. It can be observed that the conversion decreases 
markedly with increasing side-chain length. This indicates that the side- 
chain length has a noticeable influence on the conversion rate, as shown 
in Figures S3-S6. Copolymers were found to have remarkable selectivity 
and the absence of polyether segments. Epoxy conversion was reduced 
as the side chain length increased, and the side chains led to a decline in 
epoxy. It was found that the molecular weight decreased from 21,200 to 
15,700 from PPC to PEHGEC. This phenomenon is associated with the 
previously discussed decrease in conversion caused by side chains, 
which in turn influences the molecular weight of the copolymer. The 
GPC results of the copolymers, PVPh and PVC are presented in 
Figs. S7–S12 and Table 1.

The chemical structures of these copolymers were characterized by 
FTIR, 1H NMR, and 13C NMR spectroscopy, as shown in Fig. 1. The C=O 
units appear at 1752 cm− 1 in the FTIR spectrum (Fig. 1(b)), which 
represents the carbonate groups produced by CO2 and epoxy units. The 
other aliphatic CH stretching vibration was at 2970-2830 cm− 1, and the 
C-O was found at ca. 1230 cm− 1. In addition, the typical peaks of protons 
(peak a) within the polycarbonate appeared at ca. 5.0 ppm in 1H NMR 
spectra due to the CH(CH3)CH2OCO2 of the PPC on the main chain as 
displayed in Fig. 1(c). In addition, the characteristic peaks of the C=O 
group also appeared at ca. 154.0 ppm in the 13C NMR as shown in Fig. 1
(d). Similarly, PnBGEC, PtBGEC, and PEHGEC exhibit similar signals to 
PPC, and the assignments of the other peaks, based on Fig. 1(a), are 
summarized in Fig. 1(c) and (d). Furthermore, the successful synthesis of 
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CO2-based copolymers with different side-chain lengths was confirmed 
by comparing the COSY NMR and 13C DEPT spectra (Figs. S13–S20).

To investigate the copolymer compositions, we recorded MALDI-TOF 
mass spectra as shown in Fig. 2. The difference between the signals at 
3480.187 and 3378.575 m/z was approximately 102 g/mol, equivalent 
to one CO2 molecule plus one propylene oxide molecule. Likewise, it 
could be found that the repeating units were composed of butyl glycidyl 
ether/CO2, tert-butyl glycidyl ether/CO2, and 2-ethylhexyl glycidyl 
ether/CO2 at ca. 174, 174, and 230 g/mol, respectively. Hence, it can be 

confirmed from the above MALDI-TOF mass analyses that PPC, PtBGEC, 
PnBGEC, and PEHGEC are all alternating copolymers. In addition, the 
signals other than the main peak can be attributed to polymer fragments. 
In Fig. 2(a), besides the repeating unit signal of PPC, the difference of 15 
g/mol between the peaks at 3480.187 and 3495.086 m/z (orange line) 
corresponds precisely to the mass of a –CH3 side chain. Moreover, the 
mass difference between 3480.187 and 3525.17 m/z (purple line) 
matches exactly one CO2 unit. As can be observed in Fig. 2(b), the mass 
difference between the peak at 2624.170 m/z (orange line) and the main 

Table 1 
Ring Opening Polymerization of various epoxides with CO2 Catalyzed by Salen Co-Cl.

Polymera Conv.(%)b %PCc TONd TOF (h− 1)e %Select.f Tg
g Td10

h Mn
i Đi FWHMj

PPC 90.5 >99 1810 302 15.07 35 305 21,200 1.34 46
PtBGEC 88.6 >99 1770 295 >99 34 252 19,400 1.05 43
PnBGEC 63.7 >99 1274 212 >99 − 26 283 17,400 1.11 30
PEHGEC 68.5 >99 1370 228 >99 − 38 296 15,700 1.18 26

a Polymerization conditions: [mono]:[cat]:[co-cat] = 1000:1:1.
b Determined by 1H NMR analysis of the crude product.
c PC = polycarbonate. The compositions were estimated according to the 1H NMR spectra.
d Turnover number (TON) = polymer (g)/catalyst (g).
e Turnover frequency (TOF) = TON/time (hours).
f Selectivity towards polymer over cyclocarbonate calculated from 1H NMR spectrum.
g Determined by DSC analyses.
h Determined by TGA analyses.
i Determined by GPC in THF, calibrated with narrow molar mass polystyrene standards.
j Full width at half maximum (FWHM) of the C=O peak in FTIR.

Fig. 1. (a) The chemical structure and the peak assignment of these CO2-based copolymers, and their corresponding (b) FTIR, (c) 1H NMR, and (d) 13C NMR spectra.
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peak at 2608.376 m/z is 15.794 g/mol, which corresponds precisely to 
the -CH3 terminus of the side chain. The mass difference between the 
peak at 2722.696 m/z (green line) and the main peak is 114.317 g/mol, 

attributable to the absence of a carbonate group. Similarly, the mass 
difference between the peak at 2679.539 m/z (black line) and the main 
peak is 71.162 g/mol, consistent with the presence of a butyl side chain 

Fig. 2. MALDI-TOF mass spectra of (a) PPC, (b) PnBGEC, (c) PtBGEC, and (d) PEHGEC.

Fig. 3. (a) DSC thermograms and (b) TGA curves of the CO2-based alternating copolymers.
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(-OCH2CH2CH2CH3). In Fig. 2(c), the mass difference between the peaks 
at 17720.22 and 17750.649 m/z (dark orange line) is approximately 
30.4 g/mol, corresponding to the loss of two terminal –CH3 groups in the 
side chain. Meanwhile, the peak at 17764.649 m/z (purple line) corre
sponds exactly to the addition of one CO2 unit. The peak at m/z 

17808.289 (green line) differs from the main peak by one side chain unit 
(–CH2OC(CH3)3). A similar pattern can be observed in the PHEGEC 
values shown in Fig. 2(d). The mass difference between 2759.41 and 
2803.206 m/z (orange line) corresponds to one unit of carbon dioxide, 
whereas the difference between 2759.41 and 2901.41 m/z corresponds 

Fig. 4. Temperature-dependent FTIR spectra of (a) PPC, (b) PnBGEC, (c) PtBGEC, and (d) PEHGEC and (e) the effect of side chain length on the intramolecular 
hydrogen bonding of these CO2-based copolymers.
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to side chain.
These CO2-based alternating copolymers were also analyzed by using 

DSC and TGA analyses, as displayed in Fig. 3. Fig. 3(a) displays the DSC 
thermograms of these four CO2-based alternating copolymers, and all 
copolymers exhibited a single glass transition temperature (Tg). In 
general, the Tg values of the copolymers decreased as the length of the 
side chains increased. The molecular chains are spaced wider apart 
because longer side chains offer more free volume, reduce the inter
molecular interaction, and allow the molecules to move more easily. The 
Tg value of PtBGEC was almost the same as the PPC (ca. 35 ◦C), because 
the side chain of PtBGEC was t-butyl group, the tert-butyl produces a 
steric effect that makes the polymer chain tough. When the side chain 
becomes a linear chain, the Tg value is down to − 26 ◦C ◦C. As the length 
of the side chain reaches eight carbons, the Tg value even drops to 
− 36 ◦C. Furthermore, it was discovered that the PtBGEC, PnBGEC, and 
PEHGEC have lower thermal stability than PPC when the copolymers 
have a longer side chain, which makes them softer. Apart from this, the t- 
butyl group of the PtBGEC has large steric hindrance, and the thermal 
stability of PtBGEC was weaker than that of other copolymers, as shown 
in Fig. 3(b). All thermal properties of these CO2-based alternating co
polymers are also summarized in Table 1.

In our previous studies [37], we have understood that the full width 
at half maximum (FWHM) of the C=O unit of CO2-based copolymers and 
other polymers with C=O units was strongly dependent on the 
dipole-dipole and hydrogen bonding interactions. Fig. 4 displays all 
corresponding temperature-dependent FTIR spectra of these CO2-based 
copolymers. Clearly, these C=O absorptions all exhibited asymmetric 
curves, and at least two peaks could be expected from the 
second-derivative spectra, corresponding to free C=O at relatively 
higher wavenumber (ca. 1775-1778 cm− 1) and intramolecular 
hydrogen-bonded [C–H⋯O=C] units at relatively lower wavenumber 

(ca. 1752-1756 cm− 1).
Firstly, the intramolecular hydrogen bonded C=O of PPC was located 

at ca. 1752 cm− 1 and this peak was slightly shifted to higher wave
number as the side chain increased such as 1752 cm− 1 for PtBGEC, 1754 
cm− 1 for PnBGEC, and 1756 cm− 1 for PEHGEC, indicating that the 
intramolecular hydrogen bonded C=O was slightly destroyed as the side 
chain length increased. In addition, the FWHM listed in Table 1 was 
decreased from 46, 43, 30, and 26 cm− 1 as the length of the side chain 
increased for PPC, PtBGEC, PnBGEC, and PEHGEC, respectively, and the 
scheme was shown in Fig. 4(e). The presence of side chains strongly 
affects the intramolecular interaction between these CO2-based copol
ymer chains. We also observed that the peak positions of intramolecular 
hydrogen-bonded C=O units were shifted to higher wavenumber, and 
the fraction of free C=O was increased upon increasing the temperature 
for all CO2-based copolymers as displayed in Fig. 4, implying that these 
interactions were sensitive to temperature perturbations. We also un
derstood that the experimental data of this weak [C–H⋯O=C] hydrogen 
bonding is difficult to determine since this interaction usually coexists 
with other strong hydrogen-bonded C=O units [37]. As a result, 2D-FTIR 
correlation spectroscopy [38–41] was used to understand this intra
molecular hydrogen bonding interaction based on one-dimensional IR 
spectra (Fig. 4), which responds to spectral perturbations from the 
temperature change as shown in Fig. 5.

In general, the 2D synchronous spectra were symmetrical with 
respect to the diagonal line on the correlation map, and the positive 
(red) and negative (blue) cross-peaks were used in this study. Clearly, all 
negative cross-peaks were observed in Fig. 5, indicating that these two 
peaks vary in opposite directions under temperature perturbation. This 
result implied that these two absorption peaks could be assigned free 
C=O groups at relatively higher wavenumber (1775-1778 cm− 1), and 
the other is intramolecular hydrogen-bonded C=O at relatively lower 

Fig. 5. 2D FTIR synchronous correlation maps of (a) PPC, (b) PnBGEC, (c) PtBGEC, and (d) PEHGEC.
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wavenumber (1752-1756 cm− 1), which are varied in opposite directions 
as expected. Furthermore, the full width of intramolecular hydrogen- 
bonded C=O units was also strongly dependent on the side chain 
length, and it was decreased from 35, 19, 15, and 18 cm− 1 as the length 
of the side chain increased for PPC, PnBGEC, PtBGEC, and PEHGEC, 
respectively. In summary, the synthesis of all these CO2-based alter
nating copolymers was successful in this study based on FTIR, NMR, and 
MALDI-TOF mass spectra analyses. In addition, the thermal stability and 
intramolecular hydrogen bonding were strongly dependent on the side 
chain length, which typically decreased upon increasing the length of 
the side chain based on DSC, TGA, and FTIR analyses.

3.2. Binary polymer blends of PVPh with CO2-based alternating 
copolymers

DSC thermal analyses are widely used to evaluate the miscibility of 
polymer blends by analyzing their glass transition behavior. Fig. 6 shows 
DSC thermograms of PVPh with these four CO2-based alternating co
polymers binary blends. The pure PVPh homopolymer exhibited the Tg 
value of 168 ◦C, and pure PPC, PnBGEC, PtBGEC, and PEHGEC co
polymers exhibited single Tg values of 35 ◦C, 34 ◦C, − 26 ◦C, and − 38 ◦C, 
respectively, as mentioned previously. In PVPh/PPC binary blends as 

shown in Fig. 6(a), the PVPh/PPC = 90/10 blend displays a single Tg 
value of 151 ◦C, which is close to the value predicted by the Fox equation 
(150 ◦C), indicating this blend composition is miscible. Further 
increasing PPC compositions, the Tg was maintained at 152 ◦C and 
149 ◦C for PVPh/PPC = 80/20 and 70/30 blend compositions. The Tg 
behavior of the PPC domain was not observed due to lower concentra
tions in these two compositions. However, increasing PPC compositions 
at 40 wt% and 50 wt% in PVPh/PPC binary blends, both blends clearly 
exhibited two Tg values, where PVPh major phases still exhibited Tg 
values at 148 oCand 150 ◦C, and PPC major phases were increased from 
35 ◦C to 42 ◦C and 82 ◦C, respectively.

All results indicate that the PVPh/PPC blend is a partially miscible 
system, and all Tg values are summarized in Fig. 7(a). In PVPh/PnBGEC 
binary blends as shown in Fig. 6(b), the PVPh/PnBGEC = 90/10 blend 
also displays a single Tg value of 140 ◦C, which is also close to the value 
predicted by the Fox equation (136 ◦C) [42], indicating this blend 
composition is miscible. However, increasing PnBGEC compositions in 
PVPh/PnBGEC binary blends, both blends clearly exhibited two Tg 
values, where PVPh major phases increased the Tg value to 146–149 ◦C, 
and PnBGEC major phases were located between − 18 and − 26 ◦C. These 
results indicated that PVPh/PnBGEC binary blends tend to exhibit 
immiscible behavior at relatively higher PnBGEC compositions 

Fig. 6. DSC thermal analyses of (a) PVPh/PPC, (b) PVPh/PnBGEC, (c) PVPh/PtBGEC, and (d) PVPh/PEHGEC binary blends.

M.-J. Yu et al.                                                                                                                                                                                                                                   Polymer 344 (2026) 129550 

8 



compared with PVPh/PPC blends, and all Tg values are summarized in 
Fig. 7(b). Fig. 6(c) displays DSC thermal analyses of PVPh/PtBGEC bi
nary blends and all blend compositions exhibited two Tg values, where 
PVPh major phases displayed Tg value at 154–157 ◦C and PtBGEC major 
phases were located at 29–36 ◦C, indicating that this binary blend is 
totally immiscible behavior and all Tg values are also summarized in 
Fig. 7(c). Most importantly, Fig. 6(d) displays DSC thermal analyses of 
PVPh/PEHGEC binary blends, and all blend compositions exhibited one 
single Tg value, suggesting that this binary blend is miscible. The Fox 
equation generally could predict the Tg value of composition-dependent 
systems; however, the Kwei equation is typically used for 
hydrogen-bonded miscible polymer blends [43]. As shown in Fig. 7(d), 
the q value in the Kwei equation for PVPh/PEHGEC blend is 80 and k =
1, which is much higher than our previous studies in PVPh with other 
CO2-based copolymers [28,37]. This result also implies that the 
PVPh/PEHGEC blend may have stronger intermolecular interactions 
than other CO2-based copolymers, which could enhance the thermal 
properties and miscibility. We calculated the KA values (KA = 10) of the 
PVPh/PEHGEC binary blends using the Painter–Coleman association 
model, and the corresponding thermodynamic parameters are summa
rized in Table S1. As shown in Fig. S21, the KA values are significantly 
lower than the KB values, suggesting that the intermolecular hydrogen 
bonds are weaker than those in pure PVPh. This result is consistent with 
the negative q value obtained from the Kwei equation.

The intermolecular interactions could be identified by FTIR spec
troscopy both qualitatively and quantitatively in the solid state [44–48]. 
According to the second-derivative spectra shown in Fig. S22, three 

signals appear at approximately 1770, 1760, and 1745 cm− 1, which can 
be assigned to free C=O, intramolecularly hydrogen-bonded C=O, and 
intermolecularly hydrogen-bonded C=O, respectively. Fig. 8 shows the 
FTIR spectral regions about C=O units of PVPh with these four 
CO2-based alternating copolymers binary blends at room temperature. 
In PVPh/PPC binary blends as shown in Fig. 8(a), pure PPC shows the 
peak at ca. 1752 cm− 1, and the FWHM is ca. 46 cm− 1. As increasing the 
PVPh compositions in PVPh/PPC blends, the peak was slightly shifted to 
higher wavenumber from 1752.0 to 1753.5, 1757.3, 1757.3, 1757.8, 
and 1758.8 cm− 1 and the FWHM was decreased from 46.7 to 43.3, 42.9, 
40.9, 40.0, and 37.6 cm− 1 for PVPh/PPC = 0/100, 50/50, 60/40, 70/30, 
80/20 and 90/10, respectively, as shown in Fig. 9(a).

Consequently, the intramolecular hydrogen bonding of PPC was 
destroyed, and the intermolecular hydrogen bonding between the PVPh 
and PPC segments tends to decrease upon increasing PVPh composi
tions. As a result, the PVPh/PPC blends show partially miscible behavior 
as shown in Fig. 7(a). Fig. 8(b) presents FTIR spectra of PVPh/PnBGEC 
binary blends recorded at room temperature, where all blend composi
tions exhibited the same peak position at ca. 1754 cm− 1; however, the 
FWHM was decreased from 31.8 to 27.9 and 26.3 cm− 1 for PVPh/ 
PnBGEC = 0/100, 50/50, and 60/40 binary blends. Further increasing 
the PVPh compositions to 70–90 wt%, the FWHM was maintained at 
26.3 cm− 1 as shown in Fig. 9(b). Clearly, both PVPh/PPC and PVPh/ 
PnBGEC binary blends are classified into the weak intermolecular 
hydrogen bonding interaction system, and both blends could be treated 
as two separate parts with a large Tg difference, such as 133 ◦C for PVPh/ 
PPC and 194 ◦C for PVPh/PnBGEC binary blends.

Fig. 7. Summarized Tg values of (a) PVPh/PPC, (b) PVPh/PnBGEC, (c) PVPh/PtBGEC, and (d) PVPh/PEHGEC binary blends, where the single Tg values are also 
predicted by the linear and the Kwei equations.
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At relatively low PVPh compositions (<80 wt%), because of weak
ening hydrogen bonding and the decoupling of segment motion by fast 
dynamics, resulting in a decrease in Tg value. Kratochvil et al. proposed 
the predominance of weak interaction and strong involvement of 
conformational entropy at lower PVPh compositions, and if the 
enthalpic energy effect is only relevant, the phase separation would 
occur [49]. At relatively higher PVPh compositions (90 wt%), the 
conformation entropy effects are suppressed because of reduced 
mobility of hydrogen-bonded segments, which enhances the miscibility 
in both PVPh/PPC and PVPh/PnBGEC binary blends. In addition, Fig. 8
(c) exhibits FTIR spectra of PVPh/PtBGEC binary blends measured at 
room temperature where the peak was firstly shifted to lower number 
from 1752.0 to 1749.1 cm− 1 and then shifted to higher wavenumber to 
1750.1, 1752.0, 1752.0 and 1753.0 cm− 1 and the FWHM was also 
increased from 30.8 to 36.2 cm− 1 and then decreased to 35.3, 35.2, 34.2, 
and 33.9 cm− 1 for PVPh/PtBGEC = 0/100, 50/50, 60/40, 70/30, 80/20 
and 90/10, respectively, as shown in Fig. 9(c). Clearly, the weak 
enthalpic energy is only relevant; the phase separation also occurred at 
lower PVPh (50 wt%), further increasing the PVPh compositions, the 
intermolecular hydrogen bonding between PVPh/PtBGEC decreased, 
and thus the conformation entropy effect was dominated, which also 
resulted in phase separation. As a result, the PVPh/PtBGEC binary blend 
is immiscible for all blend compositions. Finally, Fig. 8(d) shows FTIR 
spectra of PVPh/PEHGEC binary blends measured at room temperature, 
where the peak was first shifted to a lower wavenumber from 1756.0 to 
1754.4 cm− 1, and the FWHM was also increased from 26.1 to 28.1 cm− 1 

for all blend compositions, as shown in Fig. 9(d). Since the similar 
hydrogen bonding strength for all blend compositions could suppress the 
conformation entropy effects by their reduced mobility, and the large Tg 

difference of 206 ◦C was observed, which induced the totally miscible 
state for PVPh/PEHGEC binary blends. Overall, Scheme 2 summarizes 
the self-association hydrogen bonding and intermolecular hydrogen 
bonding interaction between PVPh with various CO2-based copolymers, 
where the long alkyl chain will reduce the self-association hydrogen 
bonding of PVPh and then enhance the intermolecular hydrogen 
bonding interaction of PVPh with CO2-based copolymers observed that 
PVPh is miscible with poly(methyl methacrylate) (PMMA), poly(ethyl 
methacrylate) (PEMA), and poly(n-propyl methacrylate) (PPMA) for all 
blend compositions; however, PVPh/poly(n-butyl methacrylate) 
(PBMA) blends display phase separation [50]. The experimental fraction 
of hydrogen-bonded C=O groups in PVPh/PBMA (C4) blend is much 
lower than the short side chain of poly(n-alkyl methacrylate) (C1-C3), 
which results in phase separation.

Compared with the PVPh/poly(n-alkyl methacrylate) binary blend 
system, Painter et al. have Therefore, the PVPh/PPC binary blends with 
short side chain (CH3) group show better miscibility behavior than those 
with longer side chain (C4H9) group of PVPh/PtBGEC and PVPh/ 
PnBGEC binary blends. However, the free volume effects would become 
obvious if the binary blend system had weak hydrogen bonding in
teractions, which is discussed in the previous study [37]. For example, 
PVC/phthalate ester blend systems, if the alkyl chain is below C4, which 
is too high in volatility, but the alkyl chain is higher than C13, which 
exhibits limited miscibility. As a result, the di-2-ethylhexyl phthalate 
(DOP) with C8 is still regarded as the standard plasticizer in the industry 
[30]. Therefore, the PVPh/PEHGEC binary blends were miscible due to 
the balance between intermolecular hydrogen bonding interactions and 
the combined effects of free volume and conformational entropy. Based 
on Table 1, we could observe that the FWHM of PEHGEC shows the 

Fig. 8. FTIR spectra recorded at room temperature of (a) PVPh/PPC, (b) PVPh/PnBGEC, (c) PVPh/PtBGEC, and (d) PVPh/PEHGEC binary blends.
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narrowest band of C=O units, indicating that the long side chain (C8) 
inhibits the self-association of inter-chain or intra-chain hydrogen 
bonding interactions [C–H⋯O=C] of pure PEHGEC segment because of 

the largest free volume. The weakest self-association [C–H⋯O=C] 
hydrogen bonding interaction from PEHGEC segments compared with 
PPC, PnBGEC, and PtBGEC segments would be as expected. As blending 

Fig. 9. Peak position and FWHM based on FTIR spectra (Fig. 8) of (a) PVPh/PPC, (b) PVPh/PnBGEC, (c) PVPh/PtBGEC, and (d) PVPh/PEHGEC binary blends.

Scheme 2. The scheme about the self-association hydrogen bonding and intermolecular hydrogen bonding interaction between PVPh with various CO2- 
based copolymers.
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with PVPh, the weakest self-association [C–H⋯O=C] hydrogen bonding 
based on PEHGEC is preferred to interact with the phenolic OH units of 
PVPh to form the strongest intermolecular [O–H⋯O=C] hydrogen 
bonding compared with other CO2-based copolymers, which is 
confirmed by FTIR analyses (Figs. 8 and 9). In addition, the long side 
chain provides the largest free volume effect to suppress the confor
mation entropy effect and then enhance the miscibility behavior. Based 
on all DSC and FTIR analyses, we conclude that the PVPh/PEHGEC bi
nary blends possess better miscibility compared with other CO2-based 
copolymers.

To further understand the intermolecular hydrogen bonding inter
action in PVPh/PEHGEC binary blends, Fig. 10(a) shows FTIR spectra of 
PVPh/PEHGEC = 50/50 blends recorded at various temperatures, where 
the C=O signal of PEHGEC was shifted to a higher wavenumber, 
implying that the intermolecular hydrogen bonding strength decreased 
with the increase of temperature. 2D FTIR analyses could also provide 
more effective information in this PVPh/PEHGEC binary blend, as 
shown in Fig. 10(c) and (d). Similarly, two major bands are also 
observed in the 2D-FTIR synchronous spectrum (Fig. 10(c)) for C=O 
units, the band for the free C=O group of PEHGEC is at ca. 1775 cm− 1, 
and the intramolecular or intermolecular hydrogen-bonded C=O unit of 
PEHGEC or with PVPh is at ca. 1745 cm− 1, which is much lower than the 
1D-FTIR analyses. Similarly, the negative cross-peaks were observed, 
implying that these two peaks vary in opposite directions under tem
perature perturbation, as expected. Fig. 10(d) displays its corresponding 
2D-FTIR asynchronous spectrum, and we could conclude that the 
hydrogen-bonded C=O units were altered before the free C=O units 
based on Noda's rule because of the correlations being opposite in the 

synchronous 2D spectrum. The possible hydrogen bonding interaction 
scheme was summarized in Fig. 10(b).

3.3. Binary polymer blends of PVC with PnBGEC and PEHGEC

We turn our attention to investigating the weaker hydrogen bonding 
of PVC compared with PVPh, as blending with CO2-based copolymers. 
For brevity, we selected PVC/PnBGEC and PVC/PEHGEC binary blends 
with similar Tg behavior of PnBGEC (− 26 ◦C) and PEHGEC (− 38 ◦C). 
Fig. 11(a) and (b) present the DSC thermal analyses of PVC/PnBGEC and 
PVC/PEHGEC binary blends, respectively. The PVC/PnBGEC = 90/10 
blend also displays a single Tg value of 42 ◦C with miscible phase; 
however, this value is much lower than the predicted by the Fox equa
tion (70 ◦C) as displayed in Fig. 11(a). This result confirms that the 
intermolecular hydrogen bonding of PVC/PnBGEC is weaker than 
PVPh/PnBGEC, as expected. Further increasing PnBGEC compositions, 
two Tg values were observed where the PVC major phase shifted to a 
higher Tg value from 55 to 71 ◦C, and the PnBGEC major phase was 
observed from − 28 to − 38 ◦C, indicating these blend compositions are 
immiscible, which is similar to PVPh/PnBGEC blends.

Similarly, Fig. 11(b) shows DSC thermal analyses of PVC/PEHGEC 
binary blends, where PVC/PEHGEC = 90/10 blend exhibits a single Tg 
value of 45 ◦C, which is also much lower than the predicted by Fox 
equation (67 ◦C) but is higher than the PVC/PnBGEC = 90/10 blend at 
the same composition even pure PEHGEC possesses relative lower Tg 
value, indicating the stronger intermolecular hydrogen bonding in PVC/ 
PEHGEC than that of PVC/PnBGEC binary blends. Further increasing 
PEHGEC composition at 20 wt%, the single Tg value exhibited at 47 ◦C, 

Fig. 10. (a) FTIR spectra of PVPh/PEHGEC = 50/50 blend recorded at various temperatures, (b) the possible interaction in PVPh/PEHGEC blends, (c) 2D FTIR 
synchronous and (d) asynchronous correlation maps.
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which is close to the value predicted by the Fox equation (51 ◦C), also 
indicating the miscible behavior. Further increasing PEHGEC composi
tions from 30 wt% to 50 wt%, although the second Tg behavior was not 
observed, the Tg value did not shift a lot, indicating that partial misci
bility may occur at these blend compositions. Overall, the strength of 
intermolecular hydrogen bonding in PVC/PEHGEC binary blends is 
weaker than that of PVPh/PEHGEC binary blends, as also expected. 
Fig. S23 displays their corresponding FTIR spectra recorded at room 
temperature for PVC/PnBGEC and PVC/PEHGEC binary blends. Simi
larly, the C=O units from PnBGEC and PEHGEC segments in both binary 
blends also exhibit the peak shift, and the FWHM was changed after 
blending with PVC. We also expected that the intermolecular hydrogen 
bonding strength or FWHM should be smaller than that of the PVPh 
blending system. To further enhance the miscibility of PVC binary 
blends with CO2-based alternating copolymer, the polyester segments 
should be incorporated into the CO2-based alternating copolymer from 
anhydride monomer. For example, we observed that incorporating 
phthalic anhydride (PA) or 1,2-cyclohexanedicarboxylic anhydride 
(CHA) into PCHC to produce PCHC-PA or PCHC-CHA copolymers 
enhanced miscibility with PVPh, as the OH–ester interactions form 
stronger intermolecular hydrogen bonds than the OH-carbonate in
teractions [28]. As a result, Meng et al. proposed that poly 
(carbonate-ester) formed from PO and PA monomers with CO2 could 
exhibit complete miscibility with PVC, as determined by dynamic me
chanical analysis (DMA) [29]. Overall, this study provides the general 
principle to improve the miscibility behavior of CO2-based copolymers 
through structural design by considering the intermolecular hydrogen 
bonding strength, free volume effect, and conformation entropy effect 
with weaker polar polymers such as PVC or strong self-association 
hydrogen bonding polymers such as PVPh.

4. Conclusions

We have successfully synthesized a series of CO2-based alternating 
copolymers, including PPC, PnBGEC, PtBGEC, and PEHGEC, using a 
salen Co-Cl catalyst. The length of the side chains had a significant 
impact on the properties of the copolymers, and the Tg values of these 

copolymers were influenced by the side chain length, with longer side 
chains leading to lower Tg values because of a larger free volume effect. 
Through 1D- and 2D-FTIR spectroscopy, we observed the influence of 
side chains on the intramolecular hydrogen bonding interactions. 
Longer side chains weakened the intramolecular hydrogen bonding, as 
indicated by shifts in the C=O stretching bands and changes in the 
FWHM of these bands. This reduction in hydrogen bonding correlated 
with the decrease in Tg values. The binary polymer blends of PVPh with 
these CO2-based copolymers indicate that the miscibility of the blends 
was found to be intensely dependent on the type and length of the side 
chains in the copolymers. The PVPh/PEHGEC blend exhibited the best 
miscibility, as indicated by a single Tg and the formation of stronger 
intermolecular hydrogen bonding interactions. In contrast, PVPh/ 
PtBGEC and PVPh/PnBGEC blends were partially miscible or immiscible 
due to weaker intermolecular hydrogen bonding interactions. These 
results suggest that the presence of longer side chains in the copolymer 
chains influences the miscibility of the blends, likely due to changes in 
the intermolecular interactions and free volume effects. Furthermore, 
the study demonstrated that the strength of intermolecular hydrogen 
bonding in PVC-based binary blends (PVC/PnBGEC and PVC/PEHGEC) 
was weaker compared to PVPh-based blends, with the PVC/PEHGEC 
blend exhibiting a more favorable miscibility due to stronger hydrogen 
bonding interactions. These findings underline the importance of side 
chain length, hydrogen bonding, and free volume effects in controlling 
the miscibility behavior of polymer blends. In conclusion, this study 
provides valuable insights into the synthesis and design of CO2-based 
copolymers and their blending behavior with other polymers, such as 
PVPh and PVC. The results highlight the crucial role of structural design 
in achieving improved miscibility and thermal properties in polymer 
blend systems. Further work is needed to explore incorporating other 
functional groups, such as ester groups, to enhance further the misci
bility and performance of CO2-based copolymers in diverse applications.
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