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ABSTRACT: The condensation of a mixture of dimethyl carbonate and phthalate derivatives with 1,4-butanediol (BD), catalyzed by

sodium alkoxide, generated high-molecular weight poly(1,4-butylene carbonate-co-aromatic ester)s with molecular weights (Mn) of

50–120 kDa. The subsequent addition of polyols [BD, glycerol propoxylate, 1,1,1-tris(hydroxymethyl)ethane, or pentaerythritol]

chopped these high-molecular weight polymers to afford macrodiols or macropolyols with facile control of their molecular weights

(Mn, 2000–3000 Da) and unique chain topological compositions. Macropolyols prepared by chopping poly(1,4-butylene carbonate-

co-terephthalate) were waxy in nature, whereas those containing isophthalate and phthalate units were oily. The macropolyols synthe-

sized by this chopping method may have potential applications in the polyurethane industry. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43754.
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INTRODUCTION

The utilization of carbon dioxide is an issue being addressed in

both the academic and industrial fields.1–4 One method that is

currently under investigation for the useful consumption of

CO2 involves its copolymerization with propylene oxide or eth-

ylene oxide to form aliphatic polycarbonates.5–14 Alternatively,

CO2 can be reacted to form dimethyl carbonate (DMC), which

is subsequently converted to diphenyl carbonate and further to

the conventional aromatic polycarbonate.15 The former process

is currently undergoing commercialization, whereas the latter is

already under operation industrially.16 Previously, DMC was

produced from extremely toxic phosgene and was considered a

harmful chemical, but now, it is recognized as green and inex-

pensive because of its production from CO2 or CO.17 Recently,

we reported the synthesis of high-molecular weight poly(1,4-

butylene carbonate-co-terephthalate) using the benign

DMC.18–22 Poly(1,4-butylene carbonate-co-terephthalate) shows

attractive properties, such as biodegradability and a melting

point (Tm) above 100 8C. However, poly(propylene carbonate)

and poly(ethylene carbonate) produced directly by CO2/epoxide

copolymerizations are amorphous polymers, which limits their

widespread applications.

Aliphatic polycarbonate-based macropolyols with molecular

weights of several thousands are also materials of commercial

interest,23–27 particularly in the bulk polyurethane (PU) indus-

try, when they are reacted with di(or poly)isocyanates.28,29 The

development of environment friendly PUs, such as bio-based,

biodegradable, and nonisocyanate PUs, is an issue currently

being addressed by scientists.30–33 Aliphatic polycarbonate-based

macropolyols can be synthesized by either CO2/epoxide copoly-

merizations, or by the polycondensation of a,x-alkanediols

with DMC. Aliphatic polycarbonate-based macropolyols are

attractive due to their hydrolytic stability and resistance to sun-

light and oxidative degradation.34,35 Recently, we reported the

syntheses of macropolyols with unique chain compositions by

chopping high-molecular weight poly(1,4-butylene carbonate)s

(PBC) with a diol or polyol.36 In this paper, we report the prep-

aration of a further type of macropolyol by the chopping of

high-molecular weight poly(1,4-butylene carbonate-co-aromatic

ester)s. Aromatic ester units were incorporated into these mac-

ropolyols through the use of dimethyl terephthalate, dimethyl

isophthalate, or dimethyl phthalate in the initial condensation

reaction, which are inexpensive chemicals used on a large scale

in the polymer industry.

EXPERIMENTAL

General Remarks
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were

recorded on a Varian Mercury Plus 400 instrument. Gel perme-

ation chromatography (GPC) results were collected in THF at

40 8C using a Waters Millennium apparatus with polystyrene

(PS) standards. The melting (Tm) and glass transition (Tg)

temperature data were determined by differential scanning
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calorimetry (DSC) using a Thermal Analysis Q10 instrument

with a heating rate of 10 8C/min. Viscosity was measured on a

Brookfield DV-I Prime Viscometer.

Preparation of High-Molecular Weight Poly(1,4-butylene

carbonate-co-aromatic ester)s

A three-necked flask (50 mL) was equipped with a mechanical

stirrer and distillation apparatus, and connected to a manifold

equipped with vacuum and N2 gas lines. 1,4-Butanediol (BD,

10.0 g, 111 mmol), NaH (2.66 mg, 0.10 mol %), DMC (11.0 g,

122 mol), and the corresponding dimethyl phthalate derivative

(terephthalate, isophthalate, or phthalate) (6.47 g, 33.3 mmol)

were successively added to the flask under a stream of N2 gas.

The flask was immersed in an oil bath at 120 8C and heated for

1 h whilst the volatile components were distilled off at atmos-

pheric pressure. Before proceeding with the second step, an ali-

quot was removed to measure the [AOMe]/[AOH] end group

ratio by 1H NMR spectroscopy, which was determined to be

�1.10. The distillation pressure was reduced to 570 mmHg, the

bath temperature was increased to 190 8C, and the reaction was

allowed to proceed for 0.5 h while the generated volatiles were

condensed using a dry ice/acetone bath. After this time, the

pressure was reduced to 380 mmHg, and the condensation

reaction was conducted for 1 h at 190 8C. The pressure was fur-

ther reduced to 190 mmHg, and the reaction was conducted for

another 2 h. Finally, the reaction was conducted for 2 h at

210 8C under full evacuation at 0.3 mmHg. After completion of

polymerization, a portion of the polymer was extracted to mea-

sure the molecular weight using GPC.

Chopping the High-Molecular Weight Poly(1,4-butylene

carbonate-co-aromatic ester)s

Chopper [1,4-butanediol, glycerol propoxylate, 1,1,1-tris(hydroxy-

methyl)ethane, or pentaerythritol] (16.7 mmol, 15.0 mol %) was

added under N2 gas to the reactor containing the prepared

high-molecular weight polymer.

The viscous polymer melt rapidly became oily within 10 min.

The resulting mixture was stirred for 1 h at 210 8C, and for 2 h

at 150 8C. The resulting macrodiols and macropolyols were sta-

ble at room temperature, even when the basic catalyst was not

quenched. Sample of the polymers were dissolved in CH2Cl2

and washed with water to remove the residual catalyst prior to

GPC studies.

RESULTS AND DISCUSSION

Preparation of High Molecular Weight Poly(1,4-butylene

carbonate-co-aromatic ester)s

Recently, we reported the preparation of a new polymer, high-

molecular weight poly(1,4-butylene carbonate-co-terephthalate)

(PBCT), through the polycondensation of 1,4-butandediol

(BD), DMC, and dimethyl terephthalate.18,20 This PBCT exhib-

ited similar thermal properties (Tm, 100–150 8C) to conven-

tional polyethylene when the terephthalate content was high

(40–50 mol %). The PBCTs were prepared using a two-step syn-

thetic procedure (Scheme 1). The first step involved the transes-

terification of a mixture of DMC and dimethyl terephthalate

with BD at 120 8C, while distilling off the methanol under

atmospheric pressure. Initially, the reaction conditions were set

to generate oligomers containing AOH and AOMe end groups

in a close to stoichiometric ratio [(AOMe)/(AOH) 5 � 1.1]. It

was inevitable that a portion of the feed DMC would be dis-

tilled off together with the methanol generated in the reaction;

the boiling point of DMC is close to that of methanol (90 and

68 8C, respectively) and, additionally, methanol forms an azeo-

trope with DMC during distillation. Therefore, the DMC feed

amount was empirically determined: in our experiments, feed-

ing DMC in an amount calculated by the equation

(DMC) 5 1.57 3 [(BD) – (dimethyl phthalate)] consistently

generated oligomers with AOH and AOMe end groups in close

to stoichiometric equivalents [(AOMe)/(AOH) 5 � 1.1]. The

[dimethyl phthalate]/[BD] feed ratio varied across the range of

0.1–0.5. The second step of the reaction involved a polyconden-

sation reaction under reduced pressure at high temperature

(190–210 8C). The polycondensation proceeded primarily by

reaction between AOH groups (in the form of ACH2

CH2CH2CH2OH) and AOMe groups [in the form of either

OC(O)OMe or AC6H4C(O)OMe] with the generation of a

methanol byproduct, which was efficiently removed from the

reaction pot via distillation. In order to avoid evaporation of

the reactants (BD and dimethyl terephthalate) and volatile inter-

mediates [e.g., HO(CH2)4OC(O)OMe], the vacuum level was

allowed in a stepwise manner (570 mmHg for 0.50 h,

380 mmHg for 1.0 h, 190 mmHg for 2.0 h), and finally the

Scheme 1. Preparation of high-molecular weight poly(1,4-butylene carbonate-co-aromatic ester)s. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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reaction pot was fully evacuated (0.3 mmHg) for 2 h at 210 8C.

Applying this procedure and conditions, high-molecular weight

poly(1,4-butylene carbonate-co-terephthalate)s (Mn, 73–120 kDa)

were successfully prepared with various [dimethyl terephthalate]/

[BD] feed ratios (Table I). As a portion of the feed BD evapo-

rated during the polycondensation reaction, the yield of polymer

isolated was approximately 90% and the terephthalate fraction in

the resulting polymer was deviated slightly from the [dimethyl

terephthalate]/[BD] feed ratio. When applying the same condi-

tions and procedures in the presence of dimethyl isophthalate,

high-molecular weight poly(1,4-butylene carbonate-co-isophtha-

late)s were also successfully synthesized with Mn of � 80 kDa

(Table II). In the case of dimethyl phthalate, however, low-

molecular weight polymers were generated (Mn, 48–83 kDa)

(Table III).

Chopping the High-Molecular Weight Poly(1,4-butylene

carbonate-co-aromatic ester)s

During the course of the polycondensation reactions, the viscos-

ity of the mixture increased gradually and the mixture became

almost unstirrable by the end of reaction. The addition of chop-

per, such as diol (BD) or polyol including glycerol propoxylate,

1,1,1-tris(hydroxyl)ethane, or pentaerythritol (1–3 in Chart 1),

converted, within 10 min, the thick viscous polymer melt to an

oily state that could be stirred. Sodium alkoxide (0.1 mol % per

BD), which was fed as a catalyst in the polycondensation reac-

tion, also acted as a catalyst in the subsequent chopping process

(Scheme 2). When sodium alkoxide catalyst was removed after

the polycondensation reaction, the thick polymer melt was not

converted to an oily state, indicating sodium alkoxide catalyst

is essential in the chopping process. Rapid base-catalyzed

Table I. Results for the Preparation of High-Molecular Weight Poly(1,4-butylene carbonate-co-terephthalate)s and Their Chopping with Polyolsa

Entry

Dimethyl
terephthalate
(mol % per BD) Chopper

Yieldb

[g, (%)]

Mn (Mw/Mn)c

before
chopping (kDa)

Mn (Mw/Mn)c

after
chopping (Da) Tg (8C)

Status
[Tm (8C) for wax]

1 30 BD 18.9 [89] 80.9 (1.57) 2200 (1.69) 242 Wax (43)

2 30 1 19.2 [91] 118 (1.41) 2100 (2.16) 235 Wax (43)

3 30 2 19.1 [90] 81.7 (1.53) 2000 (2.43) 228 Wax (44)

4 30 3 19.1 [90] 82.5 (1.44) 1600 (2.04) 225 Wax (44)

5 10 1 17.0 [90] 72.9 (1.38) 2000 (2.18) 244 Turbid oil

6 20 1 17.9 [89] 73.5 (1.39) 2100 (2.25) 239 Wax (50)

7 40 1 19.3 [85] 80.8 (1.49) 2200 (2.17) 233 Wax (44)

8 50 1 20.7 [87] 78.6 (1.44) 2000 (2.54) 233 Wax (44)

a Polymerization conditions: BD (10.0 g, 111 mmol), NaH (0.111 mmol), DMC (DMC) 5 1.57 3 [(BD) 2 (dimethyl terephthalate)] in a bath of 120 8C for
1.0 h, while removing methanol at atmospheric pressure (1st step); then at 190 8C successively under 570 mmHg for 0.50 h, 380 mmHg for 1.0 h,
190 mmHg for 2.0 h, and finally at 210 8C under 0.3 mmHg for 2 h (2nd step); addition of chopper (16.7 mmol, 15.0 mol %) followed by stirring for
3 h at 210 2 150 8C.
b [Mass of the generated polymer]/[theoretically expected mass].
c Measured by GPC at 40 8C using PS standards.

Table II. Results for Preparation of High-Molecular Weight Poly(1,4-butylene carbonate-co-isophthalate)s and Their Chopping with Polyolsa

Entry

Dimethyl
terephthalate
(mol % per BD) Chopper

Yieldb

[g (%)]

Mn (Mw/Mn)c

before
chopping (kDa)

Mn (Mw/Mn)c

after
chopping (Da) Tg (8C)

Status
[Tm (8C)
for wax]

Viscosity
(cP)

1 30 BD 18.9 [89] 69.7 (1.50) 2100 (1.62) 236 Wax (57)

2 30 1 18.6 [87] 68.0 (1.50) 2200 (2.14) 235 Clear oil 42,400

3 30 2 18.9 [89] 107 (1.47) 1700 (2.83) 228 Clear oil 162,000

4 30 3 18.7 [88] 94.4 (1.39) 2000 (1.94) 224 Turbid oil

5 10 1 16.7 [88] 72.0 (1.42) 2100 (2.09) 243 Turbid oil

6 20 1 17.6 [87] 78.0 (1.56) 2100 (2.20) 238 Clear oil 101,000

7 40 1 20.2 [90] 82.6 (1.58) 2100 (2.28) 229 Turbid oil

8 50 1 21.4 [91] 75.2 (1.56) 2200 (2.19) 228 Wax (63)

a Polymerization conditions: BD (10.0 g, 111 mmol), NaH (0.111 mmol), DMC (DMC) 5 1.57 3 [(BD) 2 (dimethyl isophthalate)] in a bath of 120 8C for
1.0 h, while removing methanol at atmospheric pressure (1st step); then at 190 8C successively under 570 mmHg for 0.50 h, 380 mmHg for 1.0 h,
190 mmHg for 2.0 h, and finally at 210 8C under 0.3 mmHg for 2 h (2nd step); addition of chopper (16.7 mmol, 15.0 mol %) followed by stirring for
3 h at 210 2 150 8C.
b [Mass of the generated polymer]/[theoretically expected mass].
c Measured by GPC at 40 8C using PS standards.
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transesterification occurred between the AOH groups of the

chopper, and the carbonate or ester bonds of the high-molecular

weight poly(carbonate-co-aromatic ester). The result of this trans-

esterification process was the formation of macropolyols bearing

AOH groups at all chain ends. Since the molecular weights of

the generated poly(carbonate-co-aromatic ester)s were sufficiently

high, the contribution to the formed macropolyols of the AOMe

end groups that the high-molecular weight polymer chains might

bear could be ignored, and the molecular weight was theoretically

determined by the equation: Mn 5 [mass of the generated oil

(g)]/(number of mol of chopper).

The GPC-measured number average molecular weights (Mn) of

the generated oils were in the range of 1600–2200 Da [Tables

(I–III)], dramatically lower than the Mn values (50–120 kDa)

before chopping (Figure 1). The theoretical molecular weights

calculated by the equation Mn 5 [mass of the generated oil

(g)]/(number of mol of chopper) were in the range of 1000–

1400 Da, roughly in agreement with the GPC determined val-

ues. The molecular weight distribution values (Mw/Mn) were

marginally changed in the cases of chopping with BD [entry 1

in Tables (I–III)], but the Mw/Mn values were higher (1.9–2.5)

in the cases where chopping with triols (1 and 2) or tetraol (3)

were performed. The generation of the branched chains in these

cases could have resulted in the broadening of the molecular

weight distributions observed. The results were reproducibly

obtained when the procedure was repeated (entry 2 in Table II),

whereby the Mn (Mw/Mn) values after chopping were consistent

[2200 (2.14), 1900 (2.34), and 2000 (2.12) Da], even though the

Mn(Mw/Mn) values before chopping varied depending on the

extent of polycondensation [68.0 (1.50), 73.1 (1.81), and 77.9

(1.61) kDa].

Chopping of the high-molecular weight chains with a diol

(HOAOH, BD in this study) generated macrodiols, whereas

chopping with triols [A(OH)3, 1 and 2] resulted in the forma-

tion of more complicated chain structures (Scheme 3). Macrote-

traol or macropentaol could be additionally generated if the

polymer chain contained one or two triol (A) units, respectively.

If an equilibrium state was reached during the transesterifica-

tion process, a statistical distribution of the 1,4-butylene

(ACH2CH2CH2CH2A) and chopper (A) units in the formed

macropolyols can be assumed. The statistics allow for calcula-

tion of the mole fraction for each chain bearing k chopper (A)

units, fk [i.e., xk/R(xk), where xk is the number of moles of

each chain], and therefore, f0 5 aC0(1 2 p)a20(p)0, f1 5 aC1

(1 2 p)a21(p)1, f2 5 aC2(1 2 p)a22(p)2, f3 5aC3(1 2 p)a23(p)3,

etc. In these equations, ‘p’ is Z/(N 1 Z), where Z is number of

moles of chopper (A) units and N is the number of moles of

1,4-butylene units, and ’a’ is the average degree of polymeriza-

tion, i.e., average repeat (sum of A and 1,4-butylene) units per

chain. The value of ’a’ is an integer roughly equal to (N 1 Z)/

Z (i.e., 1/p), i.e., the total number of repeat units (sum of A

Table III. Results for Preparation of High-Molecular Weight Poly(1,4-butylene carbonate-co-phthalate)s and Their Chopping with Polyolsa

Entry

Dimethyl
phthalate
(mol % per BD) Chopper

Yieldb

[g (%)]

Mn (Mw/Mn)c

before
chopping (kDa)

Mn (Mw/Mn)c

after
chopping (Da) Tg (8C)

Status
[Tm (8C)
for wax]

Viscosity
(cP)

1 30 BD 19.2 [91] 58.6 (1.52) 2100 (1.72) 243 Turbid oil

2 30 1 18.9 [89] 62.3 (1.49) 2100 (1.85) 235 Clear oil 67,600

3 30 2 18.3 [85] 71.1 (1.56) 2100 (1.92) 229 Clear oil 37,500

4 30 3 18.7 [88] 76.4 (1.63) 1600 (1.91) 224 Clear oil 138,000

5 10 1 16.6 [87] 83.0(1.61) 1700 (2.12) 241 Turbid oil

6 20 1 17.6 [87] 47.8 (1.60) 1900 (2.04) 236 Clear oil 63,400

7 40 1 20.7 [93] 50.1 (1.74) 1700 (1.99) 233 Turbid oil

a Polymerization conditions: BD (10.0 g, 111 mmol), NaH (0.111 mmol), DMC (DMC) 5 1.57 3 [(BD) 2 (dimethyl phthalate)] in a bath of 120 8C for
1.0 h, while removing methanol at atmospheric pressure (1st step); then at 190 8C successively under 570 mmHg for 0.50 h, 380 mmHg for 1.0 h,
190 mmHg for 2.0 h, and finally at 210 8C under 0.3 mm Hg for 2 h (2nd step); addition of chopper (16.7 mmol, 15.0 mol %) followed by stirring for
3 h at 210 2 150 8C.
b [Mass of the generated polymer]/[theoretically expected mass].
c Measured by GPC at 40 8C using PS standards.

Scheme 2. Chopping process. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Cha 1. Polyols (1–3) used as choppers and the aromatic esters used in the

polycondensation reactions.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4375443754 (4 of 8)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


and 1,4-butylene units) divided by the total number of chains

(Z). In our typical experiments, the number of moles of 1,4-

butylene units and the number of moles of chopper units were

� 100 mmol [111 mmol (feed BD) 3 0.90 (yield)] and

16.7 mmol, respectively, and the fractions f0 (macrodiol), f1
(macrotriol), f2 (macrotetraol) f3, and f4 (macropentaol) were

calculated to be 35, 40, 19, 5.3, and 0.9%, respectively.

Aliphatic polycarbonate macropolyols are conventionally pre-

pared directly through the polycondensation of a diol or polyol

with DMC. The AOMe groups, which originate from DMC,

must be completely removed to prepare macropolyols suitable

for use in PU synthesis. In the transesterification (or polycon-

densation) process, the AOMe end groups were removed upon

formation of the methanol byproduct, which must be immedi-

ately and completely excluded from the reaction mixture. Con-

trolling the molecular weight is another important issue in the

synthesis of macropolyols. Typically, molecular weight is con-

trolled by the feed ratio of the two components, but DMC is

volatile and forms an azeotrope with distilled methanol, making

it difficult to control the molecular weight. During the course

of complete removal of the -OMe end groups, an undesirable

condensation occurs, resulting in formation of BD, which is

also volatile at high temperatures under vacuum. This undesir-

able reaction results in an increase in the molecular weight of

the macropolyols above the desired value. Thus, the chopping

method described in this work may be advantageous over the

conventional direct polycondensation method. In fact, prepara-

tion of the corresponding marcopolyols by the conventional

direct polycondensation was unsuccessful in our attempts, as it

was difficult to stop the polycondensation process at the appro-

priate point, yielding higher molecular weight polymers than

was desired.

Properties and Characterization of the Macropolyols

Macropolyols, in their oil form, with an appropriate viscosity,

are desirable for use in the PU industry. Since poly(1,4-butylene

carbonate)-based macrodiols are crystalline, 1,4-butanediol is

fed with other diols to inhibit crystallization. Most of the mac-

ropolyol samples containing terephthalate units prepared in this

work by chopping poly(1,4-butylene carbonate-co-terephtha-

late)s were wax-like materials [Figure 2(a), entries 1–4 in Table

I]. A sample prepared by chopping the polymer containing a

small amount of terephthalate units (10 mol %) with glycerol

propoxylate (1) was initially an oily material, but some crystal-

line particles were generated during its storage, resulting in the

initially clear oil becoming turbid [Figure 2(b), entry 5 in

Table I]. Macrodiols prepared by chopping poly(1,4-butylene

carbonate-co-isophthalate) with BD were also wax-like materials

(entry 1 in Table II). In contrast, chopping with triol and tet-

raol (1–3) resulted in the formation of oily compounds in most

cases (entries 2–7 in Table II); a wax-like material was obtained

only when the isophthalate content was high (50 mol %) (entry

8 in Table II). Branched chain topologies typically hampered

crystallization, giving viscous oily products.37,38 In some cases,

storage over several weeks resulted in the formation of small

amounts of crystalline materials to turn the clear oils turbid

(entries 4, 5, and 7 in Table II), but chopping poly(1,4-butylene

carbonate-co-isophthalate)s containing 20 and 30 mol % iso-

phthalate units with triols (1 and 2) gave persistently clear oily

macropolyols (entries 2, 3, and 6 in Table II).

The phthalate units in the macropolyols inhibited the crystalli-

zation more efficiently than the terephthalate and isophthalate

units. In all cases, oily compounds were generated and, impor-

tantly, this clear oily nature was consistently preserved when

poly(1,4-butylene carbonate-co-phthalate)s containing 20 and

30 mol % phthalate units were chopped with triol or tetraol

(1–3) [Figure 2(c), entries 2–4 and 6 in Table III]. As a result of

Figure 1. GPC curves (a) before and (b) after chopping.

Scheme 3. Chain compositions after chopping. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the presence of the aromatic ester units, the viscosities of these

macropolyols (37,000–138,000 cP) were higher than those of

poly(1,4-butylene carbonate)-based macropolyols (� 20,000 cP)

and much higher than those of commercially available macro-

diols, e.g., poly(propylene glycol)-diol (1300 cP for Mn

3500 Da), poly(1,6-hexamethylene adipate)-diol (4200 cP at

60 8C for Mn 3800 Da), and poly(1,6-hexamethylene carbonate)-

diol (3000–8000 cP at 60 8C for Mn 2000 Da).

The wax-like materials showed melting temperatures (Tm)

around 45 8C [close to the Tm of PBC (60 8C)], along with glass

transition temperatures (Tg) in the range of 244 to 222 8C in

DSC scans [Figure 3(a)], whereas there was no Tm signal for the

oily samples [Figure 3(b)]. The Tg of a macropolyol that did

not contain aromatic ester units, i.e., a sample prepared by

chopping PBC with 1, was 249 8C.36 By increasing the amounts

of terephthalate units to 10, 20, and 30 mol %, the Tg value

gradually increased to 244, 239, and 235 8C, respectively

(entries 5, 6, and 2 in Table I). However, the increase of Tg

value was negligible at terephthalate contents above 30 mol %,

where Tg was 233 8C for terephthalate contents both of 40 and

50 mol % (entries 7 and 8 in Table I). The Tg value was almost

unchanged by variations in the ester units, and the samples pre-

pared by chopping the polymers containing 30 mol % tereph-

thalate, isophthalate, and phthalate units with 1 all showed the

same Tg values of 235 8C [entry 2 in Tables (I–III)].

Figure 4 shows a selected region (3.0–5.5 ppm) in the 1H NMR

spectrum of a typical sample prepared by chopping poly(1,4-

butylene carbonate-co-terephthalate) with glycerol propoxylate

(1). Broad signals (denoted as ‘a’) originate from the chopper

(glycerol propoxylate). Two triplet resonances at 3.71 and

3.65 ppm (denoted as ‘b’) can be assigned to the

C6H4C(O)O(CH2)3CH2OH and OC(O)O(CH2)3CH2OH end

groups, respectively, where it can be seen that the intensity of

the former [C6H4C(O)O(CH2)3CH2OH] increased as the ter-

ephthalate content was increased. The resonances at around 4.4

and 4.15 ppm can be assigned to AC6H4C(O)OCH2A (ester)

andAOC(O)OCH2A (carbonate), respectively, with the intensity

of the former [AC6H4C(O)OCH2A] also increasing as the ter-

ephthalate content increased. The ester resonance at 4.4 ppm

was further split into two resonances at 4.41 (denoted as ‘1’)

and 4.36 ppm (denoted as ‘2’), which are assigned to the BD

functionalized with ester groups at both ends [AC6H4

(CO)OCH2CH2CH2CH2O(CO)C6H4A], and to BD functional-

ized with a carbonate group at one end and an ester group at

the other [AO(CO)OCH2CH2CH2CH2O(CO)C6H4A], respec-

tively. The carbonate resonance at 4.15 ppm was also split into

two resonances at 4.19 ppm (denoted as ‘3’) and 4.14 ppm

(denoted as ‘4’), which are assigned to a BD functionalized with

a carbonate group at one end and an ester group at the other

[AO(CO)OCH2CH2CH2CH2O(CO)C6H4A], and to BD func-

tionalized with carbonate groups at both ends [AO(CO)OCH2

CH2CH2CH2O(CO)OA], respectively. The ratios of the inten-

sities (I) of the four split signals allowed for the calculation of

the number-average sequence lengths (L) of butylene terephtha-

late (BT) and butylene carbonate (BC) units, whereby

Figure 2. Status of the macropolyols: (a) wax-like (entry 1 in Table I), (b)

turbid oil (entry 5 in Table I), and (c) clear oil (entry 2 in Table III).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. DSC curves: (a) wax-like (entry 8 in Table II) and (b) clear oil

(entry 3 in Table II).

Figure 4. 1H NMR spectrum of macropolyol prepared by chopping high-

molecular weight poly(1,4-butylene carbonate-co-terephthalate) with glyc-

erol propoxylate (entry 2 in Table I).
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LBC 5 (I4 1 I3)/I3 5 2.85 and LBT 5 (I1 1 I2)/I2 5 1.51. The

degree of randomness (R), calculated from the average sequence

lengths (R 5 1/LBC 1 1/LBT) was 1.01, indicating the statistical

random distribution of the carbonate and ester units. The R

values were calculated to be in the range of 0.98–1.02 for all of

the samples containing terephthalate and isophthalate units

(Tables I and II), indicating the statistical random distribution

of the incorporation of carbonate and ester units to the macro-

polyol, regardless of changes to the aromatic ester units and

choppers used in the synthesis. For the samples containing

phthalate units (Table III), neither the ester [AC6H4C(O)

OCH2A] nor carbonate (AOC(O)OCH2A) signals were split,

therefore not allowing for calculation of an R value.

A clear oily compound prepared by chopping a high-molecular

weight poly(1,4-butylene carbonate-co-isophthalate) with glyc-

erol propoxylate (entry 2 in Table II) was briefly tested in PU

synthesis by its reaction with 4,40-methylene diphenyl diisocya-

nate in a 1:1 (AOH)/(ANCO) ratio using a stannous 2-

ethylhexanoate catalyst (0.01 wt % of total solids) according to

a previously reported procedure.39 The viscosity of the reaction

rapidly increased upon mixing of the two components, and

eventually a hard solid was formed by curing at 100 8C for 4 h.

This isolated solid was insoluble in any organic solvent, indicat-

ing the formation of extensive crosslinking (thermoset).

CONCLUSIONS

High-molecular weight poly(1,4-butylene carbonate-co-aromatic

ester)s (Mn, 50–120 kDa), with aromatic esters comprised of

terephthalate, isophthalate, or phthalate groups, were prepared

by the condensation of 1,4-butanediol, dimethyl carbonate, and

dimethyl terephthalate (or isophthalate or phthalate) using a

sodium alkoxide catalyst. Upon addition of a polyol (1,4-buta-

nediol, glycerol propoxylate, 1,1,1-tris(hydroxymethyl)ethane, or

pentaerythritol), the high-molecular weight polymers were

degraded or chopped into low-molecular weight macropolyols

of 2000–3000 Da (Mn). The majority of the samples containing

terephthalate units were wax-like materials with melting temper-

atures around 45 8C, whereas those containing isophthalate and

phthalate units showed the propensity to be oily. The glass tran-

sition temperatures of the macropolyols gradually increased

from 250 to 230 8C upon increases in the amount of the aro-

matic ester units incorporated into the macropolyols up to

30 mol %, but above 30 mol %, this temperature remained con-

stant at around 230 8C. The viscosities of the macropolyols

were higher when ester units were incorporated in the molecule.

The chopping method developed in this study may be advanta-

geous in the synthesis of aliphatic polycarbonate-based macro-

polyols over the conventional direct condensation method, as

the molecular weight can be more readily controlled and the

chain compositions more easily estimated. The materials pre-

pared in this work are new compounds prepared using benign

dimethyl carbonate, which is currently produced on a large scale

from CO2 and the abundant dimethyl terephthalate (or iso-

phthalate or phthalate), and may have the potential to be used

in the polyurethane industry.
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