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Abstract Ca/SBA-15 solid bases with different Ca/Si atomic ratios were prepared by a one-pot route and employed as catalysts for the
production of poly(isosorbide carbonate) (PIC) from diphenyl carbonate and isosorbide via a transesterification polymerization process.
The relationship between physicochemical properties and catalytic performance for Ca/SBA-15 in this melt process was investigated by
means of various characterization techniques. It was found that basic site amount and strength were responsible for this transesterification
process; the weak and medium basic sites inclined to promote polycondensation reaction. It was worth noting that strong basic sites could
favor the decomposition of the resultant PIC, resulting in the decrease of weight-average molecular weight (M) and yield, and the sample
with Ca/Si atomic ratio of 0.4 exhibited the best catalytic performance, giving PIC with My of 4.88 x 10* g/mol and T; of 169 °C at the
optimal conditions. This excellent activity can be ascribed to the presence of rich basic sites and specific basic strength on the surface of

0.4Ca/SBA-15.
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INTRODUCTION

Polycarbonate (PC) as an outstanding engineering plastic,
especially bisphenol A PC (BPA-PC), has been industrially
applied in various fields due to its excellent properties, such
as high tensile strength, impact resistance, durability and heat
resistancel! 31, However, bisphenol A (BPA), as a basic
petroleum-based raw material for BPA-PC, is toxic, which
leads to chronic toxicity and environment problems!* 3. Of
the typical renewable monomersl® % isosorbide (1,4:3,6-
dianhydro-D-glucidol, ISB) is an excellent candidate to
replace BPA, owing to its attractive features, including
rigidity, chirality and low toxicity!'!'?]. To date, ISB has been
widely employed as a functional monomer to synthesize or
modify polymers, such as polyesters['® 4] polyamidesl!> 101,
polycarbonates!”23]  and other functional polymeric
materials?*~26],

The synthesis of poly(isosorbide carbonate) (PIC) via the
interfacial polycondensation of ISB with diphosgene or
triphosgene and the melt polycondensation of ISB with
dimethyl carbonate (DMC) or diphenyl carbonate (DPC) has
been investigated. Although the former has successfully
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synthesized PIC, it is not economical or eco-friendly on
account of the complicated processes and high toxicity
reagent. Recently, melt polycondensation has drawn more
attention for the advantages of low equipment requirements
and non-toxic byproducts, in which the effective catalyst is
the critical factor for the synthesis of PIC with satisfactory
molecular weight. Using lithium acetylacetonate as a
catalyst, Li et al.[?!] prepared a PIC with Mw of as high as
4.65 x 10* g/mol by melt polycondensation of DMC with
ISB. Cesium carbonate was also found to be a desirable
catalyst for the polycondensation of DPC with ISB to obtain
high-molecular-weight PIC[22]. However, homogeneous base
would have negative effects on the application performance
of the resultant polymer, such as exterior colours, toxicology
and thermal stability[2!- 22, Most recently, Zhang et al.[?3]
designed a series of novel quaternary ammonium ionic
liquids for the synthesis of PIC, and they found that
tetracthylammonium imidazolate (TEAI) exhibited the
highest catalytic activity, producing PIC with Mw of 2.56 x
10* g/mol. Unfortunately, although some basic ionic liquids
were easily removed, the low catalytic activity resulted in a
PIC with low molecular weight.

SBA-15 based solid bases as typical heterogenecous basic
catalysts have been widely studied in the field of
transesterification reactions for their ordered pore structure,
thick pore walls, large pore size and high hydrothermal/
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thermal stabilityl?”> 28], Up to now, both organic and
inorganic basic species, including aminol??], potassium(3],
and calciumfB!733], have been introduced to SBA-15. Among
them, calcium is the most popular one to modify SBA-15
owing to its good preservation of mesostructure, excellent
water resistance and high specific surface area (Sser)B32 331,
Nowadays, Ca/SBA-15 has been synthesized by a traditional
impregnation method and one-pot route method. Using the
former method to prepare Ca/SBA-15, strong/super bases
can be generated in mesoporous silica. However, complex
process of synthesis and strict storage conditions limit its
industrial applications. On the other hand, one-pot route
method has attracted more attention for its simpler synthesis
process, better calcium species distribution, higher SBeT and
stronger chemical stability34. Lou er all*! prepared
Ca/SBA-15 by one-pot route for transesterification of
vegetable oil with methanol, and the results showed that the
higher catalytic activity was mainly related to its larger
medium basic strength and higher Sser. Additionally,
inorganic calcium materials are also excellent fillers for
polymers, which not only boost their mechanical properties
but also can afford them new application performancel3°l,
Nevertheless, there are few publications on the use of
Ca/SBA-15 as heterogeneous catalysts for polymer synthesis
via the melt transesterification process.

In this work, the Ca/SBA-15 samples were also prepared
by the so-called one-pot route and firstly used as catalyst for
the transesterification of DPC with diols, and structure-
activity relationship was discussed through gel permeation
chromatography (GPC), differential scanning calorimetry
(DSC), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy
(TEM), N2 adsorption, thermogravimetric analysis (TGA),
and COz2 temperature-programmed desorption (CO2-TPD).

EXPERIMENTAL

Materials and Reagents

Isosorbide (98%) purchased from Shanghai Yuanye Bio-
Technology Co., Ltd was purified by recrystallization in
absolute acetone. Commercial DPC purchased from
Guangdong Guanghua Scitech Co., Ltd was purified by
recrystallization in absolute ethyl alcohol. 1,3-Propanediol
(98%) and 1,6-hexanediol (98%) were purchased from
Shanghai Aladdin Bio-chem Technology. 1,4-Butanediol
(99%), 1,5-pentanediol (98%), tetraethyl orthosilicate
(TEOS) and Ca(NOs3)2-4H20 were supplied by Chengdu
Kelong Chemical Reagent Co., Ltd.

Preparation of Catalysts

Ca/SBA-15 samples were prepared by a one-pot route
according to literaturel**]. Pluronic P123 (4 g) was dissolved
in 150 g of 1.6 mol/L HCI with stirring at 40 °C for 0.5 h,
and then a calculated amount of Ca(NO3)2 was added until it
completely dissolved. Thereafter, 8.5 g of TEOS was added,
and the mixture was kept stirring at 40 °C for 24 h. Then, the
solution was transferred to a 200 mL autoclave and aged at
120 °C for another 24 h. Finally, the resultant solution was
evaporated in a rotating evaporator under 60 °C and calcined
at 550 °C in air for 6 h. The obtained sample was defined as

nCa/SBA-15, where n represents the Ca/Si atomic ratio.

For comparison, another series of Ca/SBA-15 samples
were obtained by an impregnation method, and the synthesis
schematic was as follows. SBA-15 was synthesized as
above; then the mixture of Ca(NO3)2 and SBA-15 with
different atomic ratios was stirred using deionized water as
agent at 40 °C for 24 h. The resultant mixture was dried at
60 °C in a rotating evaporator and finally calcined at 550 °C
in air for 6 h. The obtained sample synthesized by
impregnation method was defined as nCa/SBA-15-IM,
where 7 represents the Ca/Si atomic ratio.

Characterization of Catalysts

XRD analysis was performed on a Bruker D8 Advance
diffractometer using Cu K1 radiation, in the 26 range of
0.5°—4.0° at 40 kV and 100 mA. FTIR spectra of the samples
were obtained in the wavenumber region of 400—4000 cm™!
on a Nicolet 380 spectrophotometer by using a standard KBr
technique. TEM analysis was carried on a Zeiss Libra 200 FE
electron microscope operated at 200 kV. N2 physisorption
was measured using a Quantachrome Autosorb-IQ gas
adsorption analyzer. Then the surface area was obtained by
BET equation, and pore size distributions were determined
from the isotherm of adsorption using the BJH method. TGA
was carried out using STA 449 F3 thermal analysis machine
under a flow of air in the temperature range of 50 °C to
800 °C with a heating rate of 10 °C/min. The basicity of
these samples was studied by CO2-TPD on a Chembet
Pulsar temperature-programmed reduction/TPD (TPR/TPD)
apparatus. About 50 mg of catalysts were pretreated under a
flow of Ar at 500 °C for 1.5 h. Then, temperature was
decreased down to room temperature, and CO2 adsorption
was carried out at 50 °C for 1.5 h. Thereafter, the
physisorbed CO2 was removed by a flushing with Ar. TPD
was carried out in the stream of Ar (20 mL/min) at a heating
rate of 10 °C/min up to 800 °C, and CO: was detected by an
on-line gas chromatograph provided with a thermal
conductivity detector (TCD).

Synthesis of PCs

PIC samples were synthesized by a one-pot method,
including transesterification and polycondensation. A
generalized procedure is described below. DPC (10.71 g,
50 mmol), ISB (7.31 g, 50 mmol) and 0.4Ca/SBA-15
(0.002 g, 0.02 wt% based on DPC) were successively added
to a 50 mL three-necked flask equipped with a mechanical
stirrer, reflux condenser, N> inlet and thermometer. In the
transesterification stage, the reaction temperature was
increased to 180 °C under N2 atmosphere, which was
maintained for 30 min. Next the pressure in flask was
gradually reduced to 200 Pa and kept for 20 min to remove
volatile by-products. During the polycondensation stage, the
temperature was increased to 240 °C, and the reaction was
maintained for 60 min under high vacuum (<200 Pa).
Finally, the PIC sample was obtained by dissolving in
dichloromethane and precipitating with alcohol. Other PCs
including poly(propylene carbonate) (PPC), poly(butylene
carbonate) (PBC), poly(pentamethylene carbonate) (PMC),
poly(hexamethylene carbonate) (PHC), bisphenol-A polycar-
bonate (BPA-PC) and poly(butylene-co-isosorbide carbonate)
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(PBIC) were also synthesized via the same procedure.

Characterization of PCs

The intrinsic viscosities () of the PCs were investigated by
Ubbelohde viscometer using dichloromethane as an agent at
25 °C. The My and polydispersity index (PDI = Mw/Mn) were
determined by Agilent PL-GPC 50 system equipped with a
refractive index detector, a G1312A pump and a column
(PLgel MIXED-C) oven temperature of 30 °C. Chloroform
was used as the eluent (1.0 mL/min), and polystyrene
standards were used to establish a calibration curve. The
glass transition temperature (7g) of polymers was determined
by DSC using the instrument DSC-Q20 at a heating rate of
10 °C/min with a N2 gas purge (50 mL/min). TGA data were
acquired with a STA 449 F3 thermal analysis machine under
a N2 flow rate of 20 mL/min by heating samples (3.0 mg)
from 50 °C to 600 °C at a rate of 10 °C/min. The yield was
expressed in percent of the theoretical value, which was
calculated based on the 100% conversion of ISB to PIC.

RESULTS AND DISCUSSION

Catalyst Screening for the Transesterification of DPC
with ISB

The catalytic tests of Ca/SBA-15 samples for the melt
transesterification of DPC with ISB were performed at given
conditions. Fig. S1 (in electronic supplementary information,
ESI) exhibits GPC traces of PIC samples synthesized by
different catalysts, respectively. The data of #, Mw and PDI
of PIC samples are summarized in Table 1. Compared to
SBA-15, the catalytic activities can be obviously enhanced
on the introduction of calcium. One can see that the # and My
values of PIC over Ca/SBA-15 are significantly increased as
increasing Ca/Si atomic ratios from 0 to 0.4. Further
increasing Ca/Si atomic ratios over 0.4 would slightly lessen
the # and My values for the obtained PIC, and the highest #
and My value of 57.9 mL/g and 4.41 x 10* g/mol can be
obtained by using 0.4Ca/SBA-15 as catalyst. It is worthy
noting that the catalytic activity of 0.4Ca/SBA-15-IM has a
sharp decline compared with 0.4Ca/SBA-15. In addition, the
yield of PIC over Ca/SBA-15 is obviously enhanced as
increasing Ca/Si atomic ratio from 0 to 0.2. But there is no
obvious difference in yield when Ca/Si atomic ratio exceeds
0.2. As shown in Table 1, PIC obtained over 0.4Ca/SBA-15
has the highest #, Mw and yield values. Obviously,
0.4Ca/SBA-15 should be the best catalyst and further
investigations were carried out.

Optimization of the Reaction Conditions
In order to obtain the optimum conditions for 0.4Ca/SBA-15

catalyst, the influence of various reaction parameters was
studied. Fig. 1(a) shows the impact of the catalyst
concentration on PIC synthesis with the amount of
0.4Ca/SBA-15 varied from 0.005 wt% to 0.05 wt% (respect
to the mass of DPC). It is clearly showed that the catalyst
amount significantly enhances the # and yield of PIC when
the catalyst amount is at a low concentration. Thereafter, no
remarkable improvement for the # and yield values of PIC is
observed when the catalyst amount exceeds 0.02 wt%.
Comprehensive consideration, the optimum amount of
catalyst is 0.02 wt% for 0.4Ca/SBA-15 in this process.

The effect of polymerization temperature on PIC synthesis
is investigated in the range of 200—260 °C. As shown in
Fig. 1(b), the # value of PIC is sharply increased with raising
the reaction temperature from 200 °C to 240 °C, followed by
a gradual decrease between 250 and 260 °C. It is easily
understood that this reaction process is a typical reverse
reaction consisting of polymerization and decomposition.
When the reaction temperature changes from 200 °C to
240 °C, polymerization plays a leading role. Moreover,
increasing temperature decreases polymer viscosity, which
can promote polymerization reaction(?!- 23. 371 When the
temperature exceeds 240 °C, decomposition plays a
dominant role, which results in side reactions. In addition,
when the polymerization temperature is 240 °C, the yield of
PIC reaches its maximum. Evidently, 240 °C should be a
suitable polymerization temperature for 0.4Ca/SBA-15
catalyst considering its # and yield value comprehensively.

Finally, the effects of polycondensation time on PIC
synthesis is also investigated at 240 °C. As shown in
Fig. 1(c), the 5 value reaches 28.3 mL/g after 15 min and the
yield value reaches 83.2%. As reaction proceeds, the #
speedily increases to 65.9 mL/g with corresponding Mw of
4.88 x 10* g/mol when the polycondensation time is up to
75 min. However, further prolonging the polycondensation
time leads to the decrease of # value. This phenomenon can
be ascribed to the fact that excessive reaction time could
enhance its reverse reaction, which also has been observed in
other works[21723], In the present study, the highest Mw value
of PIC over 0.4Ca/SBA-15 is 4.88 x 10* g/mol which is
much higher than those for LiAcacl?l, Cs2CO3[22! and
TEAI[23] in the same reaction reported in earlier papers.

Substrate Scope

To develop the general application range of 0.4Ca/SBA-15
catalyst, the catalytic performance of DPC with a series of
diol substrates, including 1,3-propanediol (PD), 1,4-
butanediol (BD), 1,5-pentanediol (MD), 1,6-hexanediol
(HD), bisphenol A (BPA) and ISB/BD (molar ratio 1:1) for

Table 1 Catalytic performance of Ca/SBA-15 for the melt transesterification of DPC with ISB #

Entry Catalyst n (mL/g) My % 107 (g/mol) PDI Yield (%)
1 SBA-15 25.5 1.51 1.63 67.4
2 0.1Ca/SBA-15 40.9 2.85 1.63 82.4
3 0.2Ca/SBA-15 45.1 3.40 1.72 87.7
4 0.3Ca/SBA-15 49.3 3.96 1.86 94.0
5 0.4Ca/SBA-15 57.9 4.41 1.64 95.0
6 0.5Ca/SBA-15 54.0 4.20 1.73 94.5
7 0.4Ca/SBA-15-IM 41.7 2.93 1.86 90.5

2 Reaction conditions: catalyst (0.02 wt%), 240 °C, 200 Pa, 1 h (condensation stage)
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Fig. 1 Effects of reaction conditions on # (m) and yield (®) of PIC over 0.4Ca/SBA-15: influence of (a) amount of catalyst
(240 °C, 1 h), (b) polymerization temperature (0.02 wt%, 1 h) and (c) polymerization time (0.02 wt%, 240 °C)

the synthesis of corresponding poly(propylene carbonate)
(PPC), poly(butylene carbonate) (PBC), poly(penta-
methylene  carbonate) (PMC),  poly(hexamethylene
carbonate) (PHC), bisphenol-A polycarbonate (BPA-PC) and
poly(butylene-co-isosorbide carbonate) (PBIC), are also
investigated. As shown in Table 2, other diols, especially
aliphatic diols, can also easily transesterificate with DPC to
synthesize PCs with a considerable My. In comparison with
other catalysts, such as TSP-44038: 391 BMIM-2-CO,!%,
metallic oxidel*”> 411, and alkali metal acetylacetonatest !l
0.4Ca/SBA-15 has a comparable activity for this process.
The Mw of APCs obtained by 0.4Ca/SBA-15 are higher than
7.00 x 10% which can satisfy the demand of M, for
biodegradable plastics!38].

Thermal Properties of PIC
The thermal properties of the PIC samples are evaluated by
DSC and TGA, with the results shown in Table 3. Fig. 2
shows the DSC traces of these samples. They are found to be
in an amorphous state as a result of the unsymmetrical
carbonate linkages between repeat units/?}]. Interestingly,
0.4Ca/SBA-15 generates a PIC with the highest 7 of 169 °C
among these catalysts. Compared with other PIC samples,
the highest 7 observed in PIC-0.4Ca/SBA-15 sample is
mostly because of the highest Mw, as explained in other
work!?2],

TGA and DTG curves of PIC are depicted in Fig. 3.
Apparently, PIC samples degrade only in a single step. Fig. 3
indicates that the degradation peak of the PIC-0.4Ca/SBA-15

Table 2 Catalytic performance of 0.4Ca/SBA-15 for the melt transesterification of DPC with other diols *

Entry Sample 7 (mL/g) My x 107 (g/mol) PDI Yield (%)
1 PIC 57.9 441 1.64 95.0
20 PPC 19.5 1.034 1.64 55.9
3b PBC 72.3 5.674 1.71 78.9
4 PBC 96.4 8.114 1.67 75.6
5 PMC 84.3 7.574 1.84 80.3
6 PHC 83.2 7.444 1.83 85.2
7 BPA-PC 18.6 0.954 1.41 90.4
8¢ PBIC 86.7 7.58 1.65 86.3

2 Reaction conditions: the molar ratio of diols/DPC was 1:1, catalyst (0.02 wt%), 180 °C, 1.01 x 10° Pa, 1 h (transesterification stage), 240 °C, 200 Pa, 1 h
(condensation stage); ® The reaction was carried out at 210 °C for 1.0 h; ¢ The molar ratio of ISB/BD was 1:1; ¢ Determined by GPC in tetrahydrofuran

(1.0 mL/min) at 30 °C
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Table 3 Thermal properties of different PIC samples
Entry Sample My x 107* (g/mol) PDI Tg* (°C) Ts% ® (°C) Timax ° (°C)
1 PIC-SBA-15 1.51 1.63 152 328 369
2 PIC-0.4Ca/SBA-15 4.88 1.59 169 333 373
3 PIC-0.4Ca/SBA-15-IM 2.93 1.86 163 332 370

2 Determined by DSC measurements at a heating rate of 10 °C/min (second heating); ® Tsy and Tmax determined by TGA under N at a heating rate of
10 °C/min
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Fig.2 DSC traces of different PIC samples

sample shifts to a higher temperature region. As expected,
the thermal stability of PIC is improved with increasing
Mw[21.22] Table 3 summarizes the Td values of the samples at
5% weight loss (75%) and the maximum degradation rate
(Tmax). The PIC-0.4Ca/SBA-15 sample displays a
remarkably highest 75% of 333 °C and Tmax of 373 °C. Based
on the observed Tg, T5% and Tmax, 0.4Ca/SBA-15 is a good
catalyst for the melt polymerization of ISB and DPC.
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Fig.3 TGA and DTG curves of different PIC samples

Results of Catalyst Characterization

Small-angle XRD patterns of Ca/SBA-15 samples are
illustrated in Fig. 4. The diffraction peaks of all catalyst
samples are well in accordance with the standard diffraction
of ordered mesoporous SBA-15, which shows Ca/SBA-15
perseveres an optimal ordering of the 2D-hexagonal P6mm
structure[®]. Fig. 4(a) shows that the intensity of all
reflections decrease along with calcium content increase, as
explained in other works that the introduction of metal
oxides decreases the thickness of pore walls and pore space
of mesoporous silicon®*> 331, Fig. 4(b) displays that small-

n=0-0.5
nCa/SBA-15

Intensity (a.u.)

b
0.4Ca/SBA-15

0.4Ca/SBA-15-IM

1 2 3 4

26 (°)
Fig. 4 Small-angle XRD patterns of (a) nCa/SBA-15 (n = 0—0.5),
(b) 0.4Ca/SBA-15 and 0.4Ca/SBA-15-IM

Intensity ( a.u.)

angle XRD intensity of 0.4Ca/SBA-15 is much stronger than
that of 0.4Ca/SBA-15-IM, which implies that the ordered
mesopores are more easily persevered by a one-pot
routel34 331,

FTIR spectra of Ca/SBA-15 samples are displayed in
Fig. S2 (in ESI). Several broad transmission bands at
approximately 3440, 1636, and a range of 1050—1100 ¢m™!
appear in the spectra of all catalyst samples. The bands at
approximately 3440 and 1636 cm™! are due to the OH, the
former for OH stretching vibration and the latter for the
bending mode of physically adsorbed water44l. The band in
the range of 1050—1100 cm™! is assigned to vibration of
Si—O bond[*- 461, Moreover, as shown in Fig. S2(a) (in
ESI), the increase of calcium content would increase the
intensity of both OH™ groups!*7l. In addition, two new peaks
at 1498 and 1438 cm™! are found in the spectra of
0.3-0.5Ca/SBA-15 samples, which are attributed to CO32~
symmetric stretching vibration band*’). Fig. S2(b) (in ESI)
shows the FTIR spectra of 0.4Ca/SBA-15 and 0.4Ca/SBA-
15-IM. It is noteworthy that a sharp peak develops at
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1390 cm™! in the spectrum of 0.4Ca/SBA-15-IM, which
could be ascribed to the vibration of N—O of nitratel33]. This
is probably attributed to the incomplete decomposition of
Ca(NO3)2. In addition, the intensities of OH group and
Si—O bond detected on 0.4Ca/SBA-15 are much higher than
those of 0.4Ca/SBA-15-IM, which indicates that these
functional groups are much easily formed on the surface of
mesoporous silicon by a one-pot routel33],

Fig. S3 (in ESI) depicts the N2 adsorption-desorption
isotherms of Ca/SBA-15 samples. These samples all display
type IV with HI hysteresis loop, which proves Ca/SBA-15
samples have ordered mesoporous structures similar to SBA-
15. As shown in Fig. S3(a) (in ESI), although the amount of
adsorbed N2 decreases along with the increase of calcium
content, the position of the inflections slightly shifts toward
smaller p/po values. From the data of physicochemical
properties listed in Table 4, the SBer and pore volume are
decreased with increasing Ca/Si atomic ratio from 0 to 0.5,
which is in agreement with previous work3% 341, As shown in
Fig. S3(b) (in ESI) and Table 4, there are no remark
differences in SBET and pore volume between 0.4Ca/SBA-15
and 0.4Ca/SBA-15-IM.

Table 4 Physicochemical characteristics of different Ca/SBA-15
catalysts

Sger  Pore diameter  Pore volume

Catalyst

(m/g) (nm) (cm’/g)

SBA-15 535.6 9.9 0.94
0.1Ca/SBA-15 407.6 9.4 0.71
0.2Ca/SBA-15 341.6 9.2 0.72
0.3Ca/SBA-15 2825 9.3 0.67
0.4Ca/SBA-15 172.2 9.5 0.63
0.5Ca/SBA-15 152.3 9.0 0.44
0.4Ca/SBA-15-IM  168.6 9.3 0.62

Fig. 5 shows the representative TEM images of SBA-15,
0.4Ca/SBA-15 and 0.4Ca/SBA-15-IM samples. TEM images
display a regular hexagonal array of uniform channel
characteristics preserved in these samples, which are in
accordance with the results of XRD and N2 adsorption. The
surface of 0.4Ca/SBA-15 is much like that of SBA-15, which
indicates that calcium is formatted as a smooth layer on the
surface of SBA-15. Nevertheless, the surfaces of
0.4Ca/SBA-15-IM seem to be covered by clouds which are
caused by the overloading of calcium[3]. This phenomenon
demonstrates that Ca/SBA-15 synthesized by one-pot route
can get a better calcium dispersion, which keeps pace with
XRD, FTIR, and N2 adsorption-desorption isotherms.

The TGA and DTG curves of SBA-15, 0.4Ca/SBA-15 and
0.4Ca/SBA-15-IM samples before calcination are shown in
Fig. S4 (in ESI). As shown in Fig. S4(a) (in ESI), the weight
losses of un-calcined SBA-15 are concentrated in the range
of 150270 °C, which could be assigned to the
decomposition of P123. As displayed in Figs. S4(b) and
S4(c) (in ESI), the TGA curves of the un-calcined
0.4Ca/SBA-15 and 0.4Ca/SBA-15-IM  sample are
concentrated in two ranges: the first range 50-120 °C is
ascribed to the loss of physical adsorbed H20, the second
rang 150—600 °C is assigned to the decomposition of P123

Fig. 5 TEM images of (a, b) SBA-15, (c, d) 0.4Ca/SBA-15 and
(e, f) 0.4Ca/SBA-15-IM

and Ca(NO3)2. Compared with the TGA curve of un-calcined
0.4Ca/SBA-15, the second range of un-calcined 0.4Ca/SBA-
15-IM is concentrated in the range of 400—600 °C, which is
ascribed to the decomposition of Ca(NO3)2. It is worth
noting the DTG curves of un-calcined 0.4Ca/SBA-15 show
several maxima at 250—400 °C, which is not detected in
those of un-calcined SBA-15 and 0.4Ca/SBA-15-IM. It may
be caused by a lower temperature for the decomposition of
Ca(NO3)2 taking place in Ca/SBA-150341,

The basic site strength and amount of these catalysts are
determined by CO2-TPD, and the results are listed in Table 5.
According to the literaturel3!l, the amount of weak, medium
and strong basic sites can be expressed in mol desorbed
COz2/g over the range of 50—150, 150—500, and > 500 °C,
respectively. It is clearly seen that both the total amount of
basic site and basicity strength increase with increasing
calcium. The CO2-TPD profiles of SBA-15, 0.4Ca/SBA-15
and 0.4Ca/SBA-15-IM samples are displayed in Fig. 6. Only
one CO2 desorption peak at 150 °C can be observed for weak
basic sites in SBA-15, which is ascribed to the interaction of
COz2 with SiO2. Compared with SBA-15, 0.4Ca/SBA-15-IM
exhibits a sharp peak at 500 °C for strong basic sites, which
implies the adsorption of CO2 on the surface of isolated
CaOB0, Tt is worth noting that 0.4Ca/SBA-15 shows a varied
form of basic sites in contrast with 0.4Ca/SBA-15-IM, which
reveals more medium basic sites have been formed by one-
pot route. These medium basic sites are probably caused by
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Table 5 Surface basicity of different Ca/SBA-15 catalysts

Desorption peaks (area%)

Catalyst Weak Medium Strong Total evolved CO2 (umol/g)
SBA-15 35.1 64.9 0 30.6
0.1Ca/SBA-15 30.6 67.0 2.4 49.1
0.2Ca/SBA-15 233 72.3 4.4 69.2
0.3Ca/SBA-15 20.4 73.3 6.3 83.5
0.4Ca/SBA-15 17.2 75.7 7.1 104.1
0.5Ca/SBA-15 15.8 75.9 8.3 125.2
0.4Ca/SBA-15-IM 8.1 51.7 40.2 107.9
5.00
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Fig. 6 CO2-TPD profiles of (a) SBA-15, (b) 0.1Ca/SBA-15,
(c) 0.2Ca/SBA-15, (d) 0.3Ca/SBA-15, (e) 0.4Ca/SBA-15, (f)
0.5Ca/SBA-15 and (g) 0.4Ca/SBA-15-IM

the adsorption of CO2 on the surface of CaSiO3 species[?3].
The different basic species generated in SBA-15 are mainly
attributed to the varied quantity of Si—OH groups on the
surface of silica framework before Ca2* activation. In a one-
pot route, many Si—OH groups are preserved on the surface
of silica framework before calcinations. After being
activated, Ca2" is easily reacted with silica species to form
CaSiOs3B4l. For the impregnation method, on account of the
loss of surface Si—OH groups at the first step calcinations,
the main reaction occurring on the surface of SBA-15 is the
decomposition of Ca(NO3)2 with a product of CaO[3!.32],

Possible Reaction Mechanism

According to the literatures*® 4], the basicity, Sget and pore
structure are the critical factors for the solid base in
transesterification reaction. Therefore, the relation between
these physicochemical properties of catalysts and the 7, M,
and yield value of PIC has been discussed. As shown in
Tables 1 and 4, the physical structure of Sger and pore
structure do not exert an clear effect on the #, Mw, and yield
value of PIC, implying that the Sger and pore structure are
not the most critical factors for this reaction. This can be
explained by the fact that high molecular weight limits the
diffusion of the reactant in the catalysts*!]. Additionally, one
also can see from Tables 1 and 5 that the increase of basic
site amount seems to be advantageous to the improvement of
n, Mw, and yield value of PIC. In order to further confirm this
conclusion, the effect of surface basicity on catalytic activity
for Ca/SBA-15 samples is displayed in Fig. 7. When the total
basic sites of Ca/SBA-15 are in the range of 30.6 pmol/g to
104.1 umol/g, increasing total basic sites significantly

Total basic sites (umol/g)

Fig. 7 Effect of surface basicity on catalytic activity for Ca/SBA-
15 catalysts. Reaction conditions: catalyst (0.02 wt%), 200 Pa, 1 h
(condensation stage)

enhances Mw. The 0.4Ca/SBA-15 generates a polymer with
the highest My. Compared with 0.4Ca/SBA-15, 0.5Ca/SBA-
15 shows slightly lower catalytic performance although it has
more Ca content and basic sites. This can be reasoned by
their low Ser and small pore size, because the increase of
basic sites and the decrease of Sper and pore size can
compensate each other, thus generating the maximum My of
PIC for 0.4Ca/SBA-15.

In order to further give insight into the surface basicity of
catalysts in relation to its activity, 0.4Ca/SBA-15-IM with
strong basic sites was prepared by an impregnation method.
It is worth noting that there is no remark difference in the
amount basic sites between 0.4Ca/SBA-15 and 0.4Ca/SBA-
15-IM, but the Mw of PIC obtained over 0.4Ca/SBA-15 is
much higher than that of 0.4Ca/SBA-15-IM. The strong
basic sites in the surface of 0.4Ca/SBA-15-IM would give a
negative effect on the increase of Mw by promoting PIC
depolymerization and decompositionB37]. As discussed above,
the basic site strength and amounts play an important role in
this reaction, and the weak and medium basic sites produce a
positive impact on the polymerization reaction.

CONCLUSIONS

In this work, Ca/SBA-15 samples prepared by two methods
were used as catalyst for the transesterification of DPC and
ISB to synthesize high-molecular-weight PIC. The catalytic
activity of Ca/SBA-15 is mainly influenced by the amount
and strength of basic sites, which can be changed by using
various synthetic methods and choosing different Ca/Si
atomic ratios. Moreover, strong basic sites were found to
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promote the decomposition of the resultant PIC. Thereafter,
0.4Ca/SBA-15 was detected to be the best catalyst for this
process, resulting in PIC polymer with My of 4.88 x
10* g/mol and Ty of 169 °C at its optimal conditions. In
addition, Ca/SBA-15 was also found to catalyze the
transerification of DPC with other diols to synthesize
corresponding PCs.
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