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Abstract A novel soluble ladderlike polysilsesquioxane containing reactive ester groups (Ester-T) was synthesized for the
first time by stepwise coupling polymerization including preammonolysis, controlled hydrolysis and polycondensation. The
monomer, 3-trichlorosilylpropoxy 4-acetoxybenzoate (M), was synthesized by hydrosilylation of allyloxy 4-acetoxybenzoate
with trichlorosilane in the presence of dicyclopentadienylplatinum (II) chloride (Cp,PtCly) catalyst. Combination of FTIR,
'H-NMR, “C-NMR, #$i-NMR, XRD, DSC, TGA and VPO methods was used to demonstrate that the polymer obtained has
an ordered ladderlike structure. The synthesized Ester-T may have promising applications as a precursor of advanced '
functional polymers.
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INTRODUCTION

As early as in 1960, Brown ef al. first reported a linear, soluble, Iadderlike polyphenylsilsesquioxane (Ph-T)
obtained by equilibration polymerization!"). Unlike usual insoluble random network polymers,the unique double-
chain ladderlike structure of Ph-T results in its significant film-forming ability, resistance to heat and mechanical
properties, and has interested many polymer chemists'>*., However, this method can not be used to synthesize
reactive ladderlike polysilsesquioxanes such as polyhydrosilsesquioxane (H-T), polyvinyl{or allyl)silsesquioxane
(Vi-T or Allyl-T) due to the harsh reaction conditions (at 250°C in the presence of KOH) required.

If a ladderlike polysilsesquioxane (LPS) has certain functional side groups such as vinyl, allyl, amino,
hydroxy, carboxyl, or ester groups, it would be an excellent functional polymer or a precursor for advanced
functional polymers. But work on LPS containing functional groups is still very limited!!®"?., Since ester groups
can be further functionalized, a variety of advanced functional polymers can be derived from Ester-Ts. There are
two known approaches for preparing Ester-T. One is through the hydrosilylation reaction between LPS
containing Si—H groups and either vinyl- or alkynyl-terminated ester molecules. The other is through the direct
synthesis of Ester-T from trichlorosilane monomers possessing ester groups synthesized via hydrosilylation. We
have tried to synthesize Ester-T by the first method, but unfortunately the target product can not be obtained due
to the relatively low grafting efficiency and the difficulty in separating the unreacted vinyl-terminated molecules
containing ester groups. In this paper, we report the direct synthesis of a novel soluble ladderlike
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polysilsesquioxane containing reactive ester groups (Ester-T) by the stepwise coupling polymerization (SCP) of
an ester containing trichlorosilane monomer under mild reaction conditions.

EXPERIMENTAL

Materials

All solvents were commercially available and of analytical grade. Tetrahydrofuran (THF) was distilled from
sodium-benzophenone. Toluene was dehydrated over CaCl, and then sodium. 4-Hydroxybenzoic acid, allyl
alcohol, acetic anhydride, trichlorosilane, 1,4-phenylenediamine (PDA), and anhydrous Na,SO, were purchased
from Beijing Chemical Factory and were of analytical grade. Cp,PtCl, catalyst was prepared according to the
literature™!, Triethylamine (TEA) was purchased from Beijing Chemical Factory and dried with CaH, prior to
use.

Techniques

FTIR spectra were performed on a PE-80 FTIR spectrometer. '"H-NMR and ®C-NMR spectra were obtained
from a INH-FX100 (JBOX) 300 MHz NMR spectrometer. **Si-NMR measurement was performed on a Varian
Unity 200 MHz NMR instrument. Molecular weight was measured using a Knauer vapor pressure osmometer
using THF as the solvent. TGA measurement was conducted on a Perkin-Elmer 7 thermal analysis system under
N, with a temperature scan rate of 20 K/min. XRD analysis was carried out on a Rigaku D/MAX 2400 X-ray
diffractometer.

Preparation of Monomer: 3-Trichlorosilylpropoxy 4-acetoxybenzoate M
Monomer M was synthesized in three steps as described in Scheme 1.

HaS0
HO@—COOH + CHy=CH—CH,—OH ———> Ho—@COO—CHZ—CH=CH2
0 .
(CH;CO),0 i HSiCls
s cH—C—O COO—CH,—CH=CH,
THF, CPPICl,
C“)
CH3-—C—O‘@COO—CHz——CHz—CHZ——SiCl3

Scheme 1 Synthetic route of monomer M

Synthesis of allyloxy 4-hydroxybenzoate 1

A mixture of 27.6 g (0.2 mol) 4-hydroxybenzoic acid and 70 mL (1.0 mol) allyl alcohol was stirred with a
magnetic stitrer at 80°C. 1.5 mL concentrated sulphuric acid was added dropwise into the flask after the powders
had dissolved. The solution was then refluxed for 20 h and nearly 3 ml. water was separated with an oil-water
separator. The product was obtained as colorless crystals by removing the allyl alcohol and recrystallizing with a
mixture of water and ethanol (1:1) in a yield of 60%. 'H-NMR (CDCl;, &): 8.0, 6.9 (dd, 4H, C¢H,); 6.0~6.1,
5.3~5.5 (m, 3H, CH,=CH) and 4.9 (4, 2H, CH,=CH—CH,).

Synthesis of allyloxy 4-acetoxybenzoate 2

12.6 g (0.07 mol) 1 was dissolved in 28 mL (0.28 mol) acetic anhydride. After adding 1 mL phosphoric acid
slowly as drops, the solution was stirred at 85°C for 0.5 h. The reaction solution was then cooled to room
temperature, and 30 mL distilled water was added. The organic layer was separated and washed with aqueous
NaHCOj; solution (10 wt%) until neutral. After drying over anhydrous sodium sulfate, 2 was obtained in 90 %
yield. FTIR (film, em™): 1604, 1505 (CgH,); 1762, 1723, 1271 and 1197 (COO). '"H-NMR (CDCL, 8): 8.1, 7.2
(dd, 4H, C¢Hy); 6.0~6.1, 5.3~5.4 (m, 3H, CH,=CH); 4.8 (d, 2H, CH,=CH—CH,) and 2.3 (s, 3H, CH;COO).

Synthesis of 3-trichlorosilylpropoxy 4-acetoxybenzoate M
Toa 100 mL round-bottomed flask equipped with a reflux condenser, a magnetic stirrer and a two-way stop-cock
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was added 6.6 g (0.03 mol) 2. The flask was evacuated and flushed with dry argon three times. Then 1 mL THF
solution of Cp,PtCl, (1 mg/mL) and 30 mL THF were added. This mixture was stirred at room temperature for
30 min before 4 mL (0.04 mol) HSiCl; was added. This mixture was stirred and subsequently warmed to 35°C for
36 h. Then the volatile components were removed under reduced pressure below 40°C, and the product M was
obtained as a light yellow liquid in 95 % yield. The characterization results are listed in Table 1.

Table 1. Characterization results of monomer M

Ttems of

characterization Results
Appearance Light yellow liquid
Solubility Soluble in toluene, THF, chloroform, acetone efc.
FTIR (in cm'l) 1760, 1718, 1277, 1199 (—OCO—); 1605, 1505 (—CeH,—)
IHNMR (8) 8.0, 7.1 (dd, 4H, C¢H,); 4.3 (¢, 2H, —CH,CH,0CO—); 2.2 (s, 3H, CH;COO—); 1.9 (m,
2H, —CH,CH,0CO—), 1.5 (¢, 2H, =SiCH,CH,—)
BCNMR (8) 168.4 (CH;CO—); 165.2 (—CH,0C0—); 154.2,130.9, 127.2, 121.4 (—C4H,—); 67.6
(—COOCH,—); 25.3 (—COOCH,CH,—); 20.8 (CH;CO—); 20.5 (=SiCH,CH,—)
“Si-NMR (8) 13.03

Preparation of Ladderlike Polymer: Ester-T
The synthetic route leading to Ester-T is shown in Scheme 2.

A solution of 1.35 g (12.5 mmol) PDA, 6.8 mL triethylamine and 70 mL THF was added dropwise to a
500 mL three-necked flask containing 8.89 g (25.0 mmol) M in 70 mL toluene at —10°C within 1.5 h. Then the
reaction solution was stirred for another 30 min at low temperature (-5°C to —10°C). After which, 0.9 mL water
and 80 mL THF were then added dropwise at —5°C. This prepolymer solution was washed with water until
neutral and dried with anhydrous Na,SO, overnight. Then the solution was filtered, and some anhydrous Na,SO,
and CaH, were added to the solution. The polycondensation process was carried out using triethylamine as the
catalyst at about 50°C for 72 h. Then the polymer solution was washed with water until neutral and dried with
anhydrous Na,SO,. For endcapping the terminal silanol (8i—OH) groups of the polymer, silylation was carried
out by using trimethylchlorosilane as the endcapper: 0.4 mL pyridine was added to the above mentioned polymer
solution before 0.5 mL (4.5 mmol) trimethylchlorosilane in 20 mL toluene was added dropwise at room
temperature under stirring. A white turbidity gradually appeared. The mixture was stirred at room temperature for
24 h and the residual trimethylchlorosilane and pyridine were removed under vacuum. The solution was washed
neutral with water and dried with anhydrous Na,SO,4. Upon the removal of the solvent under vacuum, the residual
light yellow solid was dried under vacuum at room temperature for 48 h to give the product Ester-T in 8§2% yield.

RESULTS AND DISCUSSION

Synthesis and Characterization of Monomer M

As shown in Scheme 1, compound 1 was synthesized by normal esterification of 4-hydroxybenzoic acid with
allyl alcohol. Then acetic anhydride was used to react with compound 1 to give compound 2. Monomer M was
synthesized successfully for the first time by hydrosilylation of trichlorosilane with compound 2. Characterization
results are listed in Table 1. It is worth mentioning that the hydrosilylation reaction must be protected by dry
argon and the monomer obtained must be stored under dry argon as the Si—Cl bond of the monomer is easily
hydrolyzed. With careful control of the reaction conditions, the yield of monomer M can be very high. It is also
noted that compound 1 should not be used directly for the hydrosilylation reaction due to the existence of the side
reaction between the hydroxyl groups in compound 1 and the Si—H groups. In our experiment, the hydroxyl
groups were protected by acetyl groups.

Synthesis of Ester-T

Scheme 2 shows the synthetic route of the supramolecular hydrogen-bonding assisted synthesis of Ester-T. The
three main steps include the pre-ammonolysis reaction with o, @-diamine (PDA), the controlled hydrolysis and
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the polycondensation in the presence of TEA catalyst. Based on different activities of the three chlorine atoms in
the starting monomer M, the pre-ammonolysis reaction can be carried out using PDA as the precoupling agent,
which not only protects the most active Cl atoms in M from crosslinking but also links the two M molecules.
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Consequently, a precoupled intermediate I, which acts as the template to ensure further formation of the ordered
ladderlike macromolecule, was formed.

The hydrolysis of intermediate I leads to the production of intermediate II, which can self-assemble to form
possible ladderlike oligomeric aggregate III by supramolecular interaction of hydrogen-bonds between N and H
atoms of the —NH groups, and between the silanols which can form square-planar hydrogen-bonds™™**¢. Due to
the tetrahedral configuration of the silicon atom and supramolecular hydrogen-bonds, ladderlike III may have a
cis-isotactic configuration. It is worth mentioning that many insoluble compounds will immediately form in the
hydrolysis process if the concentration of intermediate I is too high, and the hydrolysis is carried out at high
temperature or water is introduced rapidly. These compounds are probably insoluble three-dimentional network
gels (unrelated to the ladderlike structure), due to the rapid random condensation which creates links between
polymers. For the above reason, the hydrolysis reaction of intermediate I should be carried out at low
temperature, in dilute solution, and water should be introduced very slowly.

Through the self-assembly and condensation of silanols, possible ladderlike III can be condensed to form
possible intermediate IV. Then the bridged PDA can be eliminated gradually because the Si—N bonds are
readily hydrolyzed, possibly allowing the formation of intermediate V and the final product Ester-T, in which cis-
isotactic configuration may exist. Further experiments are in progress to demonstrate the existence of cis-isotactic
configuration in the ladderlike Ester-T.

Characterization of Ester-T
Characterization results for ladderlike polymer Ester-T are listed in Table 2.

Table 2. Characterization results of Ester-T

Items of characterization Results
Appearance Light yellow solid
Solubility Soluble in toluene, THF, chloroform, acetone efc.

1761, 1717, 1274, 1197, 1161(—OCO—); 1444, 1370 (CH,COO—);
1049~1100 (=Si—0—Si=); 1604, 1505, 846 (—CgH,—):
8.0, 7.0 (b, 4H, CH,); 4.2 (b, 2H, —CH,CH,0C0—); 2.3 (b, 3H, CH,CO0—);

FTIR (in cm™)

1
H-NMR (9) 1.8 (b, 2H, —CH,CH,0C0—); 0.8 (b, 2H, =SiCH,CH,—)
168.8 (CH;CO—); 165.4 (—CH,0C0—); 154.2, 131.0, 127.6, 121.5 (—C¢H;—);
BC-NMR () 66.6 (—COOCH,;~); 22.2 (—COOCH,CH,~); 21.1 (CH;CO~);
1.5 (=SiCH,CH,—)
T, (by DSC, C) 107.6
T, (by TGA, C) 3672
M, (by VPO, in Dalton) 2.4 x 10°
#Si-NMR (6) ~66.4 (8i04p); —53.8~-61.2 (HOSiO)
Distance [d (nm) /20 (°)] by .
<RD 1.92/4.6; 0.44/20.4

The strong absorption band at 1049~1100 cm™ in the FTIR spectrum (Fig. 1) of Ester-T (which does not
appear in the FTIR spectrum of monomer M) is assigned to the vgi-¢ of the Si—O-Si bond. Moreover, two
strong absorption bands at 1761 cm™ (—CeH,—OOC—) and 1717 em™ (—C¢H,—COO—) indicating there are
two different kinds of ester bond. The absorption bands at 1604 cm™ and 1504 cm™ are assigned to C—H, C=C
stretching and/or bending vibrations of the phenylene groups.

In the "H-NMR spectrum (Fig. 2) of Ester-T, the broad peaks are assigned to Si—CH,—, —CH,—0CO—
and —OCOCH; of Ester-T and the peaks in the "C-NMR spectrum (Fig. 3) are assigned to Si—CHa, Si—CH,—
CH,—, Si—CH,— CH,—CH,0—, —C¢H,;—COO—, —OCOCH;, —OCOCH; and — C¢H;—COO— of
Ester-T, respectively.

The T, of Ester-T is 107.6°C measured by DSC. The TGA curve of Ester-T (Fig. 4) reveals a thermal
decomposition temperature of 367.2°C, indicating that Ester-T possesses relatively high resistance to heat.
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FTIR, 'H-NMR, ®C-NMR, DSC and TGA results demonstrate that monomer M has been hydrolyzed and
condensed to form a polymer containing Si—O—Si bonds. The M, of the polymer Ester-T determined by VPO is
about 2.4 x 10*
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Fig. 1 FTIR spectrum of Ester-T

a 2CH2CH200CC5H400CCH3
éx —Q
B
]\ él 075
é ZCIl;IZCHzOOCCd-L;OOCCHg

5

10

Fig. 2 'H-NMR spectrum of Ester-T

d_f

£ J h g b e c ai
?HZCHZCHzOOC OO0OCCH;
%1-—0
. O
i |
?l 075

4 : ai
j
ap . g b C 2CH2CHZOOC-@OOCCH3
] l h & b

n ) 4 f

200 180 160 140 120 100 80 60 40 20 0
5

o

Fig. 3 PC-NMR spectrum of Ester-T

The *Si-NMR spectrum of Ester-T (F ig. 5) reveals two groups of peaks. The larger peak (D?) appearing at
8= -66.4 indicates the fully condensed Si atoms of SiOs, unit in the ladderlike double chain, while the smaller
broad peak (D') at 5= —53.8~-61.2 reflects the defective Si atoms connected with hydroxy groups.

The XRD pattern of Ester-T (Fig. 6) shows two distinct halos and it is in good agreement with previous
work!™ ' 8], The first narrow halo at 1.92 nm (d,) indicates the intramolecular chain-to-chain distance (ie., the
width of each double chain) in the double-chain ladderlike molecule. It is also indicated that Ester-T has a
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sufficiently rigid skeleton that its movement around the longitudinal axis is restricted, and therefore it has
practically invariable conformation. The second diffused halo covering a wide range of diffraction angles
indicates that the average thickness of the ladderlike polymer chain is about 0.44 nm (d,).
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Fig. 6 XRD pattern of Ester-T

The Ester-T formed before silylation is soluble in common organic solvents such as toluene, THF,
chloroform, cyclopentanone, and acetone efc. and can form a light yellow transparent film after the solvent is
evaporated.

The Si-NMR and XRD results of Ester-T as well as its good solubility in organic solvents indicate that this
polymer may have ordered ladderlike structure, but still contains defective branched structure.

It is worth mentioning that the acetyl groups in the side chains of Ester-T can be easily substituted by
reactive hydroxyl groups to form a new kind of functional ladderlike polymer through intra- and inter-molecular
hydrogen bondings. This kind of polymer may have potential applications in controlled release of catalysts,
hydrogen-bonding-assisted alignment layers in liquid crystal displays and so on.
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CONCLUSIONS

A novel soluble ladderlike Ester-T was successfully synthesized by stepwise coupling polymerization using ester
group-containing trichlorosilanes as the starting monomer. The characterization results from FTIR, 'H-NMR,
BC.NMR, ®Si-NMR, XRD, DSC, TGA, and VPO measurements demonstrate that Ester-T has ladderlike
structure, although some structure defect still exists. Further experiments on its functionalization and application
in organic/inorganic hybrid materials and supramolecular clathrates are in progress.
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