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Ring-Opening Polymerization with Near-Zero Shrinkage in Volume of Spirosilicates
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ABSTRACT

Idealistic materials used in many applications should have dimensional stability.
However, almost all thermosets are cured with high shrinkage. The volumetric properties
of the newly synthesized spirosilicate and new aminospirosilicate derivatives via ring-
opening polymerization without catalyst were studied and measuring the change of
density in the cured resins as compared to their corresponding monomers were measured.
It was found that all spirosilicates showed little volumetric shrinkage due to the
intermolecular hydrogen bonding in the system, resulting in close packing of polymer

.

chains. The structures of cured spirosilicates were characterized using FTIR, DSC, TGA,

FAB'-MS, 'H- and “C-NMR.

Key words : Spirosilicate, Aminospirosilicates, Near-zero shrinkage and Ring-opening

polymerization
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INTRODUCTION

Thermosetting resins are used in many applications, such as the automotive,
aergspace and construction industries due to the advantages of strength, rigidity,
dimensional stability, and higher operating temperatures than thermoplastics. However, as
mentioned in previous paper [1], most thermosetting resins cure with volumetric
shrinkage of 3-15% during polymerization [2]. An example can be seen in epoxy resin,
which undergoes volumetric shrinkage of 2-7% upon curing [3]. The shrinkage, in
general, causes residual stress, warping, premature debonding of the fiber from the
matrix, fiber bulking, and delamination in fiber-reinforced composites. In dental industry,
the shrinkage upon curing has been a major problem of this resin in this field [4]. In
molding industry, shrinkage is the worst problem because of nonuniformity in the
dimension of the molded parts. To reduce shrinkage in resins like phenolic resins,
fillers, such as, cellulose flour, wood flour, and more commonly mineral fillers are
required. However, these fillers can be abrasive to the mold surface. Various
fillers are i;lcorporated into the matrix and molding conditions are modified to
reduce resins shrinkage [5].

Spiroorthoesters and spiroorthocarbonates [6-12] were synthesized and
polymerized via ring-opening reaction (Figure 1). Because of the chemical
transformation of compact bicyclic monomer to linear polsfmer, most of these
monomers show zero or near zero shrinkage on polymerization. Sakai was the
first to report the cationic ring-opening polymerization of three types of
spiroorthocarbonates with boron tiifluoride etherate as the initiator, concerning the
three possible sites attacked by the monomer, irrespective solvent, initiator, and

temperature [13].



Cationic polymerization of spiroorthocarbonates leading to a poly(ether-
carbonate) alternating copolymer proceeds via the trialkoxycarbenium ion as a possible
propagating species. Since this type of carbenium ion was found to be quite possible, the
growing chain end was expected to remain living after the completion of the
polymerization [7].

Many research groups have tried to introduce the spiroortho compound as an
additive into epoxy resins to reduce volume shrinkage and improve the mechanical
properties. A copolymer of bisnorborneny! spiroorthocarbonate and an epoxy gave higher
impact strength and higher shear strength than that of epoxy-carbon fiber composite [14].
25% Bisnorbornenyl spiroorthocarbonate content was found to be the suitable vaiue for
the mixture to expand upon cure. Unfortunately, synthesis of spiroortho compounds was
quite complicated and the compounds by themselves have low glass transition
temperatures (T).

Spirosilicates synthesized directly from silica and ethylene glycol/ethylene glycol
derivatives in one step [1], see eqs.1-2, on the other hand, have similar structure to those
of spiroorthoesters and spiroorthocarbonates except that spirosilicates contain Si-O bonds,
which are of importance. These bonds can provide thermal/oxidative stability and
chemical resistance to the product [15]. Therefore, the aim of this research is to

investigate whether the synthesized spirosilicates show shrinkage or expanding property.

EXPERIMENTAL
Materials
Fumed silica, 3-amino-1,2-propanediol and 2-amino-2-methyl-1,3-propanediol

were purchased from Aldrich Chemical Co., Inc. (USA), and used without purification

and kept under nitrogen atmosphere. Triethylenetetramine (TETA) was purchased from



Facai Polytech. Co., Ltd. and used as a catalytic base. It was distilled at 130 °C , 10° torr,
prior to use. Potassium hydroxide was purchased from Merck Company Co., Ltd., and
used as received and as a co-catalyst. Ethylene glycol was Purchased from Lab-Scan
Company Co., Ltd., and purified by fractional distillation. Acetonitrile and 2,2,4-
trimethylpentane (isooctane) were also purchased from Lab-Scan Company Co., Ltd., and
distilled over calcium hydride under nitrogen atmosphere. Methanol was purchased from
J.T. Baker Company Co., Ltd. and purified by distilling over calcium chloride.
Characterization

Mass spectra (MS) were obtained using a VG Autospec model 7070E from Fison
Instruments with VG data system. Samples were run in the positive fast atomic
bombardment (FAB-MS") mode using glycerol as the matrix, cesium gun as the initiator
and cesium iodine (Csl) as a reference. Thermal transition properties were determined
using a Netzsch DSC 200 at a heating rate of 10 °C/min under nitrogen atmosphere. The
thermal stability of the products was obtained using a Netzsch TGA 209 at a heating rate
of 10 °C and flow rate of 10 mL per min, respectively, under nitrogen atmosphere. FTIR
spectra were recorded using a FRA 106/s Bruker instrument with a spectral resolution of 4
cm™. The samples were mixed with KBr at an approximate ratio of 1:20 (sample:KBr).
'H- and ">C-NMR spectra were recorded on a Bruker 200 MHz spectrometer at room
temperature using deuterated dimethyl sulfoxide (DMSG-dg) as solvent and reference for
chemical shift measurements.
Procedure
Synthesis of spirosilicates from silica and ethylene plycol/aminopropanediols

By following the synthetic‘ methods published by Wongkasemjit, et. al [1],

spirosilicates were synthesized, as shown in egs.1-3.
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Determination of Curing Conditions

To determine the density of monomers in order to compare with their corresponding
polymers, the suitable time and temperature for curing monomers to obtain fully
crosslinked polymers were first investigated. The optimum curing temperature was
obtained by fixing curing time at 1 hr and varying temperature from 80° to 180°C in a
vacuum oven. %Ceramic yield data from TGA was used to clarify the amount of
crosslinking, meaning that the higher %ceramic yield, the higher crosslinking. The
suitable curing temperature was the point that the % ceramic yield started to approach
constant. Like-wise, the optimum curing time was obtained by fixing the selected
temperature and varying the time in range of 1 to 5 h. in a vacuum oven. The suitable
time was again the point that the %ceramic yield started to approach constant.

Density Measurement

The volumetric property of each product was obtained by comparing the
densities of monomer and its corresponding polymer. The density measurements
were performed according to ASTM D792 (Method A), using a 25 mL pycnometer

(for powder form product) and distilled isooctane as media. In the process, the



pycnometer bottle was first weighed and tarred. The purified product in the bottle
was weighed in the range of 0.5-1.0 g. The media was added to the bottle until
covering the product. The bottle-containing sample and media was then sonicated
in an ultrasonic bath to eliminate bubbles. The sample was then incubated at 25°C
for 2 h. The media was then added to the bottle until it reached the marked point.
The bottle was wiped and covered with the cap having a thermometer. The weight
was measured and the density of the sample was finally calculated. The steps of
density measurement are followed;

the weight of sample = (A) g.

the weighi of sample + isooctane = (B) g.

the density of isooctane at the set temperature obtaining from reference

= (C) g/em’

the weight of isooctane = B)-(A) = D g

the volume of isooctane = D/(C)= E em’

the vplume of sample = the volume of the bottle - E
=G om’

then the density of sample = (A)/G g/em’

RESULTS AND DISCUSSION

The synthesized products of spirosilicate, 4, aminospirosilicates from 3-amino-1,2-
propanediol and 2-amino-2-methyl-1,3-propanediol, B and C, respectively, were used
further in the density measurement to compare with their corresponding polymers
thermally obtained from ring-opening polymerization. Finding the optimum conditions
for polymerizing each monomer wa:s first conducted by studying the variation of curing

temperature and time.



For spirosilicate 4, the product was cured by first varying temperature and fixing
the time at 1 h. and 1 torr. The %ceramic yield obtained from the TGA result was
approaching constant when the temperature reached 120°C (Fig}Jre 2a). This temperature
was thus selected to find the optimum time. The curing time studied was ranged from
half an hour to 5 h. It was found that the 1 h. curing time gave the highest %ceramic yield
(Figure 2b). As a result, the optimum curing condition for the spirosilicate 4 was | h. at
120°C, 1 torr.

As for aminospirosilicates B and C, the optimum curing conditions were carried
out in the same manner. The results are shown in Figures 3-4. The optimum conditions at
1 torr for curing B and C products were at 140°C for 1 h. and 160°C, 2 h., respectively.
Clearly, spirosilicate C product needs higher temperature and longer time for curing as
compared to spirosilicates 4 and B. This is due to the fact that stability of six- membered
ring structure of spirosilicate C is higher than those of five-membered ring spirosilicates 4
and B.

The c:ned spirosilicates were characterized using FTIR, DSC, TGA, FAB'-MS,
'H- and PC-NMR. Interestingly, the DSC results of all polymers, as shown in Figure 5,
indicated that the first endothermic peak occurred approximately 10 °C lower as the
monomer became to its corresponding polymer. Generally, the product showed one major
endothermic peak on heating, and no exotherm appeared on cooling. It is due to the
degradation of the product at elevated temperatures with slow heating rate. Thus a second
heating cycle (after the first heat-cool cycle) revealed no endothermic transition as the
material had undergone degradation. In case of aminospirosilicates, there was also one
small endotherm occurring next to the major one. Probably, this peak was from the
cleavage of the hydrogen bondings between amino groups and alkoxy groups since it

became smaller when it was a polymer. It is owing to the steric effect of network structure



in polymet, resulting in less hydrogen bondings. All DSC resuits of both monomers and
polymers showed one small exotherm around 350 °C corresponding to the oxidative
reaction.

The TGA profiles of both monomers polymers gave two regions of mass loss
during heating process from room temperature to 950 °C, as shown in Table 1. The
decomposition temperatures of monomers were higher than those of polymers. The first
mass loss resulted from oxidative decomposition of organic ligands. The other mass loss
corresponded to the oxidative decomposition of remaining organic residue in the product.
The final ashes obtained from pyrolysis of polymers were dark-gray while for monomers
they were almost white. This is also another indication of being network structure in
polymer products.

As for the results of FAB'-MS (Tables 2-4), it is certain that the products had
become polymers having network structure since there was no evidence of having
monomer molecule or spirosilicate ring part in the spectra, as found in the spectra of
monomers [1 ]‘.

Both 'H- and C-NMR spectra (Figures 6 and 7) gave similar results to those of
monomer although the peaks were weaker due to the less solubility of polymers in
deuterated dimethylsulfoxide. This is not unsurprising since it is often found in
thermosetting polymers. All spectra showed the H,O contained in deuterated DMSO and
absorbed by the product at 8 = 3.3 ppm, in agreement with the FTIR results (Figure 8).
Polymer 4 showed one singlet at & = 3.4 ppm, corresponding to the four hydrogen atoms
(2H) of CH,-O-Si. Polymer B gave three peaks at & = 2.45 and 2.55 ppm (doublets)
belonging to the 2H of CH,-N being influenced from the adjacent chiral carbon atom, & =
3.3 ppm (doublet) referring to the 2H of CH,-O-Si. Again, the 1H of CH-O-Si was

unfortunately overlapped with the HO peak. However, this missing peak can be



confirmed by 'C-NMR data. The 'H-NMR spectrum of polymer C showed clearer
chemical shifts at 8 = 0.8 ppm belonging to -CHj3 and 6 = 3.2 ppm corresponding to CH;-
O-SL.

The *C-NMR spectra, as shown in Figure 7, can confirm the structures of polymer
products. Polymer 4 showed only one peak at & = 63 ppm (CH»-O-Si) while polymer B
gave three peaks at 6 = 45 ppm (CH3-N), & = 64 ppm (CH,-O-Si1) and & = 73 ppm (CH-O-
Si). Polymer € showed 3 corresponding peaks at 8 = 23 ppm (-CHj3), 8 = 54 ppm (C) and &
=67 ppm (CH,-O-8i).

To be certain whether the cured products are the expected ones, C-Solid state
NMR was employed, see Figure 8. The results clearly show the desired product structures.

The FTIR spectra (Figure 9) intensively showed the band around 1080 em’,
corresponding to the Si-O-C stretching. Unsurprisingly, the OH stretching around 3390-
3400 cm™ which was from water absorbed was much smaller, as compared with FTIR
spectra of monomers. However, the intensity of this peak was bigger in the order of
polymers A "< B < C due to the steric effect of the cured products. The bulkier the
product, the loser the network, as a result, the more hydrogen bonding between water-
product and product-product, as studied by Caimn [16]. Cairn studied the hydrogen
bonding in phenol structure and found that Infrared spectroscopy (FTIR) technique can
distinguish between inter- and intramolecular hydrogen bonding. As can be seen in
Figure 10, it can be concluded that free hydroxyl group appears as a sharp peak around
3600 cm’, the intramolecular hydrogen bonding is present as a broad band around 3500
cm™ and intermolecular hydrogen bonding shows a broad band around 3400 ¢m™. That
means, our cured polymers contained intermolecular hydrogen bonding because of the

presence of the peak at 3390-3400 cm™ (Figure 9).
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After pclymerizing the purified monomers, the volumetric change of polymers as
compared to their corresponding monomers were studied and found that all materials
showed small amount of volumetric shrinkage property, as summarized in Table 5. As
discussed previously, intermolecular hydrogen bonding had significant effect on the
volumetric shrinkage property of all products. The more hydrogen bonding in the
structure caused the higher shrinkage and the closer the molecule [17]. In the case of
cured spirosilicate C, due to the steric hindrance in the structure, it has more effect to
occur hydrogen bonding, resulting in smaller volumetric change as compared to 4 and B
spirosilicate products, which B has free amino group that can move easily to form

hydrogen bonding.

CONCLUSIONS

The volumetric property of purified spirosilicate and aminospirosilicate derivative
products showed near-zero shrinkage property. It was reported to be an important
parameter of the molecular packing. This packing has been caused from intermolecular
hydrogen bonding between hydroxyl group and hydroxyl group or hydroxyl group and
amino group of curing structures. Moreover, the hydrogen bonding is also influenced
from the steric hindrance of its attaching group. The higher steric hindrance, the less
hydrogen bonding 1is, resulting in the less shrinkage property. In addition,
aminospirosilicate derivatives are expected to use further as a starting material in
benzoxazine synthesis. The products would decrease or minimize the non-dimensional
stability, which makes the materials have a high potential to use in engineering industry

applications.



11

REFERENCES

1. Varangkana lJitchum, Chivin Sun, Sujitra Wongkasemjit' and Hatsuo Ishida (2001),
“Synthesis of spirosilicates directly from silica and ethylene glycol/ethylene glycol
derivatives”, Tefrahedron, 57(18), 3997-4003.

2. Bailey, W.J., Sun, L. A_, Katsuki, H., Endo, A_, lwama, H., Tsushima, R., Saigo,

K., and Brituto, M. M. (1977). “Ring-Opening Polymerization with Expansion in
Volume”, American Chemical Society Symposium Series, 59, 38.

3. Yokosawa, T., Sato, M., Endo. T. (1990). “Preparation and Polymerization of
Spiroorthoester Bearing the Perfluoroalkyl Group”, Journal of Polymer Science:
Part A: Polymer chemistry, 28, 1841-1846.

4, Shimbo, M., Ochi, M., and Shigeta, Y. (1981), “Shrinkage and Internal Stress During
Curing of Epoxide Resins”, J. Appl. Polym. Sci. 26, 2265-2277.

5. Knop, A. and Pilato, L.A. (1985), Phenolic Resins, Springer-Verlag, New York, 198.

6. Tagoshi, H., and Endo, T. (1989), “Radical Polymerization of Unsaturated
Spiroorth‘(')carbonate”, J. Polym. Sci., Part A, Polymer Chemistry 27, 1415-1418.

7. Takata, T., Amachi, K., Kitazawa, K., and Endo, T. (1989), “Unusual Ring-Opening
Polymerization of a Spiroorthocabonate Containg Norbornene Moiety”,
Macromolecules 22, 3188-3190.

8. Tagoshi, H., and Endo, T. (1989), “Synthesis and Crosslinking Reactions of Polymers
Containing Spiroorthoester Moieties”, J. Polym. Sci., Part A Polymer Chemistry 27,
4319-4328.

9. Chikaoka, S., Takat, T., and Endo, T. (1991), “A Novel Polymerization Behavior of

Spiroorthoester: An Equilibrium—Polymerization”, Macromolecules 24, 331-332,



12

10. Komatsu, S., Takata, T., and Endo, T. (1991), “First Example of
Poly(spiroorthocarbonate), a Novel Spiro Ladder Polymer”, Macromolecules 24,
2132-2133.

11. Tagoshi, H., and Endo, T. (1991), “Synthesis and Properties of Polymers that
Undergo No Shrinkage on Crosslinking by Seft-Catalyst”, J. Appl. Polym. Sci. 43,
1933-1937.

12. Bailey, W.J., Sun, R.R., Katsuki, H., Endo, T., Iwama, H., Tsushima, K., Saigo, K.,
and Bitritto, M.M. (1977), “Ring-opening polymerization with Expansion in
Volume”, ACS Symposium Series 59; Saegusa, T., Geothals, E., Eds.; Am. Chem.
Soc., Washington DC, 38.

13. Sakai, S., Kuroda, Y. and Ishii, Y. (1972), “Preparation of orthocarbonates from
thalloys alkoxides and carbon disulfide”, J. Org. Chem. 37, 4198-4200.

14. Lim, T.J., Piggott, M.R. and Bailey, W_]. (1984), “Toughness of fibre composites
with controlled matrix shrinkage”, SAMPE Q, 185, 25-30.

15. Stevens,'M.P. (1990), An Introduction to Polymer Chemistry. ond Edition, Oxford
University Press, New York, 489-494.

16. Cairn, T., Eglinton, G., “Hydrogen Bonding in Phenols Part II Alky] substituted Bis
(hydroxyphenyl)alkanes (Dinuclear Novolaks)” J. Chem. Soc.. 1965, 5906-5913.

17.1Ishida,H., Hong, Y. L. (1997). “A Study on the Volumetric Expansion of -

Benzoxazine-Based on Phenolic Resin”, Macromolacules 30, 1099-1106.

ACKNOWLEDGEMENT

This research work was financially supported by the Thailand Research Fund

(TRF).



13

CAPTIONS OF TABLES AND FIGURES

Table 1 : TGA profiles of both monomers and polymers

Table 2 : The proposed structure and fragmentation of polymer A4

Table 3 : The proposed structure and fragmentation of polymer B

Table 4 : The proposed structure and fragmentation of polymer C

Table 5 : The volumetric property of spirosilicates 4, B and C

Figure 1: Examples of spiroorthoesters

Figure 2: %Ceramic yields of cured spirosilicate 4 at a). various temperatures and

b). various times

Figure 3: %Ceramic yields of cured spirosilicate B at a). various temperatures and
b). various times

Figure 4; %Ceramic yields of cured spirosilicate C at a). various temperatures and
b). various times

Figure 5: DSC thermograms of spirosilicate monomers and their corresponding polymers
of (a)4.(b)B and(¢c)C

Figure 6: 'H-NMR spectra of cured spirosilicate (a) 4, (b ) B and(c ) C

Figure 7: *C-NMR spectra of cured spirosilicate (a)A4,(b) B8 and (¢ ) C

Figure 8: BC-Solid State NMR spectra of cured spirosilicate

(a)A,(b)B and(c)C
Figure 9: FTIR spectra of cured spirosilicate (a)4,(b)B and (¢ ) C
Figure 10: FTIR spectra of a) Methylamine based dimers and b) Novolak.

(Cairn, T., Eglinton, G , Journal of Chemical Society, 1965, 5506-5913)
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Table 1
Sample Monomer ( °C) Polymer ( °C)
I transition | 2" transition | 1% transition | 2" transition
4 160-250 250-550 100-220 220-600
B 120-250 250-500 90-220 220-500
C 120-230 230-5320 120-220 220-400
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Table 2

m/e [ntensities Proposed Structure
Polymer Monomer
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i ./
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Table 3

Intensities
m/e Polymer Monomer Proposed Structure
O O CH;NH,
206 - 0.8 /[ i/ j
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HoNH,C
0. _CHNH,
147 - 17.6 - ./
*CH0—Si{
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0 CH;NH,
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Table 4

Intensities

Proposed Structure

m/e Polymer Monomer
*CH O, CH
161 ; 0.8 \sio }
0 NH:z
O CH
147 - 12 to—s! }< 3
0 NH,
0
116 ; 13 Si/ ‘>{
\
o0— NH>
0
100 - 28 s/ ;
No_
74 : 46
+CHyO—Si—0
70 42.9 -
Teenso - si
58 12.8 54
+CH,0—Si
36 100 -
T cHyceHy0
44 62.9 100 :
0—Si
4 32 -
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Table 5

Sample Density (g/cm’) * Result (%)**
Monomer Polymer
A 1.7342 1.7517 -1.01
B 1.6111 1.6329 -1.35
C 1.5537 1.5638 -0.65

** (-) Shrinkage; (+) Expansion

* The data was averaged from 3 repeatedly experimental values.
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