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Low molar mass polybutadiene made crosslinkable by silane moities
introduced via addition of thiol to double bond: 4. Crosslinking study
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Abstract

The effect of the number of triethoxy silane functions introduced onto low molar mass hydroxy telechelic polybutadiene was investigated
by using swelling measurements and mechanical properties (storage m&datithe rubbery plateau and maximum of &n These
triethoxy silane functions were distributed all along the polymer chain by the addition of mercapto propyl triethoxy silanes to vinyl double
bonds. Influence of catalyst, temperature, moisture and time were studied. The best experimental conditions corresfonddz80
moisture with dibutyl tin dilaurate as catalyst. A large increas,ifirom —70 to —20°C) andE’ (6.5—130 MPa) was observed from 1.05 to
7.9 triethoxy silane groups per chain. These results are due to a decrease of the average molar mass per crosdiipkedhiafitigas not
observed when the modification was performed essentially at chain extremities (hydroxy functions) via urethanediniR&§eEIsevier
Science Ltd. All rights reserved.
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1. Introduction associated with isocyanates. In previous studies [18,19],
synthesis and crosslinking study was performed on HTPB
Crosslinking of a low molar mass polyol is usually carried modified by using isocyanato propyl triethoxysilane. As a
out by using di or poly isocyanates. On account of the toxi- result of the hydroxy functionality, this method allows 2.4
city of these compounds, new crosslinking routes are alkoxy silane groups to the maximum. A second way
required. In our case, the polyol used is a low molar mass consists of a radical addition of thiol to the vinyl double
polybutadiene (Poly Bd R45 H®) which is a commercial  bonds [20—31]. Thus, the alkoxy silane groups are grafted
hydroxy telechelic polymer (HTPB) synthesized by radical along the polymer chain and the rate of modification may be
polymerization. Its main characteristics are an average higher. In our case, 1.05-7.9 mercapto propyl triethoxysi-
molar massM,, = 2800 and an average hydroxy function- lane groups was added to HTPB chain, which contains up to
ality fopy = 2.4. Many commercial uses of this polymer stem 10 vinyl double bonds per chain [32], according to Scheme

from its low glass transition temperatur@,(~ —75°C), 1.
good mechanical properties and strong resistance to chemi- In this article, it is the crosslinking study of this last type
cal attacks. of modified HTPB which is investigated.

One of the ways to avoid the use of isocyanates is to
modify the hydroxy functions of the polyol to lead to new
crosslinkable functions. For this purpose, alkoxy silane
moities are often used [1-17] because they allow to obtain 2. Experimental
three-dimensional networks only by moisture with an appro-
priate catalyst. Thus, the modified polymer exhibits the 2.1. Materials
advantage of being free isocyanate and, therefore, limits
the environmental and human health problems generally Polybutadiene (Poly Bd R45 Hal) was kindly supplied
by EIf Atochem. Immobilization of triethoxy silane moities
m author. Tel.ot 33-02-35-52-84-46; fax.+ 33-02-35- on“polybutadierje by using mercapto propyl tr.ie'thoxy silane
52-84-46. (Huls) at 75C in the presence of AIBN as initiator was
E-mail addressclaude.bunel@insa-rouen.fr (C. Bunel) described elsewhere [32].
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Scheme 1.

2.2. Crosslinking conditions

Modified polybutadiene (PBB8$i with n = number of

silane group per polymer chain), with and without catalyst,

2.3.2. Mechanical properties

Storage modulusH) and loss tangent (ta®) were
measured by using dynamic mechanical analysis (DMA 7
Perkin—Elmer) in the compression mode with stainless steel

oven.

2.3. Measurements

Crosslinking was studied by two methods.

2.3.1. Swelling measurement
From polymer casting, samplesx88 x 2 mn?) were cut

chosen according to crosslinking progress and physical
properties of materials. For example, these forces were,
respectively 300 and 240 mN at the beginning of the reac-
tion and 1000 and 800 mN for high crosslinked materials.
Measurements were carried out in the rarge25-50C, at

a rate of 5C min %, Standard calibration was performed
with n-decane T, = —50°C) and indium T,,, = 156.6C).

off during crosslinking process and swollen in toluene for 3- Results and discussion

24 h. Later, samples were first weigheah) then dried

under vacuum for 24 h at room temperature and weighed

again (). Swelling @) is calculated as:

_ M~y
Q e

Firstly, we studied mechanical properties of the initial
modified polybutadiene PBSSi (with n = number of silane
group per polymer chain), before crosslinking, by using
d.m.a. measurements. As a matter of fact, measurement is
very delicate because of a liquid-liquid transitioR, ) at

Modulus (Pa)

tan 3

1 1 [ .
-100.0 -80.0 -80.0 ~70.0 -60.0 -560.0 -40.0
Temperature (°C)

Fig. 1. Storage modulus and tanversus temperature of a modified polybutadiene (PBSi2Si;2 silane groups per chain) before crosslinking.
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Scheme 2.

Table 1

Crosslinking time versus molar ratio [H[Si] and temperature with triflic acid as catalyst

H/Si 5x 10°* 10°° 75x10°° 1072 2.5x 1072 5x 1072
20°C v.v.2 v. v.2 24 h 6h 2h 1h
40°C v. v2 v.v.2 12h 3h 1h 30 min

#v. v.: very viscous after 30 d.

low temperature which disturbs the results. For this purpose, Likewise, one may expect a disappearancd ofvith the

we were obliged to use a parallel plate probe of 10 mm progress of the crosslinking as we have previously observed
diameter. Indeed, it is necessary to apply dynamic and staticfor HTPB modified via urethane linkage [19].

forces sufficiently high in the glassy state and sufficiently = One can consider two steps for the crosslinking mechan-
weak in the liquid state so that the measurement can beism (see Scheme 2).

possible. The compromise is very difficult to find, and A total or partial hydrolysis of ethoxy silane groups, in
many experiments were carried out in order to obtain accep-the first step, is followed by the condensation of the result-

table results. Storage modulus and &are reported in Fig.  ing silanols. Thus, these reactions, and consequently the

1 for PBS,2Si. ultimate properties of materials, depend on many para-
Two mechanical transitions can be observed. The first meters such as absence or presence of catalyst, nature of

one (-70°C at the maximum of taf) is connected tdl catalyst, concentration of catalyst, temperature, moisture

in our experimental conditions. This transition is assigned to content, reaction time, number of silane functions per

mainly 1,4 repeating units [33]. The second transitidy) (  chain and sample thickness.

which was assigned to short vinyl sequences [19], corre- A preleminary study, on PBS,2Si was investigated in

spond to a very weak variation & immediately followed order to determine the best experimental crosslinking

by a drop of modulus due to the liquid—liquid transition. As conditions:

the modified rate increases, from 1.05 to 7.9 vinyl double  Without catalyst Samples were kept at ambient atmo-

bond per chain, the intensity of, decreases rapidly. sphere and room temperature. After 30 d, no modification
was observed and the samples were always liquid and sol-

Table 2 uble in various solvents (toluene, acetone, methyl ethyl

Crosslinking time versus molar ratio [J[Si] and temperature with acetic
acid as catalyst Table 3
Crosslinking time versus molar ratio [DBTL]/[Si] and temperature

H*/Si 2.5%x 1072 5x 1072 7.5% 1072 75x 107!

[DBTLY/[SI] 1.5%x10° 3x10° 5x10° 65x10*
40°C  v.v2 v. v.2 v. v.2 15d
80°C  15d 15d 10d 4d A0°C 5d 3d 2d 24 h
8C°C/humidity 24 h 18h 8h 5h

2v. v.: very viscous after 30 d.
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Fig. 2. Swelling (A) and storage modulus at the rubbery plateau (B) versus crosslinking time of PBS,2Siand0arious 19[DBTL]/[Si]: ( ®) 1.05; ©) 3;
(V) 5; (V) 6.5.

ketone). The diffusion of water from the surrounding Another experiments were carried out by adding a small
medium is not sufficient to lead to crosslinking. The same amount of water (molar ratio [}0]/[Si] = 3) directly into
result was obtained at 40. This observation is very impor-  the liquid polymer under quick stirring. A whitish mixture
tant from an industrial point of view because it shows that was obtained which became transparent few hours after
the modified polymer has a great stability and a long casting in the moulds. After a week, whatever the tempera-
pot-life. ture (room temperature, 40 and°8), the sample remained
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Fig. 3. Swelling (A) and storage modulus at the rubbery plateau (B) versus crosslinking time of PBS,2Siat@é humidity and various $(DBTL]/[SI]:
(®) 1.05; ©) 3; () 5; (V) 6.5.

liquid and more or less viscous. Introduction of water is The reaction was followed until crosslinking and the time

always insufficient to induce crosslinking. to obtain a material dry to the touch and easily stripping is
With catalyst CRSO;H. As mentioned earlier, a molar  reported in Table 1.

ratio [H,O)/[Si] = 3 was chosen with various amount of One can notice a drop of crosslinking time for catalyst

acid, expressed as molar ratio THSi], at 20 and 46€cC. concentration higher than 76102 [H *}/[Si]. Moreover,
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Fig. 4. Swelling versus crosslinking time of PBS,2Si witt? IDBTL]/[Si] = 5, at different temperatures®} 20°C; (O) 40°C; (¥) 60°C; (V) 80°C; (M) 8C°C/
humidity.

we observe an two-fold decrease of time between 20 and The reaction was much slower and the resulting material

40°C. Experimentally, from molar ratio of 18, the whitish remained very soft and brittle.

mixture became rapidly viscous and it is necessary to castit Dibutyl tin dilaurate (DBTL) DBTL is a usual catalyst

quickly. The crosslinked materials are white, flexible but for hydrolysis and condensation of silanes [3,6,25]. For

break under folding. example, the gelation of grafted PE with triethoxy silane
Acetic acid The same experiments were carried out with is obtained after 1000 h at 8D and only after 10 h with

acetic acid as catalyst but at higher temperatures andDBTL [3]. Experimentally, the crosslinking was performed

concentrations (Table 2). at 40 and 88C under humidity (Table 3).
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Fig. 5. Storage modulus at the rubbery plateau versus crosslinking time of PBS,2Si WilBBI)/[Si] = 5, at different temperatures®j 20°C; (O) 40°C;
(V) 60°C; (V) 80°C; (W) 80°C/humidity.
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Fig. 6. Swelling versus crosslinking time at°@3humidity with 1G [DBTL}/[Si] = 5, for different PB$Si: n = 1.05 @); 2 (O); 4 (V); 7.9 (V).

Very interesting results were obtained, even atGl0  shape at each temperature and show clearly the influence of
with small amounts of DBTL. There was no increase in DBTL concentration (Figs. 2 and 3).
viscosity during the process, the crosslinked material was At 40°C, Q andE’ are very dependent of DBTL concen-
flexible, transparent and very slightly yellow at °80 tration and a minimum value @ (or a maximum value of
Afterwards, the following studies were carried out with E’) is only obtained for [DBTL}/[Si]= 6.5x 103 (Fig. 2(A)
this catalyst. and (B)). However, these optima are reached after 10 d at
Influence of [DBTLJ/[SI] ratia Swelling @) and storage ~ 80°C under humidity whatever DBTL concentration (Fig.
modulus at the rubbery plateal’] curves exhibit the same  3(A) and (B)).

1e+9

1e+8

1e+7 4

E' (Pa)

1e+6 -

1e+5 T T T T T T
0 5 10 15 20 25 30

Time (day)

Fig. 7. Storage modulus at the rubbery plateau versus crosslinking tim&Cih8énidity with 1¢ [DBTL]/[Si] = 5, for different PB$;Si: n= 1.05 @); 2 (O);
4(V); 7.9 (V).



24 F. Schapman et al. / Polymer 41 (2000) 17-25

-10

-20

-30 -

-40 -

-50 A

Maximum of tan &

-60

-70 4

'80 T T T T T T
0 5 10 15 20 25 30

Time (day)

Fig. 8. Maximum of tars versus crosslinking time, with 2DBTL]/[Si] = 5, for different PB$Si: n = 1.05 @); 2 (O); 4 (¥); 7.9 (V).

Influence of temperaturdhis study was carried out with ~ for n=7.9. IfE’ is similar in glassy regior{ = 10° Pa), an
[DBTL)/[Si] = 5 x 1073 Swelling Q) and modulus at the  increase ifl, of about 56C is observed witim owing to an
rubbery plateaul’) curves are reported in Figs. 4 and 5. An increase of crosslinking density that is to say a decrease of
important increase of ethoxy silane hydrolysis and silanol M, the average molar mass per crosslinked unit.
condensation is observed from 20 t80For exampleQ) Evolution of tané: In all cases (Fig. 8), we observe an
andE’ after 30 d at 28C are similar to those measured after increase of the maximum of tahwith time, a broadening of
1d at 80C. AsE’, tans perfectly accounts for the progress the peaks and a decrease of their intensity. The shitft,of
of the reaction with a maximum which increases frer7 (connected tdy) is all the more important asincreases. In
(for 20°C after 30 d) to—56°C (for 8C°C). One can also  the case oih = 1.05, one can notice the presence of the
notice a broadening of the peak when the temperaturetransitionT, even after 30 d. This result is in agreement with
increases and a drop of damping efficiency. Moreover, a low perturbation of vinyl double bonds due to a low
whatever the temperature, the crosslinking is sufficiently modification of the chain. Finally, this transition is still
gone forward so that the transitidp cannot be observed observable fon = 2 after 4 d of reaction.
as expected. Finally, it is noteworthy that if the reaction rate
is faster at the beginning at 8D under humidity,E’ and
tané are slightly lower than at 8C after 30 d. Our inter-
pretation of these experimental observations is based on4. Conclusion
plasticization of the sample by water. As a matter of fact,
this difference disappears after drying. The modification of low molar mass polybutadiene by

Influence of the number of silane groups per ch&laly- silane moities introduced via addition of thiol to double
mer bearing 1.05, 2, 4 and 7.9 silane groups per chain werebond allows to largely increase the rate of crosslinkable
used with DBTL as catalyst ([DBTL)/[SiE 5 x 107 at functions (up to 7.9 per chain in this work) with regard to
80°C under humidity. urethane linkage (2.4 to the maximum). By using DBTL as

Swelling Fig. 6 perfectly illustrates this influence with catalyst at 80C under moisture, the crosslinking is rela-
values ofQ which reaches a plateau in about 8—10 d except tively fast and leads to material with variable properties.
for n= 7.9 where a decrease @Qfis always noticeable after =~ Thus, the modification within the polymer chain induces a
30 d. Whenn increases, the crosslinked polymer changes decrease of the molar mass per crosslinked unit and the
from soft material to more and more rigid. consequences are the disappearance of the second mechan-

Storage modulus These latest swelling results are ical transition, assigned to vinyl sequences, the increase of
strengthened by the variation & at the rubbery plateau the glass transition temperature and storage modulus at the
(Fig. 7). The same behaviours are observed with a plateaurubbery plateauTj in the range-70 to—20°C andE’ in the
up ton = 4 and a noticeable increase Bf even after 30 d range 6.5-130 MPa).
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