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strategy for hydroxyl-terminated
polybutadiene containing high cis-1,4 contents
based on a Ni(II)-coordinated anionic initiating
system†

Xin Min

In this study, novel hydroxyl-terminated polybutadiene (HTPB) with a high cis-1,4 content was developed

using a tert-butyl dimethyl siloxy dimethyl propyl lithium (Li)–naphthenate nickel (Ni)–boron trifluoride

(B) initiating system (Li–Ni–B). The effects of the material ratio and the addition sequence on the cis-1,4

content and molecular weight of HTPB were studied, and the results were discussed. The optimal Li/Ni

ratio was 10 : 1, and the optimal Li/B ratio was 1 : 2. HTPB prepared by the Li–Ni–B system was

characterized by Fourier transform infrared spectroscopy (FTIR), 1H nuclear magnetic resonance (1H-

NMR) spectroscopy, and 13C nuclear magnetic resonance (13C-NMR) spectroscopy. The results

suggested high cis-1,4 contents in HTPB synthesized using Li–Ni–B (cis-1,4 > 95%). The comparison of

the cis-1,4 contents in the HTPB samples obtained by anionic polymerization and the Li–Ni–B system

revealed the advantages of the latter compared to the former.
Introduction

Hydroxyl-terminated polybutadiene (HTPB) is an important
liquid rubber with superior transparency and low viscosity.
The excellent physical properties of HTPB make it a useful
component in special coatings and functional adhesives and
as a binder in solid rocket propellants.1,2 HTPB is the main
adhesive material used in solid rocket propellants. Due to the
low temperature of the upper atmosphere, the adhesives in
solid rocket propellants are easily embrittled, especially when
the Tg or crystallinity of the adhesive material is high. Even
slight embrittlement of the adhesive materials will result in
terrible precision issues and affect the ight stability of the
rocket. Hence, reducing the Tg and crystallinity of HTPB is
very important for it to be used as a solid rocket propellant.
This work presents an idea to solve the problem.

Based on steric conguration, the microstructure of HTPB
can be divided into 1,4 and 1,2 unit structures, of which the
1,4 unit can again be divided into cis-1,4 and trans-1,4 units.
Due to the low energy barrier for internal rotation, the glass
transition temperature (Tg) of the segments with the cis-1,4
unit is much lower than that of the segments with the 1,2 unit
(Tg cis-1,4 ¼ �106 �C, Tg 1,2 ¼ �15 �C). This means that the
segments made of cis-1,4 units can maintain exibility even
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at an extremely low temperature compared to those with the
1,2 unit structure. Moreover, the trans-1,4 unit can crystallize
easily at low temperatures due to the aligned chain segment;
therefore, its chain segment will be locked in the crystalline
region at low temperatures. Hence, the contents of both the
1,2 and trans-1,4 units in HTPB can seriously affect its low-
temperature mechanical property and therefore, the
content of the cis-1,4 unit is a very important technical
parameter to judge and determine the nal low-temperature
exibility of HTPB.3

Two synthesis methods using butadiene monomers are
currently used to obtain HTPB: free radical polymerization4–6

and anionic polymerization.7 The details of anionic poly-
merization to obtain HTPB have been reported so far.8

However, the content of cis-1,4 in HTPB obtained by anionic
polymerization can only reach 30–40%, which is still not
satisfactory for standard applications. The low coordination
ability of alkyl lithium is the reason behind the low cis-1,4
content. Coordination polymerization based especially on the
Ni(II) complex has widely been employed for the synthesis of
butadiene rubber with high cis-1,4 unit contents (>95%).9–14

However, the existing catalytic systems cannot be directly
used to prepare hydroxyl-terminated polybutadiene. Techni-
cally, hydroxyl groups do not exist in the Ni complexes or the
structure of the alkylation reagent, indicating the inability to
prepare polymers containing terminal hydroxyl groups.

A study (Eur. Polym. J., 1970, 6, 1359–1370) has reported the
use of a system containing nickel isopropyl salicylate, boron
triuoride diethyl etherate and n-butyl lithium to synthesize
RSC Adv., 2019, 9, 39037–39045 | 39037
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high cis-1,4 content PB. However, this system cannot synthe-
size hydroxyl-terminated polybutadiene because there are no
protected hydroxyls in the alkylating agent (n-butyl lithium) to
produce the terminal hydroxyl group aer polymerization.
Thus, we introduced protected hydroxyl groups in the struc-
ture of the alkylating agent to obtain a hydroxyl-terminated
polymer.

In this work, a novel coordinated anionic initiating system
was developed to prepare HTPB containing high cis-1,4
content. This coordinated anionic initiating system combines
the advantages of anionic polymerization with those of coor-
dination polymerization. During the process, alkyl lithium
could easily be obtained by a hydroxyl-functionalized chemical
construction to replace alkyl aluminum in the alkylate Ni(II)
complex, and then, the hydroxyl groups could be introduced at
the end of polybutadiene. Moreover, the coordination ability
of the Ni(II) complex may yield high cis-1,4 content in poly-
butadiene. Overall, hydroxyl-terminated polybutadiene con-
taining elevated cis-1,4 contents could be obtained through
the proposed novel coordinated anionic initiating system. Our
group has published a report on HTPB synthesis using a h3-p-
allyl acetoxyl Ni complex; however, it is not the same as this
work. Firstly, the initiator using in the published work was
[Ni(h3-CH2CHCHCH2OOCCH3)][BPh4

F], which is a single
component initiator. In contrast, the initiating system used in
this work is a Li–Ni–B three-component system, which is
completely different from [Ni(h3-CH2CHCHCH2OOCCH3)]
[BPh4

F].
Secondly, although [Ni(h3-CH2CHCHCH2OOCCH3)][BPh4

F]
has advantages in theoretical research, the facility require-
ments, technical requirements and the cost of material are too
high for industrialization. Thus, we have designed the cheaper
and more convenient Li–Ni–B initiating system to suit
industrialization.
Experimental methods

Butadiene (15% wt in n-hexane), TCI; 3-chloro-2,2-dimethyl-1-
propanol (99%), J&K; imidazole (99%), J&K; lithium (99.5%),
Acros; tetrabutylammonium uoride (1 mol L�1 in THF), TCI;
nickel naphthenate (98%), TCI; boron triuoride diethyl
etherate (98%, BF3 46.5%), Aladdin; toluene, AR, Aladdin; n-
hexane, AR, Aladdin; cyclohexane, AR, Aladdin; benzene, AR,
Aladdin; tetrahydrofuran (THF), AR, Aladdin; N,N-dime-
thylformamide (DMF), AR, Aladdin; methanol, AR, Aladdin.

All the solvents used in the experiments were subjected to
the following purication process: rst, hydrogenated calcium
was added in the solvents. Secondly, decompression distillation
was performed, and fractions from specic temperatures were
collected. Thirdly, a molecular sieve was added when the
solvents were stored. Fourth, the solvents were puried with
high purity argon to replace any traces of air.

Butadiene was passed through a desiccant system with soda
lime aer distillation and dissolution in the rened solvent.
Then, an appropriate amount of TBDMSODPrLi was added to
eliminate impurity. n-Butyl lithium was not appropriate because
39038 | RSC Adv., 2019, 9, 39037–39045
it is frequently formed single hydroxyl-terminated PB, and the
hydroxyl value of the pre-macromolecule was uncontrollable.

Synthesis of tert-butyl dimethyl siloxy dimethyl propyl lithium
(TBDMSODPrLi)

Standard Schlenk techniques were utilized to control all the
moisture- and air-sensitive compounds under a high-purity
argon atmosphere. TBDMSODPrCl 11.8 g (0.05 mol) was dis-
solved in 50 mL cyclohexane under an argon atmosphere.
150 mL cyclohexane and 3.5 g lithium were added in a dry ask
under the argon atmosphere, and the system was warmed to
50 �C. During this time, the cyclohexane solution containing
TBDMSODPrCl was added drop-wise under the argon atmo-
sphere. The mixture was warmed to 70 �C and stirred for 6 h.
Aer the solution became turbid, the mixture was cooled down
to room temperature. The mixture was concentrated under the
argon atmosphere and ltered to remove the salt. The
TBDMSODPrLi initiator product was kept in the cyclohexane
solution under a sealed condition. Because the solution of the
alkyl lithium-based initiator was sensitive to air and water, it
needed to be preserved at a low temperature under an argon
atmosphere as well. The solution of alkyl lithium was very
sensitive to air and water, so they need to be preserved in low
temperature under argon atmosphere.

Synthesis of HTPB containing high cis-1,4 content

The experiments followed the Schlenk operation. Butadiene
solution 10 mL (15% wt in n-hexane) was added in a Schlenk
bottle. Then, TBDMSODPrLi (0.5 mol L�1 in cyclohexane),
nickel naphthenate and boron triuoride diethyl etherate were
added in a certain sequence under an argon atmosphere and
stirred for 4 h at 50 �C temperature. Aer several hours, 0.2 mL
epoxy ethane was added and stirred for 1 h, and then, 0.5 mL of
methanol was added to terminate the reaction. The solvent was
removed under vacuum. The polymer was dissolved in THF and
washed with 300 mL methanol for 3 times. A colorless and
transparent viscous liquid was obtained.

Dry HTPB 1 g was dissolved in 10mL tetrahydrofuran, and then,
tetrabutylammonium uoride 1 mL was added and stirred at 50 �C
for 4 h. The solvent was removed under vacuum. The HTPB sample
was dissolved in THF and washed with 300 mL methanol for 3
times. A colorless and transparent viscous liquid was obtained.

Analytical methods

A Nicolet iS10 Fourier transform infrared spectrometer (Thermo
Fisher Scientic) was used for the infrared spectroscopy of the
polymer. The molecular weight and molecular weight distri-
bution of the polymers were measured by gel permeation
chromatography (GPC) using a DAWN EOS type gel osmotic
chromatography column with multi-angle laser light scattering
(SEC-MALLS). The model of the light scattering detector was
Wyatt DAWN HELEOS II, which is an eighteen-angle laser light
scattering detector with dn/dc ¼ 0.12, which can test the abso-
lute Mw of the polymer without a polystyrene standard calibra-
tion curve and calculate the Mn of the polymer by a series of
This journal is © The Royal Society of Chemistry 2019
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standard methods. Bruker Avance-400 NMR was used to
conrm the 1H NMR and 13C NMR spectra of the polymer.

(1) The FTIR test of HTPB: the CH2Cl2 solution of HTPB was
coated on KBr tablets and the spectrum was recorded; scanning
range: 500–4000 cm�1, resolution: 4 cm�1, and scanning times:
16 times.

(2) 1H-NMR and 13C-NMR analysis: testing temperature –

25 �C; CDCl3 as the solvent; internal standard: tetramethylsi-
lane (TMS).

(3) The evaluation of molecular weight of the polymer,
molecular weight distribution and the dn/dc value: chromato-
graphic column model- 5 microns 500 ÅMZ-Gel SD plus 103 Å
(300 � 8.0 mm), mobile phase – chromatographic grade THF,
ow rate – 0.5 mL min�1, test temperature – 25 �C, concentra-
tion of sample solution – 10 mgmL�1, sample amount – 200 mL.

(4) The content of the 1,4 structure and the 1,2 structure in
the microstructure of HTPB was tested by 1H-NMR and calcu-
lated according to formula (1). The test results were veried by
FTIR using formula (2).

B% ¼
�
1� 2Ið5:01�4:8Þ

2Ið5:38Þ þ Ið5:01�4:8Þ

�
� 100% (1)

I ¼ the integral area of certain 1H-NMR peaks of HTPB; B% ¼
the content of 1,4 structure in HTPB

Cc% ¼
D724 cm�1

Kc

D724 cm�1

Kc

þ D911 cm�1

Kv

þ D967 cm�1

Kt

� 100%

Cv% ¼
D911 cm�1

Kv

D724 cm�1

Kc

þ D911 cm�1

Kv

þ D967 cm�1

Kt

� 100%

Ct% ¼
D967 cm�1

Kt

D724 cm�1

Kc

þ D911 cm�1

Kv

þ D967 cm�1

Kt

� 100%

(2)

D ¼ the absorbance of the corresponding position in the FTIR
spectra; Kc¼ the absorption coefficient of the cis-1,4 structure in
the 720–740 cm�1 window, and the value was 31.4 mol�1 cm�1;
Kv ¼ the absorption coefficient of the 1,2 structure at 911 cm�1,
and the value was 151.0 mol�1 cm�1; Kt ¼ the absorption
coefficient of the trans-1,4 structure at 967 cm�1, and the value
was 117.0 mol�1 cm�1; Cc%, Cv%, and Ct% represent the
content of the cis-1,4 structure, 1,2 structure, trans-1,4 structure,
respectively.

(5) The concentration of TBDMSODPrLi was conrmed by
the standards from the People's Republic of China non-ferrous
metals industry YS/T 830-2012.

(6) The calculation method of the microstructure content via
13C-NMR was based on previous work.3

Measuring method of hydroxyl value

The specic experimental method used was as follows: phthalic
anhydride (35 g) was dissolved in 250 mL pyridine (called
‘acetylated mixture solution’). Aer 24 h, some samples were
accurately weighed, and 8 mL acetylated mixed solution was
This journal is © The Royal Society of Chemistry 2019
added, reuxed at 115 �C for 1 h, and then, 8 mL pyridine and
16 mL water were added from the top of the condensation tube
and allowed to react for 15 min. The titrations were performed
using KOH solution (0.5 mol L�1 in water) and phenolphthalein
as the indicator. Hydroxyl value ¼ (0.5(V1 � V2)Mn)/1000m,
where V1 ¼ titrant volume of blank sample, V2 ¼ titrant volume
of experimental sample,m¼ weight of experimental sample,Mn

¼ measured molecular weight by SEC.
Result and discussion
Characterization of Li–Ni–B initiating system

In view of the disadvantage that the Ni–Al–B system cannot
synthesize HTPB, hydroxyl-functionalized alkyl lithium was
used to replace alkyl aluminium. A new alkylation mechanism
for Li–Ni–B synthesis is described in Scheme 1. Ni(naph)2 was
alkylated by TBDMSODPrLi, and the Ni(II) complex transformed
into a Ni(I) or Ni(0) complex. In the alkylation process, the
hydroxyl group was transferred from TBDMSODPrLi to the Ni
complex, thus accomplishing the precondition of hydroxyl-
functionalized polymers. Moreover, the strong electron-
withdrawing ability of the boron triuoride ether rendered the
Ni complex (aer the alkylation reaction) more likely to accept
electrons from the butadiene monomer to form a coordination
compound with the butadiene monomer and the nickel
complex to yield the rst reactive end. Then the insertion
reaction occurred, where the butadiene monomer was inserted
into the Ni–C bond to yield a new active end. Aer continuous
insertion of butadiene monomers, the molecular weight
continuously increased, yielding a polymer with protected
hydroxyls. At last, the reactive end group was terminated using
ethylene oxide and methyl alcohol to form another hydroxyl
end. At the end of hydrolysis reaction, dihydroxyl-terminated
polybutadiene containing high cis-1,4 content was obtained.

When this TBDMSODPrLi initiating system was used as one
of the three components, it seemed that the polymerization
behavior would be similar to anionic polymerization. However,
the Mn of HTPB was not relevant to the molar ratio between
TBDMSODPrLi and the monomer, but was relevant to the molar
ratio between Ni(naph)2 and the monomer.

For example, the data in Table 2 (which is discussed detailed
below) shows that Mn ¼ 58 569 g mol�1 when Li/B ¼ 1 : 4. The
polymerization condition was Ni(naph)2 ¼ 2 � 10�5 mol,
butadiene (Bd) (10 mL aq, 18.5 � 10�3 mol), Li/Ni ¼ 10 : 1, and
the molar amount of Li was 2� 10�4 mol; hence, Bd/Li¼ 18.5�
10�3/2 � 10�4 ¼ 92.5 and Bd/Ni ¼ 925. If the polymerization
behavior was similar to that of anionic polymerization, the Mn

of HTPB would have been 92.5� 54¼ 4995 g mol�1, which does
not match with the measured value. However, Bd/Ni ¼ 925 for
HTPB with Mn ¼ 49 950 g mol�1 is more suitable than 4995 g
mol�1. Moreover, the cis-1,4 content in the synthesized HTPB
did not reach 95% due to the weak coordination ability of
lithium. Thus, the polymerization mechanism may not be
typical of anionic polymerization. It is more likely to be coor-
dination polymerization, and hence, this work does not discuss
the main benets of anionic polymerization.
RSC Adv., 2019, 9, 39037–39045 | 39039
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Scheme 1 The mechanism of the designed Li–Ni–B initiating system.

Table 1 The effect of addition sequence to Li–Ni–B catalytic systema

Addition sequence
cis-1,4
content Conversion

(Li + B) + Nib — Trace
(Li + Ni) + Bc 95% 85%
Li + Ni + Bd 95% 76%
(Ni + B) + Lie 94% 83%
((Li + Bd) + Ni) + Bf 97% 98%

a Polymerization conditions: Ni amount 2 � 10�5 mol, Bd (15 wt%, n-
hexane) 10 mL, Li/Ni ¼ 10 : 1, Li/B ¼ 1 : 1, 50 �C, 4 h. b Reaction of Li
with B for 15 min at 50 �C followed by the addition of Ni under
constant stirring for 15 min. c Reaction of Li and Ni for 15 min at
50 �C, and then B was added under stirring for 15 min. d Reaction of
Li, Ni and B for 15 min at 50 �C. e Reaction of Ni and B for 15 min at
50 �C, followed by addition of Li under stirring for 15 min. f Reaction
of Li and butadiene at a Li/butadiene molar ratio of 1 : 10 for 15 min
at 50 �C followed by addition of Ni for 15 min and then B for 15 min.

Table 2 The effect of Li/B to polymer propertiesa

Li/B Conversion Mn (g mol�1) Mw/Mn

Hydroxyl value
(mmol g�1) cis-1,4

5 : 2 35% 94 810 1.7 0.0207 84%
1 : 2 95% 78 010 1.3 0.0224 96%
1 : 3 93% 64 140 1.5 0.0281 96%
1 : 4 98% 58 569 1.9 0.0273 96%
1 : 8 98% 38 540 2.4 0.0363 97%

a Polymerization condition: nickel naphthenate 2 � 10�5 mol, Bd
(15 wt%, n-hexane) 10 mL, Li/Ni ¼ 10 : 1, 50 �C, 4 h.
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The study of material ratio and addition sequence

According to the discussion on the initiating mechanism, the
three added components and their addition sequence is
39040 | RSC Adv., 2019, 9, 39037–39045
important. To evaluate the best addition sequence for Ni,
TBDMSODPrLi (Li) and boron triuoride diethyl ether (B),
different addition sequences were attempted, and the results
are summarized in Table 1.

As per Table 1, the mixture of Li and B yielded large amounts
of precipitate. Black Ni colloids were easily generated upon
mixing the three materials, while the conversion was not very
high. The combination between Li and Ni for 15 min followed
by the addition of B reduced the formation of Ni colloids and
yielded a higher conversion rate. Aer repeated attempts, the
reaction of Li with a small amount of Bd solution (0.5 mL) fol-
lowed by the addition of Ni under continuous stirring for
15 min led to the formation of a red colored system. During
polymerization, the solution gradually became cloudy, and the
viscosity increased. Thus, the optimal addition sequence was
identied as ((Li + Bd) + Ni) + B.

The effects of Li/B on the cis-1,4 content of HTPB and
molecular weight are exhibited in Table 2. The cis-1,4 content
and conversion rate were low at Li/B ratios below 1 : 2 since
boron triuoride diethyl ether did not only react with alkyl
lithium but also involved in a reaction with alkyl nickel. Hence,
sufficient amounts of B could signicantly improve the poly-
merization process and orientation. The �1,4 content in HTPB
gradually increased with the amount of B since boron tri-
uoride ether, acting as a Lewis acid, could enhance the
electron-decient properties of Ni, thereby strengthening the
two-site coordination ability of the Ni atoms to the butadiene
monomer. However, the addition of excess boron triuoride
ether led to large amounts of precipitate, as well as more chain
transfer and chain termination effects, which induced the
lowering of hydroxyls in the individual polymer molecules. In
addition, since the solubility of boron triuoride ether in non-
polar solvents is low, the amount of added boron triuoride
This journal is © The Royal Society of Chemistry 2019
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Table 3 The effect of Li/Ni on the cis-1,4 content of HTPB and molecular weight distributiona

Li/Ni Conversion Measured Mn (g mol�1) Mw/Mn

Hydroxyl value
(mmol g�1) cis-1,4 Calculated Mn (g mol�1)

2.5 : 1 40% 94 100 1.2 0.0208 95% 96 061
5 : 1 65% 84 140 1.5 0.0232 96% 86 356
10 : 1 93% 79 204 1.7 0.0249 95% 80 482
20 : 1 95% 58 450 1.9 0.0294 95% 67 980
* 100% 53 280 1.1 0.0370 43% 54 097

a Polymerization condition: Ni amount: 2 � 10�5 mol, Bd (15 wt%, n-hexane) 10 mL, Li/B ¼ 1 : 2.5, 50 �C, 4 h. * Without B and Ni, Li amount: 2 �
10�5 mol, Bd (15 wt%, n-hexane) 10 mL, 50 �C, 4 h.
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ether could not be too much. Moreover, the PDI of the polymer
was the lowest when Li/B ¼ 1 : 2, which meant that the
controllability of the polymerization process was better. Hence,
the optimal Li/B ratio was 1 : 2.

To verify the relationship between the experimental tech-
niques and PDI, the butadiene monomer gas obtained from the
supplier was rened by distillation and used for polymerization
immediately. Similarly, oxirane (ethylene oxide) was also
rened by distillation, and the experiments in Table 2 were
repeated. This series of experimental results are shown in Table
S1 (shown in ESI†). The results in Table S1† are not signicantly
different from those in Table 2; PDI was slightly lower, which
suggested the purity of the monomer and that oxirane is not the
main reason for high PDI.

Thus, we speculated that the main reasons for high PDI
could be:

(1) Li–Ni–B system has three components, which can
produce more than one activity centre. The initiating activities
of these activity centres are different, which may result in the
different Mn values of the polymer.

(2) It can be observed that the PDI of HTPB was high when
the amount of boron triuoride diethyl etherate (B) was high,
this because the addition of excess boron triuoride ether led to
large amounts of precipitate, as well as more chain transfer and
chain termination effects, which induced the lowering og
hydroxyls in the individual polymer molecules. A relatively
narrow PDI (1.3, highlighted in Table 2) could be obtained by
reducing the amount of boron triuoride diethyl etherate.

(3) The alkyl lithium component TBDMSODPrLi was self-
made by the reaction of lithium and chlorohydrocarbons.
Moreover, alkyl lithium cannot be used conventional purica-
tionmethods due to its instability. Thus, it is hard to completely
Table 4 Correlation between the monomer/initiator ratio and Mn
a

Ni/Bd molar
ratio MeasuredMn (g mol�1) Exp

1 : 925 58 569 49 9
1 : 463 34 140 25 0
1 : 308 23 204 16 6
1 : 231 17 450 12 4
1 : 185 12 280 999

a Li/Ni ¼ 10 : 1, Li/B ¼ 1 : 4 (molar ratio), polymerization temperature ¼

This journal is © The Royal Society of Chemistry 2019
eliminate the unreacted chlorohydrocarbons and the suspend-
ing LiCl, which also can affect the PDI of HTPB.

Table 3 represents the inuence of the Li/Ni ratio on the cis-
1,4 content of HTPB and molecular weight distribution. The
system revealed low cis-1,4 content during anionic polymeriza-
tion without Ni and B. The monomer conversion rate was not
sufficiently high when Li/Ni < 10 : 1 since the Ni(II) complex
could not properly alkylate at very low Li amounts. However,
excess Li led to a wider molecular weight distribution due to an
increased B amount compared with that of Li. Therefore, excess
boron triuoride ethyl ether would yield more chain transfer
and chain termination effects but lower the number of
hydroxyls.

Moreover, the conversion was relatively high when Li/Ni ¼
10 : 1. Hence, the optimal Li/B ratio was 10 : 1. Although the
conversion could be increased by 40% with a longer polymeri-
zation time at Li/Ni ¼ 2.5 : 1, it was too long to satisfy the
industrial demand. Hence, the optimal Li/Ni ratio was deter-
mined as 10 : 1.

NMR was not enough to conrm the amount of –OH groups.
Hence, we tested the hydroxyl values by chemical titration (the
method is highlighted in the experimental section), and the
results can be seen in Tables 2 and 3. To illuminate the
problem, we chose the conditions in Table 3 as the examples.
Hydroxyl value is the mole amount of –OH per gram of the
molecule. Hence, assuming there are 2 moles of –OH in every
chain, we obtained a series of calculated Mn values of HTPB by
the formula Mn ¼ 2000/hydroxyl value. If the calculated Mn is
consistent with the measured Mn, then the assumption is
correct, else the assumption is wrong. We have listed the
calculated values in Table 3, which suggest that the calculated
Mn is consistent with the measured Mn, with the smallest
ected Mn (g mol�1)
Conversion
(%) Mw/Mn

50 96% 1.9
02 95% 1.8
32 96% 1.9
74 97% 1.9
0 99% 1.9

50 �C, polymerization time ¼ 4 h.
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Fig. 1 1H-NMR spectrum of HTPB synthesized by the Li–Ni–B initiator system.

Fig. 2 1H-NMR spectra of TBDMSO-PB and HO-PB.

Fig. 3 1H-NMR spectra of TBDMSO-PB and TBDMSO-PB-OH.

Fig. 4 13C-NMR spectrum of HTPB synthesized by the Li–Ni–B initi-
ator system.
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difference being 2%. Therefore, we could minimize the “dead-
end” chain caused by chain termination by controlling the
polymerization process.

In addition, we have provided some conditions in Table 4 to
analyze the correlation between the monomer/initiator ratio
and Mn. The results in Table 4 suggest that the Mn reduced
when the monomer amount was low. The measured Mn was
higher than the expected Mn. The reason may be that the three
components in the Li–Ni–B system can produce more than one
39042 | RSC Adv., 2019, 9, 39037–39045
Ni complex, and some of these Ni complexes may have initiating
activity, while others may not. Thus, the actual amount of
activity centres are lower than the initial amount of Ni(naph)2,
which results in higher actual Mn than the expected Mn.
Besides, the molecular weight and molecular weight distribu-
tion of the polymer were measured by gel permeation chroma-
tography (GPC) using DAWN EOS type gel osmotic
chromatography-multi-angle laser light scattering (SEC-
MALLS) with dn/dc ¼ 0.12, which can test the absoluteMw of the
polymer without a polystyrene standard calibration curve, and
calculate theMn of the polymer by a series of standardmethods.

Structural characterization of HTPB synthesized by Li–Ni–B
initiating system
1H-NMR (Fig. 1) and 13C-NMR (Fig. S12†) were used to identify
the high cis-1,4 contents and presence of hydroxyl terminals in
the HTPB sample synthesized by the Li–Ni–B system. The
polymerization conditions of the samples in Fig. 1 and S1†
were: Ni amount ¼ 2 � 10�5 mol, Bd (15 wt%, n-hexane) 10 mL,
Li/B ¼ 1 : 2, Li/Ni ¼ 10 : 1, 50 �C, 4 h. In Fig. 1, the 1H-NMR
shows 5.4 ppm as chemical shi of the 1,4 structure (cis-1,4
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04531g


Fig. 5 FT-IR spectrum of HTPB synthesized by the Li–Ni–B initiator system.

Fig. 6 1H-NMR spectral comparison between Li-HTPB and Ni-HTPB.

Fig. 7 13C-NMR spectral comparison between Li-HTPB and Ni-HTPB.
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and trans-1,4), whereas 5.0 ppm is attributed to the chemical
shi of the 1,2 unit. The integral calculations estimated the
content of the 1,4 structures to be 97% and that of the 1,2 units
to be 3%. Moreover, the chemical shi of the –CH2– groups
linked to the hydroxyl groups was observed at 3.8 ppm, indi-
cating the presence of hydroxyl terminals in the polymer.
This journal is © The Royal Society of Chemistry 2019
To demonstrate the success of the hydrolysis reaction, 1H-
NMR spectra (without interior label TMS) of the polymers
before and aer hydrolysis were studied, and the results are
shown in Fig. 2. The polymerization conditions of the two
samples in Fig. 2 were: Ni amount ¼ 2 � 10�5 mol, Bd (15 wt%,
n-hexane) 10 mL, Li/B ¼ 1 : 2, 50 �C, 4 h. Among them, the
TBDMSO-PB sample was not hydrolyzed, and oxirane was not
added in polymerization system. The HO-PB sample was
hydrolyzed aer polymerization, and oxirane was not added in
polymerization system.

Note that ethylene oxide was not added to the system. Aer
hydrolysis, the chemical shi of Si–CH3 vanished, meaning
a thorough hydrolysis of TBDMS. Moreover, TBDMSO-PB did
not show a chemical shi in the –CH2–OH peak without
ethylene oxide, but –CH2–OH appeared aer hydrolysis, further
conrming successful hydrolysis.

To prove the reaction of ethylene oxide with the active end of
the polymer, two experiments were performed, and the 1H-NMR
(without the interior label TMS) results are displayed in Fig. 3.
The polymerization conditions of the two samples in Fig. 3
were: Ni amount ¼ 2 � 10�5 mol, Bd (15 wt%, n-hexane) 10 mL,
Li/B ¼ 1 : 2, 50 �C, 4 h. TBDMSO-PB and TBDMSO-PB-OH
represent the polymers without and with the addition of
ethylene oxide. They were not hydrolyzed aer polymerization.
TBDMSO-PB showed no chemical shi of the –CH2–OH peak,
but –CH2–OH appeared aer the addition of ethylene oxide.
Hence, ethylene oxide had reacted with the active end of the
polymer to form hydroxyl groups.

To further study the cis-1,4 content in HTPBs synthesized by
the Li–Ni–B system, 13C-NMR was used to calculate the cis-1,4
content since 1H-NMR was unable to distinguish the cis-1,4 and
trans-1,4 structures. The polymerization conditions used of the
sample shown in Fig. 4 were: Ni amount ¼ 2 � 10�5 mol, Bd
(15 wt%, n-hexane) 10 mL, Li/B ¼ 1 : 2, 50 �C, 4 h. The charac-
teristic chemical shis of the cis-1,4 and trans-1,4 structures
were recorded at 29 and 32 ppm, respectively. Aer integral
calculations, the cis-1,4 content was estimated to be 95%.

The FT-IR spectrum of the HTPB sample with high cis-1,4
content is shown in Fig. 5. The polymerization conditions of
sample were: Ni amount¼ 2 � 10�5 mol, Bd (15 wt%, n-hexane)
10 mL, Li/B ¼ 1 : 2, 50 �C, 4 h. The peaks at 724 cm�1, 911 cm�1

and 967 cm�1 were the characteristic absorption peaks of the
RSC Adv., 2019, 9, 39037–39045 | 39043
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Fig. 8 FT-IR spectral comparison between Li-HTPB and Ni-HTPB.

Fig. 9 GPC comparison between Li-HTPB and Ni-HTPB.
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cis-1,4, 1,2 unit and trans-1,4 structures, respectively. The
contents of these structures in the HTPB sample synthesized by
the Li–Ni–B ternary compound were estimated by integral
calculations to be 95%, 2% and F3%, respectively. These results
were consistent with the 13C-NMR spectra. The absorption peak
Fig. 10 DSC curves of Ni-HTPB and Li-HTPB.

39044 | RSC Adv., 2019, 9, 39037–39045
at 3500 cm�1 was characteristic of –OH, indicating the presence
of hydroxyl terminals in the polymer.

Comparison of the HTPB samples synthesized by Li–Ni–B and
anionic polymerization

Fig. 6 compares the 1H-NMR of the HTPB samples obtained by
the Li–Ni–B system (Ni-HTPB) and anionic polymerization (Li-
HTPB). The Ni-HTPB polymerization conditions of the samples
in Fig. 6–10 were: Ni amount ¼ 2 � 10�5 mol, Bd (15 wt%, n-
hexane) 10 ml, Li/B ¼ 1 : 2, 50 �C, 4 h. The Li-HTPB polymeri-
zation conditions of the samples in Fig. 6–10 were: Li amount¼ 2
� 10�5 mol, Bd (15 wt%, n-hexane) 10 mL, 50 �C, 4 h.

The 1,4 content was signicantly higher in Ni-HTPB than in
Li-HTPB. Aer integral calculations, the 1,4 content in Ni-HTPB
was recorded as 97%, while that in Li-HTPB was 91%. Moreover,
3.8 ppm represented the chemical shi of the –CH2- group
linked to OH, indicating the presence of hydroxyl groups in
both systems.

13C-NMR was used to further illustrate the difference in the
cis-1,4 content (Fig. 7). The estimated cis-1,4 content in Ni-HTPB
by integral calculations was 95%, while that in Li-HTPB was
43%.
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 represents the FT-IR proles of the HTPB samples
obtained by the two different polymerization methods. Aer
integral calculations, the cis-1,4 content in Ni-HTPB was deter-
mined as 95%, whereas that in Li-HTPB was 43%, consistent
with the 13C-NMR data.

Fig. 9 compares the GPC of the HTPB samples obtained by
the two different polymerization methods. The molecular
weight distributions of Ni-HTPB and Li-HTPB were 1.2 and 1.1,
respectively. This suggested that both systems produced HTPB
with narrow size distributions.

Compared with HTPB synthesized by anionic polymerization
(Li-HTPB), the most signicant feature of HTPB synthesized by
the Li–Ni–B system (Ni-HTPB) was its Tg. We tested the two
HTPB samples by differential thermal scanning (DSC), and the
results are shown in Fig. 10. The DSC curves suggested that the
Tg of Ni-HTPB was obviously lower than that of Li-HTPB, which
meant that the low-temperature mechanical property of Ni-
HTPB is better than that of Li-HTPB.

Conclusions

To obtain HTPB with high cis-1,4 content, a new initiating system
comprising of TBDMSODPrLi, nickel naphthenate, boron tri-
uoride ether (Li–Ni–B) was designed to overcome the defect of the
Ni–Al–B system, which could not be directly used to prepare HTPB
with high cis-1,4 structure content. The polymerization process
indicated that the initiation systemwas obtained by the reaction of
Li with a small amount of Bd solution (0.5mL) for 15min followed
by the addition of Ni for 15 min. The initiating system showed
excellent activity at Li/Ni ¼ 10 : 1 and Li/B ¼ 1 : 2. The 1H-NMR,
FT-IR and 13C-NMR results estimated the cis-1,4 content in
HTPB synthesized by Li–Ni–B to be 95%, which was signicantly
higher than that in HTPB prepared by anionic polymerization.
Although the controllability of the Li–Ni–B system is slightly worse
than anionic polymerization, its ability to produce excellent cis-1,4
content is novel and important in the HTPB synthesis eld.
Moreover, the above-mentioned results show that the PDI and Mn

of HTPB synthesized by the Li–Ni–B system can be adjust by
controlling the process and obtaining narrow weight distributions.
Overall, the novel Li–Ni–B initiation system looks promising as an
efficient coordinated anionic polymerization initiation system to
prepare HTPB with high cis-1,4 structure content.
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