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ABSTRACT: End amino, carboxylic acid, and hydroxyl
functionalized styrene–butadiene–styrene (SBS) triblock co-
polymers were prepared with 1,5-diazabicyclo[3.1.0]hexane,
carbon dioxide, and epoxy ethane as capping agents, respec-
tively. The effects of the end polar groups on the morphology
and dynamic mechanical properties were investigated. Trans-
mission electron microscopy images suggested that the
group at the end of the polystyrene (PS) segment made the
morphology of the PS domains disordered and incompact.
Dynamic mechanical results showed that the storage and loss
modulus increased after SBS was end-functionalized. End
amino and carboxylic acid groups improved the compatibility

and storage stability of SBS-modified asphalt. However,
the effect of the end-hydroxyl group on the improvement of
the storage stability of SBS-modified asphalt was not ob-
vious. The differential scanning calorimetry analysis of SBS-
modified asphalt further showed that the compatibility and
storage stability of SBS-modified asphalt were improved by
the attachment of amino or carboxylic acid groups through
the anionic polymerization method. � 2006 Wiley Periodicals,
Inc. J Appl Polym Sci 103: 8–16, 2007
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INTRODUCTION

Styrene–butadiene–styrene (SBS) triblock copolymers
are widely used as asphalt modifiers.1,2 The physical
and mechanical properties of conventional asphalt
compositions can be improved by the addition of
SBS.3,4 SBS exhibits a two-phase morphology consist-
ing of glassy polystyrene (PS) domains and rubber poly-
butadiene (PB) when the temperature is between the
glass-transmission temperatures of the polybutadiene
segments (Tg,PB) and the polystyrene segments (Tg,PS).
Therefore, SBS exhibits an elastomeric network. In gen-
eral, one of the critical aspects of SBS-modified asphalt
is storage stability. Several ways of solving this prob-
lem have been investigated, including physical and
chemical means.5–7 In the latter case, the chemical
modification of SBS through the grafting of carboxylic
acid groups and epoxy PB has been studied to
improve the storage stability.7–9

The end functionalization of SBS by in situ anionic
polymerization technology is an effective method for
attaching polar groups to the end of the SBS molecular
chain. Polar groups can be attached to polymer chains
both by a functionalized initiator and by a terminating

agent, which have attracted widespread commercial
and academic interest.10–12 The end functionalization
of synthetic polymers is of great interest because the
reactive polymers are highly valuable intermediates
for the synthesis of copolymers of complex structures13

and compatibilizers for polymer blends.14

The methodology of living anionic polymerization is
particularly suitable for the synthesis of well-defined
chain-end-functionalized polymers with controllable
molecular weights, narrow molecular weight distribu-
tions, and quantitative degrees of end functionality.10

In this study, we synthesized SBS copolymers using
1,5-diazabicyclo[3.1.0]hexane, carbon dioxide (CO2),
and epoxy ethane as capping agents.

The introduction of carboxy groups at the end of
polymer chain ends is of considerable interest because
these groups undergo a variety of reactions and the
polymers can transform readily into ionomers with
carboxylate anions.15 Soobum and Chang16 studied the
special phase transition in styrene–isoprene–styrene
triblock copolymers end-capped with carboxylic acid
groups or sodium carboxylate groups and further in-
vestigated the strong ionic associations and increased
repulsive segment–segment interactions in the block
copolymers. Milkovich17 prepared star block styrene–
butadiene copolymers having carboxylic acid groups
associated with the nucleus and found that they were
more compatible with polar fillers than uncarboxylated
equivalents. Quirk and Jinh-Jing18 reported the prepar-
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ation of end-hydroxyl PS using anionic polymerization
and found that epoxy ethane was an effective capping
agent for the synthesis of the end-functionalized poly-
mer. The end-hydroxyl polymer was also applied to
improve the compatibility of polymer blends by Jer-
ome et al.19

Although numerous studies have focused on the an-
ionic polymerization of end-functionalized poly-
mers,20–22 only a limited number of works have dealt
with the synthesis of SBS by the end-capping reaction
of a Schiff base.23,24 Koning et al.’s25 and Klaus’s26

studies have shown that 1,5-diazabicyclo[3.1.0]hexane
is an effective end-capping agent for anionic polymer-
ization, but to the best of our knowledge, little has
been reported on the synthesis of end-amino-function-
alized SBS triblock copolymers.

In this study, we report a kind of end-functionalized,
SBS-modified asphalt (PMA) and discuss the storage
stability of these blends. End-functionalized groups
were attached to SBS with 1,5-diazabicyclo[3.1.0]hex-
ane, CO2, and epoxy ethane as capping agents accord-
ing to anionic polymerization technology. Amino, car-
boxylic acid, and hydroxyl groups were designed for
the molecular end of SBS.

We study their special transmission electron micros-
copy (TEM) and dynamic mechanical properties. At
the same time, end-functionalized SBS is applied to
improve the storage stability of SBS-modified asphalt.
The compatibility of the aforementioned end-function-
alized SBS and nonfunctionalized SBS-modified asphalt
is compared.

EXPERIMENTAL

Materials

Butadiene, styrene, cyclohexane, and n-butyllithium
(n-BuLi) were obtained from Beijing Yanshan Petroche-
mical Corp. (Beijing, China). Styrene and cyclohexane
were dried with molecular sieves to keep the water
concentration below 5 ppm and were purged with
highly purified nitrogen for more than 15 min before
use to keep the oxygen concentration below 10 ppm.
Tetrahydrofuran (THF) was refluxed over calcium
hydride for more than 4 h and then distilled under the
protection of N2. The purity of THF was checked with
gas chromatography. The concentration of n-BuLi was
calibrated by the Gilman double titration method.15

For the synthesis of 1,5-diazabicyclo[3.1.0]hexane,
see refs. 26 and 27. The purity was analyzed by gas
chromatography/mass spectrometry, and it was
95.8%.

AH-90 paving asphalt was obtained from Liaoning
Huanxiling Asphalt Factory (Panjin, Liaoning, China).
The physical properties of this asphalt were as follows:
penetration ¼ 88 dmm (258C, ASTM Standard D5) and
softening point ¼ 49.58C (ASTM Standard D36). The

composition of AH-90 asphalt could be described as
follows: saturates (6.1 wt %), aromatics (41.7 wt %),
resins (39.6 wt %), and asphaltenes (12.6 wt %).

Polymerization procedures

A 5-L stainless reactor, which was dried and purged
with nitrogen, was charged with cyclohexane and sty-
rene, and the temperature was maintained at 508C
with a water bath. THF and n-BuLi were added with a
syringe to first polymerize the styrene monomer.
About 45 min after the addition of n-BuLi, the temper-
ature of the water bath was increased to 708C, and bu-
tadiene monomer was added to the reactor. After the
copolymerization of the styrene and butadiene mono-
mers for 1 h at 708C, a designated amount of styrene
was added to the reactor, and the polymerization pro-
ceeded for 45 min. At the end of the polymerization,
1,5-diazabicyclo[3.1.0]hexane in a ratio of 1 : 1 to the
living chain was added to the reactor at 358C and
reacted for 30 min. Then the color of the solution
changed from red to pink. A small amount of ethanol
was added to terminate the living polymers, at which
point the color of the solution changed from pink to
colorless. An aging-resistant agent (2,6-dibutyl-4-meth-
ylphenol) was added (1 wt % with respect to the dry
rubber, ca. the total weight of the monomers partici-
pating in the copolymerization), and the reactor tem-
perature was then lowered to 208C. The solution was
precipitated by the addition of an excess amount of
alcohol, and the precipitated polymer, end-amino-
functionalized styrene–butadiene–styrene (SBS–N), was
dried in a vacuum oven at 408C to a constant weight.
The overall polymerization is shown in Scheme 1.

SBS copolymers initiated with n-BuLi were further
subjected to carbonation to end-cap the PS end blocks
with carboxylic acid groups by the introduction of
high-purity gaseous CO2. The carbonation of SBS was
carried out with the following procedures. After poly-
merization, a polar additive, N,N,N,N-Tetramethyl-
ethylenediamine (TMEDA), was added to the solution
of SBS by a syringe, and the polymerization solution
was lowered to about 108C. CO2 gas at a constant pres-
sure of 0.1 MPa was passed into the reactor, after
which the CO2 gas reacted with the polymeric organo-
lithium compound in the solution without stirring. As
the reaction progressed, a gradual discoloration of the
red living anionic solution was observed. After 12 h,
the solution was pressured out of the reactor by N2

pressure. Immediately after that, about 1 mL of hydro-
chloric acid/methanol (1/1 v/v) was added to the
polymer solution, and the mixture was stirred to hy-
drolyze the polymeric lithium carboxylate salt, yield-
ing the SBS copolymer end-capped with the ��COOH
group. The precipitated polymer, end carboxylic acid
functionalized styrene–butadiene–styrene (SBS–COOH),
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was dried in a vacuum oven. The overall polymer-
ization is shown in Scheme 2.

The hydroxylation of SBS was carried out with ep-
oxy ethane as a capping agent. After the copolymeriza-
tion of SBS, the temperature of the polymerization so-
lution was lowered to about 108C. Epoxy ethane (the
molar ratio of epoxy ethane to SBS was 5) was added
to the polymerization solution. After 12 h, the solution
was pressured out of the reactor by N2 pressure. Im-
mediately after that, about 1 mL of hydrochloric acid/
methanol (1/1 v/v) was added to the polymer solu-
tion, and the mixture was stirred to produce end-
hydroxyl styrene–butadiene–styrene (SBS–OH).

Preparation of SBS-modified asphalt

Asphalt (250 g) was heated to 1608C in a small con-
tainer until it flowed fully. SBS (16 g) was mixed into
asphalt at a stirring rate of 3750 rpm for 45 min; sulfur
(2 wt % with respect to the mass of SBS) was added
to the blends to improve the storage stability, and
the stirring was continued for 60 min at a speed of
3750 rpm for 60 min.

Characterization

The molecular weight was determined by gel permea-
tion chromatography (GPC; Maxims 820, Waters,
Glenside, PA) with three Waters m-Styragel columns
(103, 104, and 105 Å) at a nominal flow rate of 1 mL/
min with a sample concentration of 0.1% in the solvent
THF. The GPC instrument was calibrated with mono-
disperse PS standards.

The composition of the polymers was analyzed
by 1H-NMR (AM-400, Bruker, Karlsruhe, Baden-Wurt-

temburg, Germany) spectroscopy at room temperature.
The sample was dissolved in chloroform (CDCl3) to
prepare a solution with a concentration of 150 mg/mL.
1H-NMR spectra were used to calculate the contents of
the vinyl and 1,4-microstructures of SBS.21 The percen-
tages of the styrene block and the microstructure of the
butadiene portion were calculated according to ref. 28.

The concentration of the amine at the polymer chain
ends was determined by acid–base titration as fol-
lows.26,29,30 The polymer sample was dissolved in a
1/1 (v/v) mixture of CDCl3 and glacial acetic acid,
and the solution was titrated with standard HClO4 in
glacial acetic acid with crystal violet as the indicator.
The degree or functionality of amination was eval-
uated by a combination of the amine content by the
titration, and the number-average molecular weight
was determined by GPC.

The concentration of carboxyl chain ends in SBS–
COOHwas determined by the titration of a polymer so-
lution in toluene with 0.01M potassium hydroxide
(KOH) in methanol to the phenolphthalein end point.31

Dynamic mechanical properties were measured
with a TA 2980 DMA dynamic mechanical analyzer
(New Castle, DE) with a multifrequency film tension
module. The specimens (1.5 � 4.5 � 20 mm3) were cut
from the center of the samples. A temperature sweep
at 58C/min from �150 to 1508C at a frequency of 1 Hz
was used to determine the loss factor (tan d) for all
samples in addition to the dynamic modulus. Tg,PB

and Tg,PS were measured from the inflection point in a
plot of tan d versus the temperature.

TEM analysis was carried out on a Tecnai G220
transmission electron microscope (FEI Co., Hillsboro,
OR) at an acceleration voltage of 200 kV. Ultrathin
sections of the sample were prepared with a Leica

Scheme 2

Scheme 1
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Ultracut UCT with an EMFCS cryoattachment (Leica,
Bannockburn, IL) at �1208C. Cross sections with a
thickness of 50 nmwere obtained with a diamond knife.

The storage stability of the asphalt binders was
tested as follows.3 Each sample was poured into a
glass tube 25 mm in diameter and 140 mm high. It was
stored vertically at 1638C in an oven for 48 h, and then
the tube containing the modified asphalt was cooled at
�108C for 4 h and cut horizontally into three equal
sections. The difference in the softening points be-
tween the top and bottom sections of the tube was
measured. The smaller the difference was of the soft-
ening points, the better the storage stability was of the
SBS-modified asphalt.

To determine the storage stability of PMA, calori-
metric measurements were performed on a differential
scanning calorimeter (Netzsch, Burlington, MA). A
constant heating rate of 108C/min was employed to
heat PMA from �60 to 608C. Approximately 10-mg
samples at the top and bottom of PMA were used in
differential scanning calorimetry (DSC) analysis.

RESULTS AND DISCUSSION

Synthesis and structure of end-functionalized SBS

1,5-Diazabicyclo[3.1.0]hexane can be capped to poly-
styryllithium effectively and produce end-amino-func-
tionalized PS.25,26 The actual reaction between the
active SBS anionic center and 1,5-diazabicyclo[3.1.0]-
hexane is finished by the termination of polystyryl-
lithium, which inspired us to apply it to the synthesis
of end-amino SBS. Table I lists the compositions and
structures of the prepared SBS samples. In the sequen-
tial SBS polymerization process, the PS block was
made first, followed by the addition of butadiene to
the living polystyryllithium chain end. The prepara-
tion of SBS was completed by the further addition of a
second quantity of styrene in an amount equal to that
of the first styrene usage. At the end of the polymeriza-
tion, half of the solution was transferred to another
reactor under the protection of N2. Ethanol was used
to terminate the active SBS anion. To the rest of the
solution, 1,5-diazabicyclo[3.1.0]hexane with a ratio of
1 : 1 to the living chain was added to the reactor and
reacted for 30 min. Then, o-amino SBS (SBS–N) was

prepared by in situ anionic polymerization technology.
The GPC spectra of SBS before and after functionaliza-
tion are analyzed in Figure 1. The end amino group
has few effects on the molecular weight and its distri-
bution. Because the functionalized group is attached to
SBS at the end of polymerization, it will not influence
its microstructure. The microstructure of SBS–N was
estimated by 1H-NMR, and the vinyl content was cal-
culated according to ref. 15. The functionality of amine,
which was determined by the molar ratio of end-func-
tionalized SBS to total SBS, was found to be over 0.95.

CO2 can be used in the anionic end-capping reac-
tion. However, a byproduct with a double molecular
weight, which is produced by the coupling reaction of
CO2, has impaired the quality of the end-function-
alized polymer. As Quirk et al.31 reported, a polar
modifier was effective in reducing the coupling by-
product and improving the functionalized product. In
our research, TMEDA was added before the introduc-
tion of CO2 to decrease the byproduct. The GPC spec-
trum of SBS with increasing amounts of TMEDA is
shown in Figure 2. The area of coupled SBS (double
molecular weight) decreases with the increase in
TMEDA. The content of uncoupled SBS and the corre-
sponding efficiency of carbonation analyzed by titra-
tion are summarized in Table II. From Table II, it can

TABLE I
Molecular Characteristics of SBS and End-Functionalized SBS

Mn � 104a Mw/Mn
b Styrene (%) 1,2 (%) Tg,PS (8C) Tg,PB (8C) Functionality

SBS 8.1 1.04 29.8 13.7 99.39 �79.07 0
SBS–N 8.1 1.04 29.8 13.7 100.32 �77.93 0.96
SBS–COOH 8.3 1.05 29.6 12.8 99.98 �73.68 0.92
SBS–OH 9.2 1.07 29.5 13.8 99.29 �74.28 —

a Number-average molecular weight.
b Weight-average molecular weight/number-average molecular weight.

Figure 1 GPC chromatograms of SBS before and after
end functionalization with amino groups.
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be concluded that the uncoupled living SBS center
transfers to carboxylic acid quantitatively and that the
addition of TMEDA can increase the efficiency of car-
bonation. Table I contains the composition and mole-
cular weights of the prepared samples, as determined
from the stoichiometry of the reaction mixtures. SBS–
COOH was prepared with n-BuLi as the initiator and
THF as the polar modifier (the molar ratio of THF to
SBS was 1.0). The functionality of carbonation, which
was determined by the molar ratio of end-functional-
ized SBS to total SBS, was found to be over 0.92.

During the actual preparation of SBS–OH, the usage
of epoxy ethane is relatively small, and this makes it
difficult to study the reaction between epoxy ethane
and active anionic centers. At the same time, it is diffi-
cult to determine the efficiency of the hydroxyl group
at the end of the macromolecule. However, by study-
ing the low-molecular-weight model polymer, we
could accurately estimate the end-hydroxyl group
through the 1H-NMR method. Because the actual reac-
tion between the active SBS anionic center and epoxy
ethane is finished by the termination of polystyryl-
lithium, low-molecular-weight PS has been designed
to investigate the reaction activity of epoxy ethane. The
1H-NMR spectrum of end-hydroxyl PS is shown in
Figure 3. The proton (H) appearing at 3.2 ppm is char-
acteristic of methylene hydrogen bonded to the carbon
that is adjacent to the hydroxyl group. The GPC spec-
tra of SBS before and after functionalization are ana-
lyzed in Figure 4. The end-hydroxyl group has few
effects on the molecular weight and its distribution.
The composition and molecular weights of SBS–OH
are summarized in Table I.

Morphology of end-functionalized SBS

TEM of the prepared SBS copolymer is shown in
Figure 5. Both end-functionalized SBS and nonfunc-
tionalized SBS show that microphase separation of the
PS block forms discrete domains in the continuous PB
phase. As we know, the morphology formation in block
copolymers is influenced by different factors.32 The mo-
nomer type, chemical composition, and molecular fea-
tures play significant roles. The end functionalization of
SBS does little to change the molecular weight and com-
position of the block copolymer. We are left to explore
the effects of end groups on themorphology of SBS.

In the case of SBS, PS cylinders are clearly arranged
in a uniform lattice in the PB matrix. In contrast, end-
functionalized SBS shows perforated layers with disor-
dered and zonal PS domains dispersed in the PB ma-
trix. This change can be attributed to the increase in the
interfacial tension between PB and PS blocks, which is
affected by the introduction of polar end groups.

Dynamic mechanical properties
of end-functionalized SBS

The tan d, storage modulus (E0), and loss modulus (E00)
values versus the temperature for SBS and end-func-

Figure 2 GPC chromatograms of SBS–COOH with different amounts of TMEDA (TMEDA/Li): (a) 0, (b) (1.0, (c) 5.0, (d)
10.0, (e) 20.0, and (f) 40.0.

TABLE II
Content of Uncoupled SBS and Corresponding

Efficiency of Carbonation

TMEDA/Li 0 1 2 5 10 20

Uncoupled SBS (%) 82.0 84.9 86.2 91.9 93.8 96.5
Efficiency of

carbonation (%) 83.5 86.7 87.97 92.39 92.4 98.3
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tionalized SBS are potted in Figure 6. In Figure 6, two
transitions can be observed. The low-temperature tran-
sition is characteristic of the PB domains, whereas the
higher temperature transition is characteristic of the PS
domains. The molecular mobility can be well charac-
terized by the position of the glass-transition tempera-
tures of the components. Tg,PB and Tg,PS can be ana-
lyzed from the inflection point in a plot of tan d versus
the temperature. Tg,PB and Tg,PS are listed in Table I. It
is obvious that Tg,PB and Tg,PS are influenced slightly
after they are end-functionalized.

In addition, another effect can be observed. E0 and
E00 of the end-functionalized block copolymers are
much higher than those of nonfunctionalized SBS, and
a considerable increase can be observed after the tem-
perature is increased over Tg,PB. This change identifies
the improvement of the end-functionalized group in
the molecular interaction.

Application of end-functionalized SBS
in modified asphalt

Because of the differences in the solubility parameters
and densities between SBS and asphalt, phase separa-
tion takes place in PMA.33 SBS dispersed in asphalt
usually accumulates and floats on top of the asphalt,
especially at high temperatures. According to an eval-
uation of the storage stability of SBS-modified asphalt,
as mentioned in the Experimental section, the soften-
ing point of the top section of modified asphalt after a
period of storage becomes much higher than that of
the bottom section if the blend of SBS and asphalt is

unstable. Table III shows the storage stability of SBS-
modified asphalt under the same blending conditions.
The modified asphalt with end amino and carboxylic
acid group SBS shows a lower difference in the soften-
ing points between the top and bottom sections, and
this means good storage stability. However, the end-
hydroxyl group cannot reduce the difference in the
softening points obviously and makes few contribu-
tions to the improvement of the storage stability. These
results suggest that the attachment of amino and car-
boxylic acid group to SBS could improve the storage
stability of modified asphalt.

Figure 3 1H-NMR spectrum of end-hydroxyl PS.

Figure 4 GPC chromatograms of SBS before and after
end functionalization with hydroxyl groups.
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DSC analysis could be used to investigate the
compatibility and storage stability of SBS-modified
asphalt.34 Commonly, asphalt consists of saturates,

aromatics, resins, and asphaltenes. On the DSC curves
of SBS-modified asphalt, the absorbing peaks of these
components overlap to form broad peaks. Generally,

Figure 5 TEM images of SBS and end-functionalized SBS: (a) SBS, (b) SBS–COOH, and (c) SBS–N.

Figure 6 Dynamic mechanical analysis of SBS before and after end functionalization: (a) tan d vs the temperature of
SBS–N, (b) lg E0 versus the temperature of SBS–N, (c) lg E00 versus the temperature of SBS–N, (d) tan d vs the temperature
of SBS–COOH, (e) lg E0 versus the temperature of SBS–COOH, and (f) lg E00 versus the temperature of SBS–COOH.
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PMA with large absorbing peaks (the area of the
absorbing peaks is large) on DSC curves will have
more components conducting phase transmission in
the designated range of temperatures, and this means
that the blends have poor stability.34 Thus, the stable
PMA blends have smooth DSC curves, and the area of
the absorbing peaks is relatively small. At the same
time, by comparing the areas of the absorbing peaks at
the top and bottom sections of SBS-modified asphalt,
we can estimate the storage stability of PMA.

The DSC curves of end-functionalized and nonfunc-
tionalized SBS-modified asphalt in the temperature
range of �60 to 608C are presented in Figure 7. The
curves of end amino and carboxylic acid SBS-modified
asphalt are smoother than those of nonfunctionalized
SBS. However, the curve of the end-hydroxyl-group

SBS-modified asphalt is still rough, similar to that of
nonfunctionalized SBS.

Both the softening point and DSC analysis suggest
that the attachment of amino and carboxylic acid
groups to the end of SBS could improve the storage
stability of PMA. However, the end-hydroxyl group at
the end of SBS is not effective in improving the storage
stability.

CONCLUSIONS

End amino, carboxylic acid, and hydroxyl functional-
ized SBS was prepared with 1,5-diazabicyclo[3.1.0]hex-
ane, CO2, and epoxy ethane as the capping agents,
respectively. Because the end groups were attached to

TABLE III
Softening Point at the Top and Bottom Sections of SBS-Modified Asphalt

Softening
point (8C)

SBS-modified
asphalt

SBS–OH-
modified
asphalt

SBS–N-
modified
asphalt

SBS–COOH-
modified
asphalt

Top 91.0 84 65 59.5
Bottom 59.5 64 63.5 59.3
Difference 31.5 20 1.5 0.2

Figure 7 DSC curves of SBS-modified asphalt: (1) SBS, (2) SBS–OH, (3) SBS–N, and (4) SBS–COOH.
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SBS by an in situ anionic polymerization method, it
could attract widespread commercial and academic
interest. The introduction of end groups did not alter the
structure and composition of SBS. Dynamic mechani-
cal analysis suggested that Tg,PB and Tg,PS were influ-
enced slightly after SBS was end-functionalized and E0

and E00 increased correspondingly. A TEM image of
end-functionalized SBS suggested that the shape of the
PS domains changed from uniform spheres in SBS to
disordered, incompact strips in end-functionalized SBS.

By comparing the softening points and DSC curves
of end-functionalized and nonfunctionalized SBS-
modified asphalt, we concluded that end amino and
carboxylic acid were useful in improving the storage
stability and compatibility of SBS-modified asphalt.
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