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ABSTRACT: The temperature-dependent molecular chain movements and transitions of polystyctpsly-
(ethyleneeo-1-butene)block-polystyrene block copolymer (SEBS) above room temperature were studied by in-
site infrared spectroscopy combined with moving-window two-dimensional (MW2D) correlation spectroscopy.
Some complex molecular chain movements and transitions of SEBS were revealed with the linear incremental
temperature increasing (366 °C). The melting point of the extraordinary weak crystakFgfCH,—CH,)—p, in

the poly(ethyleneso-1-butene) block (EB) is determined at 48. The heat enthalpy relaxation of polystyrene
block (S) of SEBS, which is induced by the framework movement of the side benzene ring and the melting of
the weak crystal in the polystyrene block, is observed arounreB02C from the MW2D correlation spectrum.

The glass transition temperature of the polystyrene block is determined arouf@.J20m the MW2D correlation
spectrum, we discover that, around Q) the chain segment movement of polystyrene block occurs before that

of poly(ethyleneeo-1-butene) block in phase interface. At 122, the fundamental chains of the disperse phase

(S block) center initiate to entirely move and this type of movement drives a fraction of the disperse phase (S
block) to deform from an incomplete shape to a sphere. This corresponds to the entirely viscous flow temperature
of the fundamental chains of the disperse phase.

1. Introduction

Polystyrenedlock-poly(ethyleneco-1-butene)plock-polysty- .
rene block copolymer (SEBS) is one of the earliest used |2
industrial and commercial thermoplastic elastoniefsSo far CHs
SE.BS has Wi(_i(_espread availabili_ty in variou_s areas, for example, Figure 1. Molecular structure of SEB andY + Z represent the
daily necessities, toys, stamping steel ribbon, and medical holymerization degrees of the hard and soft blocks of SEBS, respec-
instruments. SEBS is synthesized using active anionic polym- tively.
erization, where the three-step method is the most ti3Eitjure
1 illustrates the molecular structure of SEBS, which has f F/
polystyrene (hard block S) at both ends and poly(ethyEme-
1-butene) (soft block EB) in the middle. Because of the solubility
parameter difference between polystyrene and poly(ethylene-
co-1-butene) of SEBS, phase separation is its certain physical
characteristics. Like other block copolymers, SEBS exhibits
various and beautiful phase patterns with the S block (or EB ‘
block) volume ratio variation and other conditions changdifig®
however, in commercial SEBS, due to processability, as well '
as excellent mechanical properties, the hard block (S) is always \
disperse phase and the soft block (EB) is continuous phase -

(Figure 2). Generally speaking, in the process of SEBS synthesis,

the soft block is always artificially introduced at 280 wt %

by a 1,2-a.ddi.tion reaction (putadiene) before hydrqgenising, and Figure 2. Ph ration structure of general commercial SEB
therefore in final commercial products the crystalline nature of .”?: seteric peﬁgteS srggfeg;gt tﬁteupfct)?ysety?er?g (gsa) gﬂaseea(r:u? thSe sjid

—(CHz—CHyp)—, of the soft block is effectively suppressed. jines represent the poly(ethylese-1-butene) (EB) phase, respectively.
Consequently, SEBS is endowed with outstanding elastic The circles around steric pellets stand for the phase interface.

behavior and transparency. the experimental methods for these studies are based on small-

The temperature-dependent characteristics of SEBS was .
. . . . angle X-ray (SAXS), small-angle neutron scattering (SANS),
investigated by several researchers. According to the liter&tife, dynamic mechanical thermal analysis (DMTA), differential

scanning calorimetry measurements (DSC), transmission elec-

—(CH2—CH)X—b‘[‘(CHZ—CHZ—CHZ—CHZ)Y—co—(CHz—Ci-l)z‘]—b—(CH—CHZ)X—
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behaviors, and the ordedisorder transitions. Infrared spec- 2.3. MW2D Correlation Analysis. Before performing the

troscopy (IR), of course, was employed to study SEBS, but the MW2D correlation analysis, the intensity of the each IR spectrum
purpose was only to investigate the oxidation and degradationwas normalized by dividing its intensity mean value. In the present
of SEBS2-25 |n this study, we have utilized IR spectroscopy study, all the MW2D correlation spectra were processed and

; B ; calculated by two-dimensional correlation spectroscopy software,
to elucidate the temperature-dependent molecular chain move 2DCS (the latest version is 3.04G-), developed in our laboratory.

ments_ and t.rapsmo?ssgl;ggE_BS. .HowthIe(r, because theb b’?dehe projection of contour images of the MW2D correlation spectra
intensity variation o IS quite weak, we cannot obtain j, yis study were also directly plotted by 2DCS 3.0. During the
useful information from the temperature-dependent in situ IR cajculation, the window size wasn2+ 1 = 11. The 5%

spectrum. Furthermore, the IR spectra of SEBS are the overlap-autocorrelation intensity of MW2D correlation spectra was regarded
ping of the hard block and soft block IR spectra, and therefore, as noise and was cut off.

the complex band intensity variation also cannot be distin-
guished. Even several important weak bands are usually
submerged under the spectra baseline. In order to separate the The theory of MW2D correlation spectroscopy has been
overlapping bands and emphasize the important intensity described elsewhefé.Here, we express it as follows.
variation, one should use powerful analysis methods. In the  The MwW2D method is essentially the division of a spectral
present study, we have employed moving-window two- intensity data matrix into a series of submatrices. Each of

3. MW2D Correlation Spectroscopy Theory

dimensional (MW2D) correlation spectroscopy. submatrices is regarded as a window. We consiler,l) as
~Thomas and Richardson introduced moving-window two- an\ x N spectral intensity data matrix, wheseand| are the
dimensional correlation spectroscopy method in 2808nd  gpectral variable (e.g., wavenumber) and the perturbation

therefore, the phase transition temperature of a thermotropicyariaple (e.g., temperature), respectively. Each row\,!)
liquid crystal sample was determined from the temperature- corresponds to one spectrum. The number of rows and columns
dependent IR combined with the MW2D method. This method, of the spectral intensity data matrix aveandN, respectively.
which uses the date subdivision technique, is an extension of\ynat calls for special attention is that the spectral intensity in

generalized two-dimensional correlation spectrosédpi?, pro- W(»,) is normalized by dividing the mean value of each row
posed by Noda in 199%.MW2D can directly observe spectral  that it locates.

correlation variation along both spectral variables (e.g., wave-
number) and perturbation variables (e.g., temperature)%x¥s.

Accordingly, the transition point can be determined from the
correlation intensity along the perturbation variables direction.

.y(Ul’ll) .y(Ule) .y(UN—lill) -y(UNill)

Recently, Morita has successfully applied MW2D spectroscopy W(w,l) = 'y(Ul’IJ) }’(UZ’IJ') .y(UNfl'li) }'(UN'lj) )
for the determination of the glass transition of PMMPgs well : ; e ;

as the melting temperature of P\BASad¢ has also successfully Y(vphw) Y(@aly) =+ Y(on-ulv) Y(onlw)
employed MW2D spectroscopy to determine the phase-transition

point of PNiPA3* Now, a submatrixy(v,!) is extracted around thigh row of

In this study, the temperature-dependent molecular chain the main matrix (eq 1). The index range of the perturbation
movements and transitions of SEBS above room temperatureygriaplel is from j-m to j+m, apparentlyw; (1) has 2n + 1

were studied by infrared spectroscopy combined with moving- (window size) rows and its column is equal to thatViiy,|).
window two-dimensional correlation analysis. The extraordinary
weak crystalline nature of-(CH,—CH,)—, in the EB block ) ) ) )
melting at 48°C is discussed in detail. The heat enthalpy :y(vl’l'_’“) :y(yz'l'_”‘) :y(UN_l'I'_"‘) :y(UN’I'_”‘)
relaxation of S block around 7280 °C, the glass transition of ’ ) ’ ’
S block (atactic polystyrene) around 120, and other discover- ~ Wi(®1) = _y(Ul’IJ) }’(”2’“‘) _y(UNfl’li) }’(”NJJ‘)
ies are all elucidated at the functional group level. ; : o ;
) ) Y(U1:|j+m) Y(Uz,|j+m) y(UN—1’|j+n1) y(UNl|j+rr1)
2. Experimental Section )
2.1. Materials. SEBS used for experiment was G1657, which
was purchased from Shell Development Co. Its weight-average In general, the reference spectrum and dynamic spectrum in

molecular weight is 70 000 g/mol with a polydispersity indéx/Mp the jth submatrix (window) are calculated according to egs 3
=1.05, and the soft/hard ratio is 87/13 (weight). G1657 is expected g, 4.

to form a body-centered cubic (bcc) sphere morphology and stated
to contain roughly 30 wt % diblock copolymer. SEBS was directly

used in experiment without further purification. N iy | 3
2.2. FTIR Spectroscopy.SEBS was spread on one side of a W) = om+ 1 _z ywly ©)

KBr disk via solvent casting from a 20 g/L cyclohexane solution. =mm

The KBr disk (0.8 mm thick), together with SEBS film sample, Y(v,15) = y(v,l) — Y(v) 4)

was dried in a vacuum oven at 7C for 60 min and the vacuum

degree was-0.08 MPa. The SEBS film disk sample was placed

into a homemade temperature control instrument including program  Here,J corresponds to the index of rows within a submatrix.
heating cell and circulation water jacket cooling system. The The mean-centerejdh submatrix is obtained.
temperature-dependent absorbance IR spectra were measured with

Nicolet-560 IR spectrometer, which was equipped with a deuterated Ny , ¢ , Y , o ,

triglycine sulfate (DTGS) detector. The spectral resolution was 4 .y(Ul’Irm) :)/(UZ’IV"‘) ZY(UNﬂer) :y(UN’IVm)
cm~*and the number of scans of each spectrum was 40. The SEBS _

film sample was protected by dried high-purity nitrogen gas during W(v,1) = [Y(vnl) — ¥@alp)  «o Flon-nl)  onl)
measurement. A total of sixty-eight IR spectra were collected from : : vor & :
30°C to 166°C at approximately 2C increments. Simultaneously, )7(1/11|j+m) V(U2*|j+m) 37(”N—11|j+m) y(UN’Ij+m)

the temperature increasing rate wasGmin. (5)
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Table 1. Wavenumbers of Interest Bands of SEBS IR Spectrum and Bands Assignment Divided into EB and S Blocks

assignment

wavenumber (cm?) EB block

S block

296040
29237
28527
16067
15947
15857
157587
15687
1468740
1378840
1263346
11957
11577
76257
72137.41, 42

7007

C—H asymmetry stretching; CHs
C—H asymmetry stretching; CH,—
C—H symmetry stretching; CH,—

C—H bending,—CH,—
C—H bending,—CHjs

C—H rocking,—CH,—

Then, synchronous and asynchronous generalized two-

dimensional correlation spectra are calculated fréstv,l)
according to eq 6 and eq 7.

&, = 2y o)) ©®)

w = %n[v\/j(u,l)]T-H-[Wj(v,l)] ™

where [fi(v,1)]" is the transposed matrix &(v,l) andH is the
Hilbert—Noda® transformation matrix (@ + 1) x (2m+ 1))
defined as follows:

0 i=k
My = ﬁ otherwise (8)
wherehy is the element of théh row and thekth column of
matrix H.

The MW2D correlation spectrum is obtained through sliding
window position fromj = 1 + mto M — m and repeating
calculations of eqs 27 at each window.

For the MW2D correlation spectrum based on an autocor-
relation spectrum, each rovf2f j(v,l;)) of MW2D correlation
spectrum matrix is directly extracted from a diagonal line of
®; matrix, namely, the autocorrelation intensity of synchronous
2D correlation spectrum at the same two spectral variables
(v,v). Undergoing the procedure mentioned above fijom 1
+ mto M — m, the MW2D correlation spectrum matria-

(v,1), based on an autocorrelation spectrum, can be obtained

conveniently. The MW2D correlation spectrum based on an

autocorrelation spectrum describes the variance of a spectral
intensity change induced by an external perturbation (e.g.,

temperature).

For the MW2D correlation spectrum based on a slice
spectrum, each rowe(v,lj)) of synchronous MW2D cor-
relation spectrum matrix, as well as each rd@u((,l;)) of
asynchronous MW2D correlation spectrum matrix, is extracted
from a fixed row of ®; and W; matrixes, respectively, for
example,v, = vt In this case®(v,vr) and Wj(v,vs) are used.
Likewise, for the sliding window position frojm= 1 + mto
M — m, Qq(v,1) andQy(v,l) matrixes are obtained easily. The

MW?2D correlation spectrum based on a slice spectrum can
distinguish synchronous and asynchronous correlations between

C—H asymmetry stretching of fundamental chairCH,—
C—H symmetry stretching of fundamental chainCH,—
Vog(B1) framework vibration of the side benzene ring
overtone or combination vibration of the side benzene ring
Voa(A1) framework vibration of the side benzene ring
overtone or combination vibration of the side benzene ring
overtone or combination vibration of the side benzene ring

vibration of the helical structure in crystals
vsa(A1) vibration of the side benzene ring
v'15(B1) vibration of the side benzene ring
=C—H bending vibration of side benzene ring

=C—H bending vibration of side benzene ring

4, Results and Discussion

There are several bands of the IR spectrum of SEBS that are
of interest to our study. The IR spectrum of SEBS is the
overlapping of S block (atactic polystyrene) and EB block (poly-
(ethyleneeo-1-butene)) IR spectra (not displayed here). Ac-
cording to the literaturé’/—47 the bands assignment of SEBS
spectrum are summarized in Table 1.

4.1. Weak Crystalline Melting of EB Block. The normalized
temperature-dependent IR spectra in the-7&00 cnt?! region
of SEBS are shown in Figure 3 (3@66 °C). For clarity, the
whole spectra are not shown. The thick spectrum curve is the
first collected spectrum (at 3TW). The peaks at 700 and 762
cm! are assigned to tireeC—H bending vibration of the side
benzene ring of S block. It can be observed from Figure 3 that
the peak at 762 cni shifts to lower wavenumbers and the
intensity at peak 700 cm decreases as the temperature
increases; The peak at 721 cthassigned to-CH,— rocking
vibration of EB block decreases explicitly from an obvious peak
to a straight line.

Figure 4 shows the MW2D correlation spectrum based on
autocorrelation calculations in the 78670 cn1! region. At
48 °C, three positive correlation intensity peaks are observed.
As mentioned above, 721 crhis assigned to the €H rocking
vibration of the —CH,— of EB block. It indicates that the
extraordinary weak crystalline of EB block of SEBS melts at
48 °C. Generally, the weak crystalline of -(GHCH,)-, of EB
block should exist in continuous phase (soft block EB), and
therefore it has no relation with disperse phase (hard block S).
However, at 48C, the correlation intensity peaks at 700dm

4

Absorbance

0 4
780

740 720 700 680

Wavenumber (cm"}

760

spectral variables and perturbation variables; however, the Figure 3. Normalized temperature-dependent IR spectra in the-780

selection of the fixeds is very important in regards to the system
under investigation.

670 cntt region of SEBS (36166 °C). The thick spectrum curve is
the first collected spectrum (at 3C).
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temperature of EB weak crystas#8-51 These studies showed
Figure 4. MW2D correlation spectrum based on autocorrelation that because of incompleteness of the weak crystals, the melting
calculated from the temperature-dependent IR spectra of SEBS (30 temperature of the w_eak cry_stals deceases with the content of
166 °C) in the region 786670 cnT™. The curve in the top rectangle ~ the ethyl branches increasing. When the number of ethyl
is a corresponding static IR spectrum of SEBS. The contour levels branches per 1000 backbone C atoms is withir-45, with
represent the projection of MW2D correlation intensity. The horizontal respect to the difference of samples and experimental
dashed lines correspond to the temperature point at 48 andd.20  ¢ongitions, the measurement value of these studies ranges from

Wavenumber (cm™)

respectively. 25 to 55°C. The EB block of G1657 has 71 ethyl branches per
Phase interface 1000 backbone C atoms; apparently,“48obtained from the
Disperse phase Continuous phase MW2D correlation spectrum is within the range mentioned

above. The melting temperature of EB weak crystals reported
by Jokela (DSC measuremetitls 47°C, and this value is close
to our result.

4.2. The Glass Transition of the S Block.As shown in
Figure 4, around 12€C, two positive correlation intensity peaks
are observed at 700 and 687 chwhich are assigned to the
=C—H bending vibration of the side benzene ring of S block.
It is obviously a consequence of the S block glass transition. It
is known that the classical glass transition temperature of atactic
polystyrene is about 100 5253 As a matter of fact, the S block
of SEBS is also the atactic polystyrene (but monodispersity).
Why is the glass transition temperature of S block measured
by MW2D around 120°C and not at 100°C? This can be
explained as follows. The glass state of random polymers is
| thermodynamic nonequilibrium and time-dependent, and there-
Figure 5. Sketch map of SEBS and the ambient temperature is below fore, it is easily influenced by measuring conditions (heating
40°C. The dashed lines represent polystyrene (PS) and the solid linesspeed, scanning frequency). Near the glass transition, the value
represent poly(ethylenes-1-butene) (EB), respectively. The solid round change of some physical quantities (heat absorption capacity,

dots stand for chemical joint between polystyrene and poly(ethylene- - - .
co-1-butene). The small rectangle boxes, through which are drilled by M0dulus of elasticity, thermal coefficient of expansion, and so

EB molecular chains, stand for the very weak crystalline in EB. The ©0n) of random polymers occurs accidentally, and therefore the
center area between two vertical heavy lines is the phase interface. different test methods (DSC, DMTA and so on) collect the value

change of the different physical quantities. Moreover, the
and 762 cm? assigned to the=C—H bending vibration of the temperature response speed of each physical quantity also has
side benzene ring of S block appear simultaneously. It can bedistinctness. Therefore, the measurement values of glass transi-
speculated that a few of the polystyrene chain segments surroundion temperature always have differences due to the different
some weak crystalline domain of EB block. The unique location, test methods and measuring conditions. In this study, first, the
which meets the condition mentioned above, is the interface dipole movement variation of SEBS chains (with the temper-
between the S and EB blocks. This phase interface is aature increasing) is revealed by MW2D. Second, the response
transitional region, and therefore the chain segment of S andspeed of the dipole movement is also different at the different
EB block coexist. During the extraordinary weak crystalline of heating speed. It is estimated that changing the measuring
EB block melting within phase interface, the chain segment of conditions, for example, decreasing the heating speed, will yield
S block around weak crystalline is influenced. Of course, this a similar value (to compare with DSC or DMTA).
type of weak crystalline comes into existence within phase The normalized temperature-dependent IR spectra in the
interface and continuous phase simultaneously. Figure 5 il- 1500-1350 cnT? region are shown in Figure 6 (3066 °C).
lustrates the state of the interface and the ambient temperaturd-or clarity, the whole spectra are not shown. The thick spectrum
is below 40°C. It can be easily explained why at 700, 721, and curve is the first collected spectrum (at 30).
762 cnt! the positive correlation intensity peaks appear atthe  The peaks at 1461 crdand 1378 cm! require special
same time. Recently, some researchers have studied the meltingttention. The former is assigned to the- B bending vibration

N Vg \ A
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Figure 7. MW2D correlation spectrum based on autocorrelation
calculated from the temperature-dependent IR spectra of SEBS (30 =
166°C) in the region 15001350 cnt?. The curve in the top rectangle / e
is a corresponding static IR spectrum of SEBS. The contour levels ,,r" 1461 \.\ i}
represent the projection of MW2D correlation intensity. The horizontal {554 o [i3re—
dashed lines correspond to the temperature point at 48 and@,20 (b) Qy =
respectively. -
of —CH,— of the EB block and the latter is assigned to the il = 120°C
C—H bending vibration of—~CHs of the ethyl branches of the g 16 St
EB block. Figure 7 shows the MW2D correlation spectrum £ ! & (%
based on autocorrelation calculations in the 50850 cnt? K ik
region. It can be observed that a positive intensity peak at 1461 é
cm! appears at 48C, and this intensity corresponds to the & 78 fe
intensity at 721 cm! in Figure 4. Both of them indicate the -
melting of extraordinary weak crystals ef(CH,—CH,)— of
the EB block. However, we found that, around 223 the bands il
at 687 and 700 crt assigned to the S block, as well as the i )i%,_
bands at 1461 and 1378 cfassigned to th 40 -
gned to the EB block, show 1500 1450 1400 1350

the maximum positive correlation intensity peaks (Figures 4 and

7). As discussed above, SEBS (G1657) is a type of phase_. ) .

. . S Figure 8. MW2D correlation spectra based on a slice spectrum
Sepa_re_ltlon blopk copolymer and a phase interface exist in thecalculated from the temperature-dependent IR spectra of SEBS (30
transitional region between EB and S block. It can be speculated166 °C) in the region 15061350 cnt. The contour levels represent
that, within this interface, the movement of the chain segment the projection of MW2D correlation intensity. The horizontal dashed

of S block will drive the chain segment of EB block to move. lines correspond to the temperature point at 48 and°@2 he filled
In order to reveal the mechanism of the phenomenon and unfilled areas correspond to the positive and the negative correlation

. . intensity, respectively. The slice poimt,= 700 cnT?, which is assigned
mentioned above, the MW2D correlation spectrum, based on ato the=C—H bending vibration of the side benzene ring of S block.

slice spectrum in the 15601350 cnt? region, was calculated.  Key: (a) synchronous MW2D correlation spectrum; (b) asynchronous
The slice point: ¢ = 700 cnT?, assigned to the=C—H bending MW2D correlation spectrum.

vibration of the side benzene ring of S block, and other

parameters are all the same as section 2.3. Parts a and b of Figurehemical structure, the chain segment movement of S block
8 show the synchronous MW2D correlation spectrum and the drives the chain segment of EB block to move within the
asynchronous MW2D correlation spectrum. The filled and interface. At the same time, the area of the interface broadens
unfilled areas correspond to the positive and the negative and the chemical joints initiate the deviation from the equilib-
correlation intensity, respectively. Figure 8a is similar to Figure rium position. Furthermore, the resistance force of chain segment
7, and Figure 8b is nosier than Figure 8a. Around 120 as interdiffusion between S and EB block reaches a maximum.
shown in Figure 8, parts a and 8¢ (1461 cm?, 120°C) > (4) When the temperature keeps on increasing, the resistance
0, Qu(1461 cn?, 120°C) < 0 andQq (1378 cnil, 120°C) force of chain segment diffusion (within the interface) gradually
> 0, Qy(1378 cnt?, 120°C) < 0. According to the rules given ~ decreases, and the area of the interface broadens further (until
by Noda the intensity changes at bands 1461 and 1378'cm it is stabilized). Meanwhile, the chain segment of EB block,
occur after the changes at 700 ©inThis indicates that the  Which is close to the interface, is driven to move and enters
chain segment movement of S block does indeed occur beforeinto the interface. Figure 9 illustrates the state of the phase
that of EB block during S block glass transition. The probable interface during the glass transition of the S block.
mechanism can be expressed as follows. (1) At the onset of the 4.3. The Polystyrene Fundamental Chains of the Disperse

S block glass transition, some chain segment of S block initiate Phase (S Block) Center Initiating a Complete Move.The
movement. (2) When the temperature increases, this kind of normalized temperature-dependent IR spectra in the-3R800
increased movement gradually spreads to the phase interfacem™ region are shown in Figure 10 (3166 °C). The peak at
between S and EB block. (3) Due to the connection of the 2960 cnt! is assigned to the €H asymmetry stretching

Wavenumber (cm'l)
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Figure 9. Sketch map of SEBS during the glass transition of S block. The dashed lines represent polystyrene (PS) and the solid lines represent
poly(ethyleneso-1-butene) (EB). The solid round dots stand for chemical joint between polystyrene and poly(etioylebhetene). The big and

small arrows show the movement direction of chain segment of S block and that of EB block, respectively. Key: (a) temperature below glass

transition; (b) onset of glass transition; (c) increased movement of S block spreading to the interface; (d) chain segment movement of S block
driveing the chain segment of EB block to move within the interface with the area of the interface broadening; (e) interface broadening further,

meanwhile, the chain segment of EB block which is close to the interface is driven to move and enters into the interface.
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Figure 10. Normalized temperature-dependent IR spectra in the-3000 B O @ """""
2800 cnm? region of SEBS (36166 °C). The thick spectrum curve is 403000 2932 2866 2800

the first collected spectrum (at 3C).

vibration of —CHjs of ethyl branches of EB block. The peaks at
2923 cnt! and 2852 cm? are assigned to the-&H asymmetry
and symmetry stretching vibration efCH,—, both in EB and

S block fundamental chains.

Figure 11 shows the MW2D correlation spectrum based on

autocorrelation calculations in the 3002800 cn1? region. It
can be observed that, at 2923 and 2852 %itwo weak positive
correlation intensity peaks appear at’48and they correspond
to the melting of extraordinary weak crystals-ofCH,—CH,)—n

Wavenumber (l:m")

Figure 11. MW2D correlation spectrum based on autocorrelation
calculated from the temperature-dependent IR spectra of SEBS (30
166°C) in the region 30062800 cnT®. The curve in the top rectangle

is a corresponding static IR spectrum of SEBS. The contour levels
represent the projection of MW2D correlation intensity. The horizontal
dashed lines correspond to the temperature points at 48, 120, and
142°C.

on the KBr disk was cast from the cyclohexane solution and
it was dried for only 60 min at 70C. The heating time (30
166 °C) was also only 27.2 min. Thus, in our experimental

of the EB block. The other results are the same as discussed ircondition, the OOT reported by Krishnamoorti group seems

sectiors 4.1 and 4.2. However, around 132 a weak positive
correlation intensity peak is observed at 2923 &nKrish-
namoorti group*>6 reported the “worm like” cylinder-to-sphere
order—order transition (OOT) of SEBS was within 135341

°C. However, in their study the annealing time spent by OOT
reached 2472 h. In our experiment, the SEBS film sample

impossible. The correlation intensity peak at 142 has its
origins from the movement of CH,— of fundamental chains;
we prefer to assign it to the movement-eCH,— of S block
fundamental chains at this high temperature.

From this viewpoint, the transition mechanism of SEBS at
142 °C may be similar to the one mentioned above: the
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155 =

116

Temperature ("C)

Figure 12. At 142°C, a fraction of disperse phase (S block) of SEBS
deform from incomplete shape to sphere through the polystyrene

<y
: . L 40

fundamental chain movements and the conformation modifications. The 1300 1250 1200 1150

dashed lines represent the polystyrene fundamental chains. The straight

arrows and the arc-shaped arrows represent the motion direction and

the conformation modifications direction of polystyrene fundamental Figure 14. MW2D correlation spectrum based on autocorrelation
chains, respectively. calculated from the temperature-dependent IR spectra of SEBS (30

Wavenumber (l:m'I )

166°C) in the region 13081150 cn1®. The curve in the top rectangle

e = is a corresponding static IR spectrum of SEBS. The contour levels

/.,-’ R < represent the projection of MW2D correlation intensity. The horizontal
R 1600 Fsg}'@aﬁﬁi dashed lines correspond to the temperature point at 72 arftC80

5

1'15&% respectively. All the bands are assigned to the side benzene ring of S

185 block.

(Figure 13). This indicates that the local structure of S block
proceeds relaxation movement arounc®@2 This phenomenon

Gﬂg___‘_’_‘!ff{____ _________________________ is also called the relaxation below the glass transitiof In

= this study, we found that the movement of the side benzene
Ei ring of S block brings this type of heat enthalpy relaxation.
£ Moreover, the movement is only confined to the framework
g vibration of the side benzene ring. Hence, around®Z2the

= positive intensity is never observed at all in Figures 4, 7, and

-~
@

11.
Here, the assignment of 1594 and 1568 ¢mshould be
discussed in detail. Recently, Paul Paifitéras employed IR

e = and the peak-fit method to investigate vibration relaxation of
40 atactic polystyrene. They reported two new bands at 1594 and
1625 1602 1581 1560 1575 cnr! which are assigned to the overtone or combination

Wavenumber (cm”) vibration of the side benzene ring. In their research, the peak at

Figure 13. MW2D correlation spectrum based on autocorrelation 1575 cnt!was extraordinary weak, but in order to gain a good
iggy'caﬁt?r?t{]rg':;t?gﬂ?g};{g‘ég%%‘ip%g‘fé‘l}rl/'?e spectra Ofresc'f;s |§0 curve fit, this band cannot be omitted, In this study, we also
is a correspon%ing static IR spéctrum of SEBS. F%he co%tour found these two bands at 1594 and 1575 &in Figure 13.
levels represent the projection of MW2D correlation intensity. The Besides, a new band at 1568 thwas observed. As the
horizontal dashed lines correspond to the temperature point at 48, 72,temperature increases from 48 to °R2, the peaks at 1575 and
and 120°C. All the bands are assigned to the side benzene ring of the 1565 cnT! merge into one peak at 1568 chnThere is no doubt
S block. that the peak at 1568 crhshould be assigned to the overtone
polystyrene fundamental chains, in a fraction of disperse phaseor combination vibration of the side benzene ring of S block.
(S block) center, begin to move entirely, and therefore through As discussed above, the MW2D correlation spectrum has high
the polystyrene fundamental chain movements and the freeresolution to determine new bands.
conformation modifications, a fraction of the disperse phase Figure 14 shows the MW2D correlation spectrum based on
deforms from an incomplete shape to a sphere (Figure 12). Theautocorrelation calculations in the 1300150 cn1? region. The
temperature, at 142C, can be explained as the polystyrene peaks at 1195 and 1157 cfnare assigned to the framework
fundamental chains of disperse phase (S block) center initiatingvibration of the side benzene ring of S block. At 80, two
to completely move. This corresponds to the entirely viscous positive correlation intensity peaks at 1195 and 1157 ‘cane
flow temperature of the fundamental chains of the S block.  observed and this also indicates the local structure relaxation
4.4. The Heat Enthalpy Relaxation of S BlockFigure 13 movement of S block. What calls for special attention is that,
shows the MW2D correlation spectrum based on autocorrelationat 72°C, a maximum positive correlation intensity peak at 1263
calculations in the 16251560 cnt? region. The peaks at 1600, cm! is observed in Figure 14. The peak at 1263 énwas
1594, and 1568 cnt are of interest to us. The 1600, 1594, and found to appear in the crystalline state and also the gel state of
1568 cnt! peaks are assigned to the framework vibration of isotactic polystyrene; however, it did not appear in the amor-
the side benzene ring of S block. Around 7€, positive phous state of isotactic polystyretfe?® Thus, some researchers
correlation intensity at 1600, 1594, and 1568 énvas observed consider the peak at 1263 cito be the helical structure of
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drives a fraction of the disperse phase to deform from an
incomplete shape to a sphere. This corresponds to the entirely
viscous flow temperature of the fundamental chains of the S
block.

From the discussion of the present study, it can be concluded
that the information, which is revealed by the temperature-
dependent IR combined with MW2D correlation analysis, is
far more fine and complex than that from DSC or other
measurements. Although the investigated subject of MW2D
correlation spectroscopy is microscopic and submicroscopic
molecular dipole movements, the observed results can be easily

40 60 80 100 120 140 160 be concluded to be due the variation of meso or macroscopic

Temperature (°C) physical characteristics of materials. MW2D correlation spec-

Figure 15. DSC curve of SEBS (G1657) from 30 to 17G and the troscopy is the expansion and extension of the generalized two-
heating rate is 16C/min. dimensional correlation method. If the research target of the
] ] ) o ] generalized two-dimensional correlation method is the micro-
isotactic polystyrene crystallirfé:#>This indicates directly that scopic and submicroscopic molecular movement law, then
the very weak crystalline (at least local ordered) exists in the pw2D correlation spectroscopy has become the connection
amorphous S block of SEBS and this kind of weak crystalline ponveen the microscopic law and the variation law of the
melts at 72C. Some researchéfdound the peak at 1263 cth macroscopic physical characteristics. As far as this statement
appeared in the IR spectrum of the monodisperse freeze-driedis concerned, MW2D correlation spectroscopy is significant.
atactic polystyrene. In fact, S block of SEBS is also monodis- Recently, Ozaki and Noda have introduced perturbation-
perse. We conclude that not only heat enthalpy relaxation of S o relation moving-window two-dimensional correlation spec-
block, but also the melting of the weak crystalline of S block is troscopy (PCMW2D$5:6061 which is a further extension of
at 72°C. MW2D.

4.5. To Compare with DSC Measurement of SEBS Because of the limitation of the temperature control system
(G1657).Finally, the DSC curve of SEBS (G1657) is Shown i, the |R sample cell, the temperature range of the IR experiment
in Figure 15_. NETCZH DS(_3-204 was used. The heating rate g only from 30 to 166°C in this paper, namely, above room
was EOOC/ min and the experimental temperature range was 30 o mperature. As a matter of fact, the glass transition temperature
170 °C. SEBS sample was protected by dried high-purity ¢ the EB block is from—50 to —60 °C; furthermore, there are
nitrogen gas during measurement. From 30 to 1¢0there  go\era| secondary transitions about the S block belo¥C.0
are two endothermic peaks observed, 47 antB9espectively.  \ye pelieve, if the experimental temperature range is fretf0
The peak at 47C is weak. The former corresponds to the {5 5oc that the molecular chain movements and transitions of
melting of —(CH,—CH,)—, of EB block, the latter corresponds  gggs will be finely elucidated with MW2D correlation
to the heat enthalpy relaxation of S l_)lock, which is_induced by spectroscopy. The method, which is employed in our present
the framework movement of the side benzene ring and the gy,qy can be conveniently transferred to other block copoly-

melting of the very weak crystalline of S block. These WO mers, random copolymers, and homopolymers, and it will be
results are the same as revealed by MW2D correlation spectraia next research target of our research group.

When the experimental temperature is above@pthe DSC

curve of SEBS becomes a sloping straight line, and therefore  acknowledgment. This work was supported by the SEBS
the glass transition temperature of S block cannot be determinedysicrostructure Optimization Project (J404003, 05H238) of
as well as other information. Because the ratio of soft/hard in Baling Petrochemical Industry Co., Ltd., of China Sinopec. This
G1657 is 87/13 (weight), the indetermination of glass transition qrk was also supported by the Chinese National Programs for

temperature of S block is reasonablé?We repeated the DSC  hjigh Technology Research and Development (2003AA333020).
measurement three times, and the results were uniform.
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