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Shear-Induced Conformational Ordering in the chains, while Terentjev's group presented experimental and
Melt of Isotactic Polypropylene theoretic work for the case of a netwd®Z® However, in spite

of its importance for synthetic polymers a few theoretic and
Haining An,"* Baijin Zhao,* Zhe Ma,"* experimental contributions have been dedicated so far to shear-
Chunguang Shaof Xiao Wang,* Yapeng Fangt induced conformational order in the polymer mi#lt.
Liangbin Li,* # and Zhongming Li" In this work, the typical synthetic polymer isotactic polypro-
College of Polymer Science and Engineering and State Key pylene (ipp.) has'been u§§d asa model system tq study the shear-
Laboratory of Polymer Materials Engineering, Sichuan |nduceq coit-helix tran_S|t|o_n in the melt. In fact, |P_P adopts a
University, Chengdu, China, and National Synchrotron 3/1 helical conformation in the ordered (crystalline) sfate.
Radiation Lab and Department of Polymer Science and Because of its simplicity, the cotlhelix transition of iPP is an
Engineering, Uniersity of Science and Technology of China, ideal system to serve as “background” for biopolymers in which
Hefei, China more complex interactions (hydrogen bonding, column interac-

. tions, hydrophobicity) take place. We have used Fourier-
EZj:‘e)Zdl\/'\l/!a an)ijsi,:rizp?tolzeceﬂé d May 23, 2007 transform infrared (FTIR) spectroscopy to follow the ediklix
’ transition induced by shear because knowledge about the

Introduction. Flow-induced order and crystallization of  relationship between the helical length of iPP fragments and
polymers are fundamental (but poorly understood) nonequilib- certain absorption bands in infrared spectra has been well
rium properties of these systems. As moreover flow fields are documented? 34 Our results indicate that a shear field leads
inevitably applied during polymer processing, the development to an increase of both the concentration and the length of the
of order under such conditions has attracted considerableneglices in the iPP melt.

interestl-2 Polymer ordering comprises intermolecular positional Experimental Section. High-molecular-mass iPP, supplied
and orientational order as well as intramolecular conformational by SABIC-Europe, had a melt flow index about 0.3 g/10 min
order. Unlike in the state of a perfect crystal, in general these 530°c/2.16 kg, ASTM D1238) and an averalys andM,, of
ordering processes are not necessarily coupled to each3other.gp 4t 150 and 720 kg/mol, respectively. The melting point was
Conformationally disordered crystals provide well-known ex- 5round 165°C. For the shear experiments iPP discs were
amplis of intermolecular order without full conformational yrenared from the pellets as received as well as powder extracted
order? In contrast, conformational order without accompanying anq washed from xylene solution with acetone. No difference
intermolecular positional order is frequently found in natural s found between these two starting materials.

polymers such as the-helix of proteins rather than in syntheti_c To impose a shear field, a homemade parallel plate cell was
_polymers5.v6 These_ two types of order can b_e p_roperly studied employed driven by a servomotor. Two ZnSe plates were used
independently during shear-induced crystallization of polymers, as IR windows enclosing an iPP sample of 360 thickness

provided the intermolecular and intramolecular order can be The samples were first heated up to 2ZDfor 5 min to erase
delgou_pleq[h t half N t deal of hh possible memory effects, then cooled down to the required

uring the past hall a century, a great deai of researc astemperature'l's, and held for 15 min before imposing the shear.
beep dedicated to shear-lndgced crystallization of polyﬁTéFs. The shear rate and strain were 14 and 1400%, respectively.
During the past _decade time-resolved X-_ray scattering at |, gy |R spectra were collected over a wavenumber range of
synchrotron facilities has led to new observations and insfght. 750-1550 cnt! using a Bruker IFS66V/S FTIR spectrometer
In particular, information has been reported about Precursors, . - resolution of 4 cmt. The intensities given refer to the

of crystallization both under shear and at quiescent conditions, : . . S .
whicil] concerns intermolecular order like gensit fluctustion peak height after baseline subtraction, and the relative intensity
y had been normalized.

rather than intramolecular order. The importance of intramo- Results. Isothermal crvstallization of iPP has been studied
lecular order has been emphasized in more recent models forwith IR to {nvesti ate th(;yevolution of helical sequences. Figure
polymer crystallization at quiescent conditici4s?? The idea 9 d -9

of spinodal-assisted crystallization of polymers assumes that aﬁaglsvev)vshg]: tLIR;Sspaenitr;c:/]:/;r]seig;:?rg)llirm;gﬁ;f: ;t%f(r)erent
liquid—liquid phase separation originates from differences in P Y

conformational order of various chain segmefit$he muilti-
stage process proposed by Stfdldoes not specifically rely
on molecular information, but conformational ordering must be

a necessary step for the proposed intermediate mesophas

formation.
Flow or stretch-induced conformational order of natural

polymers has gained considerable attention due to their char-
acteristic structures and related biological functions, in contrast
to their synthetic counterparts. Mechanical stretching can induce

a coil-helix transition in a single molecule and in a network
environmen€3~25 Tamashiré® and Buhot”?8 formulated a
theoretical framework based on a block copolymer model of a
single molecule without cooperative interactions among the
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This relatively high temperature was chosen because of the long
induction period before crystallization. This allowed
following at the same temperature also the IR bands after shear.
he IR bands at 940, 1220, 1167, 1303, 1330, 841, 998, 900,
08, 1100, and 973 cm correspond to helical structures with
degree of order from high to low, and the minimunvalues
for appearance of bands at 973, 998, 841, and 1220 ame
5, 10, 12, and 14 monomers in helical sequences, respec-
tively.32:33
Before the onset of crystallization, some regular bands (in
particular those at 973, 1100, 998, 808, and 900 §nare
present, indicating the existence of short helices in the melt.
Upon crystallization the length of the helices grows with time
while the corresponding IR intensity also increases. As soon as
the 841 cm?! band appearsn(~ 12), also other bands
corresponding to long helices emerge successively (1330, 1303,
1167, 1220, and 940 cm). Figure 1b gives the variation with
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Figure 1. (a) IR spectra of iPP during crystallization at 14Dat quiescent condition and (b) normalized relative intensities of different conformational
bands vs crystallization time.
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Figure 2. (a) IR spectra of iPP before and after shear at 3@0and (b) normalized relative intensities of different conformational bands vs
crystallization time.

time of the normalized absorption intensities of some selected 1100
conformational bands. ’ 1.0
Now we come to the effect of shear, which is introduced 15
min after reaching the crystallization temperature of @0
From Figure 1b we know that during this period hardly any .z 0.5
change occurs: crystallization does not appear until after 240 998
min. Figure 2a gives the IR spectra before and directly after 0.0
0

shearing and Figure 2b the resulting normalized absorption

intensities of several selected bands. Shear leads to a sharp 75‘ 150 225 300
increase in intensity of these bands, revealing a strong enhance- time (min)

ment of the corresponding long helices by imposing the flow Figure 3. Normalized relative intensities of different conformational
field. The increase of intensity is attributed to the increase of bands vs crystallization time at 15€.

helical population rather than helical orientation, since the

Relative Intensity

conformational bands with a polarization direction parallel and B

perpendicular to helix axis all show an increase of intensity after z

shear® Following this stepwise shear-induced increase of 8 1.0 1100
intensities, a further increase of absorption indicates the onset =

of crystallization. The longer helices induced by the shear serve 20.5

as the precursor structures for crystallization, resulting in a %

shortening of the crystallization time from 20 h (quiescent) to -4 0.0 998

100 min (shear). 1015 20 25 30

Shear-induced conformational order is also observed at higher . .
temperatures but with a somewhat different behavior. Figure 3 time (min)
gives the variation of the normalized intensities of two bands Figure 4. Normalized relative intensities of different conformational
(1100 and 998 cmi) with time before and after shear at bands vs crystallization time before and after shear at°t85
156 °C. They were chosen because of the possibility of a
quantitative analysis, which was less evident for other confor- kinetics. Helices with about 6 monomers, represented by the
mational bands. The intensity of the vibration bands shows an 1100 cnT* band, have a larger response to shear and a slower
inflection point that can be understood on the basis of the relaxation rate than the longer helix (10 monomers) conforma-
competition of “melting” of the helical structures and crystal- tional band at 998 cmi. It gives further evidence that intensity
lization of the polymer. This phenomenon can be further change upon shear is mainly arising from helical population
extended to h|ghe|’ temperatures below the me]ting point_ The rather than the helix orientation, as orientation of IOng helices
induced structure relaxes at a time scale of tens of minutes.has a larger response to shear and slower relaxation rate.
Before returning fully to the initial value, the intensity changes At temperatures above the melting point, shear can still induce
slope and increases again due to crystallization. The variousconformational ordering. Figure 4 gives the normalized intensi-
conformational bands show somewhat different relaxation ties of two bands before and after shear at 185A slightly
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Figure 5. IR spectra of iPP in the range of 105880 cm! before and just after shear (15 min) at the temperature indicated.
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Figure 6. Schematic picture of the three different aspects of the shear-induce¢hetit transition.

decrease in intensity is observed in the first 15 min, which may which can diffuse along molecular chain without energy
be due to thermal degradation at the high temperature asbarriers” Short helices with the same chirality can do so easily
evidenced by the appearance 60 absorption band at 1716  without the need of reversing their direction. Combining right-
cm~L. Imposing shear leads to an increase of intensity followed or left-handed helices would be more difficult because of the
by a relatively fast relaxation. The temperature effect on the energy barrier that must be overcofieshear field drives the
shear-induced conformational ordering is further illustrated in molecular chains deviated from the ideal random coil state and
Figure 5, in which intensities before and just after imposing consequently reduces the entropy to promote the—twlix

shear are highlighted for the range of 16580 cnT! at 140, transition through the above three approaches.
156, and 185C. At 140°C enhancement of the intensity after The molecular picture of the shear-induced conformational
shear is clearly observed at 998 th{n ~ 10) and 841 cm! ordering given above can also be understood following Ter-

(n~ 12), which effect becomes increasingly smaller at 156 and entjev’s theory for stretching-induced cethelix transition in
185 °C. The difference between low and high temperatures a network, which is an extension of the description for a single
shows that shear increases the concentration of long heliceschain26-2939as a transient network exists in the polymer melt
which effect is weaker at higher temperatures. through chain entanglement. The essential idea is that an external
Discussion.The experimental results clearly demonstrate that field reduces the entropy of random coil segments by extending
shear can induce an increase of both the length and thethe chains and subsequently shifts the balance of the-kelix
concentration of helices in the melt of iPP. How does this equilibrium in the direction of helix formation. However, this
process occur? Three possible mechanisms of shear-induceds a thermodynamic approach, which may not be fully appropri-
conformational ordering are schematically illustrated in Figure ate for the hydrodynamic issue of shear. The thermodynamic
6. Theoretical considerations concerning the-ebilix transi- approach may be adequate to explain two (nucleation and
tion3® distinguish two elementary steps: the rate-limiting propagation) of the three mechanisms for the shear-induced
formation of the first helical turn (nucleation) followed by fast coil—helix transition, while the hydrodynamic effect certainly
addition of helical residues to its ends (propagation). As some plays an important role in the incorporation of two short helices.
short helices already exist in the iPP melt, the first possibility = Once induced by the shear, the long helixes can (i) relax back
to form of long helices by shear is direct growth on the short to initial state or (i) grow and align, inducing subsequent
ones. The helical structure can propagate from both sides ofcrystallization. Figure 5 indicates that for the same shear field
the short helices without primary nucleation. The second the shear-induced conformational ordering is more pronounced
possibility is to generate helices through nucleation and growth. at low temperatures. As the long helices are obtained through
Without such primary nucleation the short helices would be a nonequilibrium process, they will naturally relax back to their
consumed by the formation of longer ones, leading to a decreaseoriginal state after withdrawing the external field. Higher
of their concentration. As all conformational bands show an temperatures corresponding to a larger superheating drive faster
increased intensity after shear, we can safely conclude thatmelt kinetics of the long helices (see Figures 3 and 4). The
nucleation does happen. In addition to nucleation and growth relaxation time of the long helices varies from tens of minutes
and subsequent propagation, a third possibility for the formation at 156°C to several minutes at 18%. In the melt (185°C),
of long helices is by merging two shorter ones (incorporation), the time scale is significantly larger than the Rouse time of iPP
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but of the same order of the reptation time. The relaxation time (50503015) as well as the “One hundred talent scientist’
in the supercooled melt is even longer than the reptation time, program of the Chinese Academy of Science and the “985”
which may be related to the lifetime of shear-induced precursor program from the Minister of Education. The research is also
for crystallization. The shear-induced conformational order with in part supported by the Opening Project of the State Key
the involvement of enthalpy may explain the precursor with Laboratory of Polymer Materials Engineering (Sichuan Uni-

the lifetime beyond the reptation time which is driven by entropy versity).

alone.

When at low temperatures after shearing subsequently Reéferences and Notes

crystallization occurs, the long helices are obviously stabilized.
What kind of relationship could exist between the shear-induced
coil—helix transition and shear-induced crystallization? As
mentioned in the Introduction, comparisons of intermolecular
ordering and shear-induced intramolecular ordering are scarce
in the literature. Conformational ordering is a necessary step
for polymer crystallization. Zhu et &F suggested that helical
sequences with monomer numbers of at least 12 are critical for
the onset of shear-induced crystallization. At large supercooling
(140 °C) imposing shear immediately indeed leads to the
creation of such long helices (represented by the 841lcm
band). Crystallization follows this ordering process within 1 min.
Hence, at this temperature shear-induced conformational order-
ing seems to trigger subsequent crystallization. However, from
our results we cannot distinguish between any effect on crystal
nucleation of longer helices and of a larger concentration of
shorter helices.

At higher temperatures (158C), after imposing shear the
intensity enhancement of the 841 cthband is not as clear as
that at 140°C, though some effect cannot be excluded (Figure
5). Subsequently, the long helices relax for about 13 min before
crystallization picks up the ordering process. At this point the
concentration of long helices (10 monomers) is still larger than

under quiescent conditions at the same temperature. This implies

that shear-induced conformational ordering still plays a role at
the crystallization. However, if concentration and length of the
helical sequences were the only critical parameters for crystal-
lization, one would expect iPP crystallization to occur directly

after shearing when these parameters are larger than after some

relaxation. The occurrence of crystallization after some relax-
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Conclusions.In-situ FTIR measurements reveal that confor-
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