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ABSTRACT: We examined the kinetics of the transformation from the lamellar (LAM) to the hexagonally packed
cylinder (HEX) phase for the triblock copolymer, polystyrémpely (ethyleneco-butylene)b-polystyrene (SEBS)

in dibutyl phthalate (DBP), a selective solvent for polystyrene (PS), using time-resolved small-angle X-ray scattering
(SAXS). We observe the HEX phase with the EB block in the cores at a lower temperature than that observed
for the LAM phase due to the solvent selectivity of DBP for the PS block. Analysis of the SAXS data for a deep
temperature quench well below the LAMHEX transition shows that the transformation occurs in a one-step
process. We calculate the scattering using a geometric model of rippled layers with adjacent layers totally out of
phase during the transformation. The agreement of the calculations with the data further supports the continuous
transformation mechanism from the LAM to HEX for a deep quench. In contrast, for a shallow quench close to
the order-order transition, we find agreement with a two-step nucleation and growth mechanism.

Introduction during the transition. In this way, the transformation of the LAM
Block copolymers exhibit well-known microdomain struc- {0 the HEX is a single-step process. On the other hand, Hajduk
turest*including classic equilibrium phases of lamellar (LAM), €t al*® employed the TEM technique to visualize the LAM to
hexagonally packed cylinder (HEX), body-centered-cubic and HEX transition and observed lamellae in the LAM phase to
face-centered-cubic, and more unusual mesophases of gyroid’reak into cylinders randomly and rearrange into the HEX
and hexagonally perforated lamellar (HPL). The morphology Structure. Using a model with anisotropic fluctuations, Laradii
of the block copolymer depends on the composition, incompat- €t al?? simulated this transition and concluded that adjacent
ibility of the two blocks, molecular weight, and temperattré. lamellae are not correlated. If this holds true, the LAM to the
In the case of block copolymers in selective solvents, the HEX transformation is a two-step process. Although it is a
morphology also depends on the volume concentration and thesimple geometric model, surprisingly, no one has tried to

selectivity of the solvents. calculate the scattering of the model to validate these results
There have been many studies on the phase behavior of blockrom SAXS data.
copolymers:3>°The transition between the LAM and HEX To the best of our knowledge, there is no study of the kinetics

phases of block copolymer melts has been extensively studiedf the |LAM to HEX transformation in a block copolymer in a
using small-angle X-ray scattering (SAXS) and transmission ge|ective solvent. Previous studies on the kinetics in melts have
electron microscopy (TEM) techniqués'® The transition from  yoq, reported19 In this paper, we present a time-resolved
the LAM and HEX phases to an intermediate perforated HPL gy g study of the LAM to HEX transformation in the triblock
mesophase has also been examined using TEM and SAXS. copolymer of polystyrené-poly(ethyleneeo-butylene)b-poly-
Mhost oLthesle sl;[udles Idealt W|thI dl?lock ?qopolymerhmelts and styrene (SEBS) in dibutyl phthalate (DBP), which is a good
Isénvsvzetmateract)lfre Cgﬁg )/tr:;irsfrgre!rrts in?czmtk:eeHLéXM ph ase at a (o ent for the outer polystyrene (PS) blocks. Unlike the block
P phase upon copolymer melts, this solvent selective system transforms from

heating. }
Theoretical models have been developed by several groupsthe LAM phase to the HEX phase upon cooling. The slower

to explain the mechanism of the transformation from the LAM rate of transformation in a cooling jump made it feasible to
to the HEX phasa®2* A commonly accepted model is that examine the kinetics of the LAM to HEX transition by using
the lamellae in the LAM phase break iniio-plane cylinders time-resolved SAXS measurements. We compare the results

and transform into the HEX phase. There are different opinions with a calculation of the scattering using a geometrical model.
on how the lamellae break into cylinders. Hamley et ated . .
Fourier synthesis to reconstruct the transformation from scat- EXPerimental Section
tering images and concluded that the cylinders in adjacent \aterials. The triblock copolymer of SEBS (Shell chemicals,
lamellae are corrfe_lated and_ out of phase; Ql_and \RRft@nd Kraton G1650 with a molecular weightl, 100 kg/mol,
Luo and Yan§* utilized t_he time dependent Ginzburgandau polydispersityM,/M, = 1.05, PS fraction 28 wt %, E:B 1:1)
(TDGL) approach to simulate the LAM to the HEX phase a5 added to DBP (40% wiv), which is selective to outer PS
transition and stated that the adjacent lamellae are correlated|).ys. Methylene chloride (dichloromethane, 99.6%) was added
to the mixture to dissolve the polymer. An antioxidant 2,6-di-
* Author to whom correspondence should be addressed. Email: rb@ tert-butyl-4-methyphenol (BHT), 0.5 wt %, was also added to
bu.edu. e P :
prevent oxidization of the polymer. The mixture was heated at

TBoston University. ] ‘
* Academy of Sciences of the Czech Republic. 100 °C for several hours and shaken till a clear solution was

10.1021/ma071192m CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/18/2007



Macromolecules, Vol. 40, No. 26, 2007 Phase Transition in a Triblock Copolymef483

obtained. Methylene chloride was removed by evaporation until

there was no weight change of the sample over at least 24 h. 2
Small-Angle X-ray Scattering. Time-resolved SAXS experi- 1E8 1 o0y 3

ments were carried out at X27C beamline of the National §>

Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The X-ray wavelength was 0.1366 nm (9.01 keV)
with energy resolution of 1.1%. A two-dimensional (2D) MAR
CCD detector with an array of 1024 1024 was used to record
the scattering pattern. Azimuthal integration of the image was
performed to obtain the scattering intenslig) versus the
scattering vectoq = (4x/1)sin 0, with 26 being the scattering
angle. In our experimental setup with a sample-to-detector
distance of 1.957 m, we coverggrange of 2 nm! with g =0
at the center of the 1024 1024 pixel CCD detector. This sets
the limiting q resolution ofAq per pixel= 0.004 nnt. Details 03 qm’) 0.5 08
of the experimental apparatus including the sample cell, the rig e 1. static SAXS measurements at different temperatures showing
temperature control system, and the data analysis are describe¢he HEX structure at lower temperatures (35, 80, 95, and°Cj@&nd
in previous works from our laboratofy:2° the LAM structure at higher temperature (185). Scattering curves
. at the different temperatures are shifted along the intensity axis (by

Measurements at a fixed value of temperature were used tOgyccessive factors of 10 up to 120 and by 1000 for 158C) to enable
identify the phases of the polymer solution. The time evolution features to be seen clearly. The HEX peaks are labeled in the figure.
of SAXS data was measured following either a temperature gge g‘%e;ﬁ?tgggsni{i;a:g ;’é ciAnésa%%t?h?rtdlg?dizrtrliicl‘\/lre%ngSOfThe
ramp (I'—ramp) or a temperature jumﬁ-{ump).prOtOCOI.T-ramp constant intensity aFt) hi{:;q due to thermal density quctuatioFr)15 has not
SAXS experiments were used to determine the ordeder been subtracted in these plots because the intensity is plotted on a log
transition (OOT) temperatur@-jump experiments crossing the scale.
transition temperature were done to observe the kinetics of the
OOT process. In both measurements, we recorded the scatterindResults and Discussion

pattern for 10 s per framg;_data transfer from the 2D MAR_CCD Identification of LAM and HEX Phases. The phase diagram
array to PC took an additional 7 s/frame. The total duration of ,f SERS in DEP has not been reported in the literature. Since
each run was about -2 h. the focus of our work is on understanding the kinetics, we did
Data Processing and Fitting.We used Matlab for writing not measure a detailed phase diagram but instead examined
all the data processing and fitting programs used to extract peakSAXS from a few samples at different concentrations and
parameters. One-dimensional scattering data were obtained byilemperatures to identify a sample which exhibits a LAM to HEX
azimuthal average of the 2D scattering images. Scattering datalransition. Temperature ramp measurements on samples with
were normalized by the incident beam intensity, which was concentrations of 20, 25, and 30% showed only a HEX structure
continuously monitored. These normalized data were correctedthat transformed to disordered micelles on heating. SEBS in
by subtracting the background and solvent scattering. The DBP at a concentration of 40% exhibited a HEX phase which
scattering data reached a constant intensity at yighe to the ~ transformed to a LAM phase on heating and then became
effects of thermal density fluctuations. After normalization and disordered at still_higher temperatures. All measurements
background subtraction, this constant value was almost un- reported n this paper were madg with this sample at 40%
changed over the temperature range of 1280°C. Jeong et Soncentration. Static X-ray scattering measurements made at

al15 and Sakurai et & treated this effect by subtracting the gmeézlgt dt?gr]21?Ir:;lgisbz;grsehtﬁ\(/evg,lbr\]xizslgmu(r;sl. rAeIrlnseiTtpolzsn ;ver;e
constant from the scattering intensity. We accounted for this . u

. i . thermal equilibrium. The data was signal averaged for 2 min to
constant term in the fitting procedure used to determine the peak S . . - X "
arameters. Because of the verv large data sets analvzed in thiobtam high signal-to-noise ratio. The relative positions of the
P ) ) e very larg yze %ragg peaks in Figure 1 clearly confirm that the sample is in a
work, instead of determining these parameters by visually

. tina the dat d ‘ ted least AM state at 155°C and in a HEX cylinder state at all of the
Inspecting the data, we used an automated least-squares pegg, o temperatures that were measured. This observation of a

fitting procedure using a Gaussian function to describe the peak; ap phase at higher temperature is opposite to the result
shape. The scattering data in the primary peak region was fitted yphseryed with most block copolymer melts, as mentioned in
by adding two Gaussians to extract the peak intensity, position, the |ntroduction section. A melt of a very similar SEBS block
and widths of the two peaks in this region. The error in the copolymer (Shell G1652, 22.7 wt % PS) was examined by Jeong
parameters estimated by the fitting procedure is much smaller gt gJ.15 where they showed the LAM phase to occur at a lower
than the ||m|t|ng resolutiomq set by the finite piXE' size. The temperature than the HEX phasel

peak position is fit to an accuracy of about 0.3% (i.e., less than  cjearly, this difference is related to the differential solvent
0.001 nn?). The width is not equally well determined; it can  selectivity of DBP for the two-component blocks. First, we note
have an error of about-35%. The extracted peak intensity and  that SEBS in DBP forms reverse (or inverted) micelles with
positions agree very well with those observed visually. We note the majority component PEB being in the cores of the segregated
that this is simply a phenomenological procedure to determine domains, which is opposite to the behavior in the melt with the
the time evolution of the peak parameters. To interpret the minority component PS being in the cores. Inverted micelles
scattering in terms of the evolving structure of the block have been reported in SBS in styrene selective solvents by
copolymer, we calculate the scattering using a geometrical modelZhang et af® The phase diagram of a block copolymer in a
with rippled lamellae for describing the transformation between selective solvent is determined by a complex interplay between
LAM and HEX cylinder phases. the effects of solvent selectivity and block incompatibility.
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Figure 2. (a) Time-resolved SAXS data collected during a temperature ramp from 95 téCL&6a rate of °C/min. (b) Several frames in the
g range of 0.23-0.48 nnT! at different temperatures are selected from the data shown in panel a to identify the transition temperature. The OOT
temperature was located around 185 according to this temperature ramp experiment.

Huang and Lodg® showed that it is possible to have a LAM HEX(V1)
phase at higher temperatures than the HEX phase from a self-
consistent mean-field-theory calculation of the phase diagram
for AB diblock copolymer in a solvent selective for B blocks
and poor for A blocks. They found that at a concentration

30% the LAM phase was formed at a higher temperature than
the HEX phase when the fraction of the solvent incompatible
A block fa = 0.7 usingyas = 0.8 andygs = 0.4. Herey denotes

the usual Flory-Huggins parameter between polymer A or B
and solvent S. (See Figure 10 of ref 29). For the SEBS triblock
used in our studyy = 40% and the fraction of the PEB block,
which is in a poor solvent condition, is 0.72. In order to compare
the phase behavior of this sample with the calculations of Huang
and Lodge, we estimate the parameters for the solvent
interaction using the relation betwegrand solubility param-
eters® and obtaif! ypeg-pep &~ 0.62 andyps-pep ~ 0.36. For

the polymer-polymer interaction parameter, we use the ap- Figure 3. The time-evolution of SAXS intensity following &jump

proach of ref 28 and approximate it with the PBB system,  fom 155 to 12¢°C. The triblock copolymer SEBS transformed from
xps—peN = 106 at 120°C.32 With the assumption that a  LAM phase into HEX phase within 20 min.

symmetric ABA triblock can be compared to an AB/2 diblock,

we compare our observation to the calculated result of Huang T-Jump Measurements of Kinetics of LAM—HEX Transi-

and Lodge wherein the LAM is at a higher temperature than tion. To follow the kinetics of the transition from the LAM to
HEX for fa = 0.7,xas = 0.8 andygs = 0.4,¢ = 0.3, andyN the HEX phase, a time-resolved SAXS experiment was carried
= 50. The transition for the 40% SEBS in DBP sample occurs out with a rapidT-jump from 155— 120°C going through the

at somewhat lower values gfs andygs than those given in OOQOT temperature. The temperature reached°@i less than
the calculation, which is not surprising based on the higher 3 min at a quenching rate of about 0Q/s. The scattering data
concentration and the other simplifying approximations used is plotted in Figure 3, showing the LAM to HEX phase
in the present study. It is also worth noting that the solvent transformation.

selectivity itself depends on the temperature. While pep Within a few minutes after th&-jump structural changes are
changes by a negligible amount (from 0.358 to 0.357) as clearly visible, with three new Bragg peaks emerging. Two of
temperature increases from 120 to T8I ypes-psp decreases them were in the positions before the second LAM peak, and
from 0.627 to 0.607 as temperatlrereasesi.e. preferential one appeared right before the primary LAM peak. These new
solvent selectivity of DBP decreases with increasing tempera- peaks correspond to the developing of the HEX structure,
ture. The decrease of solvent selectivity with increasing tem- according to the relative positions of the Bragg peaks. The

Intensity (.a u.)

perature was also seen by Lodge et3dor poly (styreneb- intensity of the HEX peak increases while that of the LAM
isoprene) in DBP. peak diminishes. After 20 min, the HEX structure dominates
Determination of LAM —HEX Transition Temperature . in the scattering, as can be seen in Figure 4a. The primary HEX
To determine the HEXLAM transition temperature, &ramp peak is very close to the primary LAM peak and they are not
was performed from 95 to 15% at a heating rate of IC/min. well resolved. This can be seen via the broadening of the

The SAXS data acquired during tieramp shown in Figure primary peak region. The initial transformation stage is depicted

2a clearly show a structural change. Figure 2b shows selectedn Figure 4b, which shows the details of the transformation

frames in the vicinity of the transition temperature. The OOT process.

temperature was determined to be in the vicinity of 285 as Analysis of T-Jump SAXS Data. To study the kinetics of

the v/3 HEX peak began to diminish around that temperature, the transformation from the LAM phase to the HEX phase, we

indicating the initiation of the LAM-HEX transformation. Due  first need to quantitatively characterize the observed time

to the finite rate of heating, we note that these temperatures areevolution of the SAXS data. For this purpose, we used a simple
overestimate®f the equilibrium OOT. Gaussian peak shape model to fit the time-resolved SAXS data
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Figure 4. (a) Single frames at different times to show the complete LANEX transformation. (b) Single frames from the earliest part of the data
to show the details of the initial stages of LAMHEX transformation.

010 20 30 40 50 60 decreases, i.e., lamellar spacing increases in stage I. In stage II,
= ég: Vs (a) '15°§ the lamellar peak position is almost unchanged but the HEX
s 507 3 o HEX 1403 peak position decreases significantly during the initial part of
z gg jl g. stage Il. During the early part of stage I, there is a noticeable
s 20]° o LAM 1130 3 intensity from the LAM peak that decreases as the HEX intensity
= 18: v_Temperature |, 205’ grows. We interpret this observation of the HEX symmetry

02T T T T 4 ] concurrent with a LAM structure in the early stages of the
“-g 020] ° (b) ] transformation as arising from scattering from correlated rippled
S ool o LAM lamellae, which is discussed later. The changes of the intensity,
<] | M position, and the width of the LAM and the HEX phases in
g 018 A HEX ] stage Il are very smooth, which strongly suggest that the
0174 i . . ' . ik transformation from the LAM to the HEX is a single-step
0020 - . HEx (c) | process of continuous orderif$As shown in Figure 5c, the
e Py width of the HEX phase decreases by a factor-e82consistent
gootsy 1 with a factor of 2-3 growth in the size of the HEX domains.
5 0.010 e ] A log—log plot of the width versus time (plot not shown) shows
s Lo L thatW ~ t~* within the time interval of 5-30 min. The exponent
0.005 {_ aponjorso™™ 00 ] L . .
5 10 > 0 ) %0 %o o. = 0.5 implies that the average size of the ordered domains
Time (min) grows in time ag? (domain size is proportional to inverse of
Figure 5. Time evolution of (a) the intensity of the LAM and the  Peak width).
HEX primary peaks and the temperature following fump. The Transformation Kinetics for Different Quench Depths. In

solid lines are the results of stretched exponential fitting (discussed ; _

later) with exponenh = 1.3 for the LAM (squares) peak intensity and ContraSt to the single-step procgss that v(\)/e have observed for
n = 1.35 for the HEX (circles) peak intensity. The LAM and the HEX ~ theT-jump from 155 to 120C, Hajduk et al. observed a two-
primary peak positions (b) and width (c) as a function of time. The Step transformation process in a melt of SEB using TEM and
two '?tbag?S dunnc? t(TII)S ttrans1;ormatt|_on Cforresrt)t?ndll_rkyl\;ot(l) Eﬁmp:{;zure SAXS measurements. Most likely this difference is related to
equilibration an ransformation from the o the inati i

followed by the growth of the HEX are indicated. The apparent discrete the ql:cenCh depthhof”the klnetlcs prOICESSf, as(;helr measburem(;‘]nts
change around 20 min in position and width is an artifact of the fitting were for a very shallow quench (only a few degrees above t. €
method®® LAM —HEX phase boundary) whereas the measurement dis-

cussed above is for a very deep quench desth= 35 °C.

in order to extract the peak intensity, position, and width (full (We define the quench depthT = T; — Ty, whereT; and T
width at half-maximum) of the scattering peaks. The data in denote the initial and final temperatures.) The quench depth
the vicinity of the primary peak were fit to a sum of two dependent differences of LAM to HEX transition kinetics have
Gaussians as described in the Methods section. The fitted peal@lso been reported in melts of SEBS triblock copolyrter.
intensity and position agree very well with those observed by ~ We examined the quench depth dependence of the kinetics
directly looking at the plots of the data. The time evolution of by performing two other quenches: (i) a deeper quench from
these parameters is shown in Figure-6aThe apparent discrete 150 to 110°C (AT = 40 °C) and (ii) a shallower quench from
change around 20 min in position and in width is an artifact of 150 to 130°C (AT = 20 °C). In all three cases, we observed
the fitting method?® the transformation from LAM to HEX, as expected, because

The data show two stages during the transformation, as all the quenches cross the OOT around 235 We observed
marked in Figure 5b. Temperature equilibration occurs in stage that the shallower the quench the slower was the transformation
I which shows only a LAM structure. The LAM transforms to  process. This is to be expected because of the increased
the HEX in stage Il followed by the growth of the HEX phase. thermodynamic driving force for deeper quench depth. Further-
Figure 5b shows that the position of the primary LAM peak more, ting, the induction time before which no appreciable
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Figure 6. Single frames at different time to show the LANHEX by adding the initial LAM phase scattering data at 1%5 to the
transformation during a shallow temperature quench from 150 to Scattering from the HEX phase at 120 with weights (1 f) andf,

130°C. The HEX phase was first detectable at about 25 min after the Wheref denotes the fraction of the HEX phase in the superposition.
temperature quench The results show that the peak position of the resulting scattering pattern

does not shift by varying the fraction in the two phases.
transformation could be detectedecreased with increasing . .
qguench depthi-or the shallowest quencAT = 20 °C), which 034 ) om
was just below the OOT, the induction time was about 25 min, | o qmln (a): LAM 155°C ]
much longer than those for the two deep quenches (4.5 min for .
AT = 35°C and 3 min forAT = 40 °C). Such a monotonic 0.32 1 §
decrease irting is commonly observed in a first-order phase
transition as the final quench temperature varies from near the
coexistence temperature to the vicinity of the spinodal or the
metastability limit. In a shallow quench, i.e., at temperature close a®
to the OOT temperature and above the metastability limit, phase
separation proceeds via nucleation and growth, whereas in a 0.28 1 ‘oo . T

L

deep quench, below the metastability limit, the system would ] rx
be unstable and phase separate in a single-step process of 0.30 ' 0.35 ' 0.40
continuous ordering, akin to the spinodal decomposition process. q(nm -1)
In both situations, the transformation process would involve the :
growth of ripples. The distinction, as pointed by Mat¥ein
his studies of the HEXBCC transformation (which also occurs (b): HEX 95°C
by the growth of ripples), is that in the nucleation situation 0.28 1 ° i
ripples develop at the growth front and these nucleated regions
grow as the transformation proceeds whereas in the spinodal
decomposition the ripples would grow spontaneoulsy in a
correlated manner. Nucleation and growth are also characterized
by an induction time as only nuclei larger than a critical limit
grow and the system is metastable, whereas in spinodal
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decomposition the system is unstable and all fluctuations grow. .e

The time evolution of the SAXS intensity for the shallow 0.06 Ce,, .
jump (AT = 20°C) is shown in Figure 6. As mentioned earlier, - L L A A A
we noted a long induction time, almost 25 min, and a very slow 040 0.42 0.44 0.48 0.48 0.50

transformation process. The induction period corresponds to the q (nm ™)

formation of a metastable LAM phase. During the induction Figure 8. Estimation ofgmin from a portion of the static SAXS data
period, the lamellae move further apart (all three LAM peaks of Figure 1 is shown here on a much higher magnification (a) for the
shift to lowerq). After this time, the LAM spacing does not ~LAM phase at 155°C and (b) for the HEX phase at 9%. The
change as indicated by the constant peak position after 25 min.Stimated position ofimin is indicated by the arrow.

HEX peaks can be first identified at 25 min after which their NSLS because of the technical problems related to long-term
intensity grows very slowly, while the peak position remains beam stability and sample damage from prolonged exposure to
fixed. During this growth stage, the LAM intensity decreases a a synchrotron beam.

little while the position of the LAM peaks does not shift. By Jeong et al® used time-resolved SAXS to study the LAM to
the end of the run, only a very small fraction of the transforma- HEX transition in a SEBS melt. They explained their observa-
tion is over and the two phases appear to coexist. It would be tions in terms of a two-step nucleation and growth mechanism
interesting to see if this phase coexistence persists for very longthrough a coexistence of HEX and LAM phases. We observe
times. However, it was hard to perform a very long run at the similar behavior for the shallow quench. To test the possibility
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Figure 9. A schematic illustration of the transformation process from the LAM to the HEX phase. In the initial LAM phase, the thickness of the
layer isL, and the spacing ig. (i) In the earliest stages of the transformation, layers in the LAM phase form ripple-like structures with wavelength
A and amplitudéA. (ii) In the later stages, the amplitudeis large enough to break the rippling structure into cylinders and form the HEX phase.

of the coexistence of HEX and LAM phases for the deep difficulty of relating the global order parameter to SAXS
guench, we performed a linear weighted superposition of LAM intensity, it is worth noting that the temporal evolution of the

and HEX scattering by adding the initial LAM phase scattering
data at 155C to the scattering from the HEX phase at TZD
(from the data shown in Figure 1) with weights €1f ) andf,

wheref denotes the fraction of the HEX phase in the structure.

The superposition of scattering data with varyinghown in

Qi—Wang global order parameter shows the same trend as the
stretched exponential fit of the Avrami equation to the intensity
data.

Geometrical Characteristics of the LAM and HEX Phases.
The spacing in the LAM phase is related to the position of the

Figure 7, clearly shows that the peak position of the resulting primary peak vial = 2 7/, while the distance between nearest
scattering pattern does not shift with varying the fraction in the neighor cylinders in the HEX phase is giveny= 4/(v/30).

LAM phase. This is contrary to our observation that the HEX
peak position shifts continuously while the LAM peak is more

From the peak positions of the LAM and HEX phases (see
Figure 1), we find that the spacing between adjacent lamellae

or less constant. The very small induction time observed in this is 30 nm, while the spacing between the nearest neighbor
deep quench data versus a shallow quench also indicates thagylinders in the HEX phase is 36 nm. This increase in spacing

this transformation is occurring in the vicinity of the metastabil-
ity limit.

Reversibilty of the LAM —HEX Transition. Following the
temperature quench from 155 to 12@, we jumped the
temperature back from 120 to 156 and maintained the sample
at 155°C while making time-resolved SAXS measurements.
The reverse transformation from the HEX to the LAM phase
was very slow, so the LAM phase did not develop fully even
after 8 h of annealing at 155C.

Analysis of Growth Kinetics. The time evolution of the peak
intensity is related to the growth of the fraction of material that

between cylinders in the SEBS in DBP is opposite to the
decrease in spacing of the cylindrical phase observed in
melt$1518and presumably reflects solvent selectivity effects.
The form factor for scattering from cylinders and lamellae
can provide detailed information about the size of the scattering
objects, as there are well-defined minima in these form factors
whose positions depend on the size of the cylinders or
lamellae3® The thickness. of the lamellae in the LAM phase
and the radiuR of the cylinders in the HEX phase can be
calculated by locatingjmin, the position of the first minimum
after the primary peak, using the relatiohs= 27/gmin andR

has been transformed and is usually analyzed by the Avrami— 3 g3o4, . which hold good for the form factor of LAM and

equationd’

1) = I(ty) = (I(t,) — (o)L — e~ ()

cylinder scattering® These minima are hard to determine
accurately because they occur on the wings of scattering peaks.
We obtain some estimates for these sizes using the long time
averaged static SAXS data shown in Figure 1. A portion of

As shown in Figure 5a, the stretched exponential relaxation this data is magnified and is shown in Figure 8. For the HEX
characteristic of the Avrami equation fits both the increasing phase, a minimum can be observed around 0.46'nmhile

intensity of HEX and the decreasing intensity of LAM very
well with exponenin = 1.3 for the LAM and 1.35 for the HEX
(reducedy? = 0.4 and 0.13 for LAM and HEX, respectively).

for the LAM data, the minimum is harder to locate but there
may be one in the region 0.3D.33 nnt. This suggests that
the layer thicknesg& ~ 19—20 nm and the cylinder diameter

The exponents are almost the same implying that this phaseabout 17-18 nm are of comparable magnitude.

transition involves the formation of the HEX structure from the
LAM structure followed by a coarsening process. The Avrami

The thickness of the PEB layer and the diameter of the
cylindrical core can also be compared wlitkg, the unperturbed

exponent we observed is quite different from that obtained Jeongend-to-end length of the middle PEB blocks. To obtain this

et al.’®> who foundn < 1 for various temperature jumps for
SEBS melts. Using the TDGL approach, Qi and Waritave

length we usé pes = apesNpee®, treating the PEB chain which
is in a poor solvent as Gaussian chain. We calculated the

obtained the time evolution of a global order parameter which statistical segment length using the data for unperturbed chain

is a measure of how the diblock melt transforms with time.

dimensions of linear polymers from the Polymer Handig&dk

Although a direct comparison of this order parameter with the and obtainedhpeg = 0.68 nm, which gived peg = 24.4 nm.
scattering intensity was not attempted, because of the obviousThis suggests that the PEB chains in the cylindrical core and
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varies on encountering fluctuations to the system, causing

(a) changes to the surface area. We assume the layers to undulate
HEX(\4) HEX() I!ke a ripple for simpli(?if[y with an incregsing am'plitud’eand
HEX(9) fixed wavelengtht. Intuitively, the layer will break into separate
A(nm) d(nm) cylinders when the undulation amplitude is big enough. When
10 367 two adjacent layers break into cylinders, they must follow a

kinetic path way such that the energy cost is at the minimum.
Assuming all cylinders to have the same dimension, the system
6 34.1 gains the least free energy when the cylinders of adjacent layers
are totally out of phase by minimizing the excluded volume
4 327 interaction due to the PS coronas around the PEB cylinders. In
4 . :
> 314 contrast, uncorrelated cylinders formed by breaking of lamellae
randomly would require additional free energy to rearrange into
LAM(1) LAM(2) 0 30.1 ; ; ;
0.1 LAM(3) a HEX lattice. In the model, the thickness of the layer in the
0.5 LAM phase isL, the spacing between layersdsthe amplitude
of the fluctuation isa, and the wavelength i&.
A commensurate HEX structure is formed if the spaadihg
satisfies the following commensuration condition:

8 35.4
10000
~1000
100

10

Intensity (a. u

®) d= (V3/2) )

In the incommensurate case, the model predicts an additional

peak due to the rippling af1 = 27/Ay/1+(A/2d)* close to the
LAM peak atq; = 27/d. The two peaks coincide when the
t ¢min) commensuration condition, eq 2, is satisfied. As discussed
bt earlier, following a deep temperature jump, we observed a new
peak at a position just below the primary LAM peak. This
corresponds to the predicted peak i, which eventually
becomes the primary HEX peak.
We calculate the scattering intensity of the model structure
and compare it with our experimental data. The form factor
p(g) of a single lamella is

B HEX(v3) lex(«)

Intensity (a. u.)

p(A) = [ exp(-ig-T) dF

Figure 10. (a) The scattering intensity calculated from the model using

200 lamellae of thicknesk = 20 nm with wavelengtid = 42 nm. 4 sin@yL/2) .2 .

The length of the lamellae along the direction of the wave was set to = T qq,  J e exp(=ig,x) x

50 . The fluctuation amplitudé was varied from 0 to 10 nm and the 7y

spacingd from 30.1 to 36.7 nm as indicated. (b) Time-resolved SAXS ) L, ) X

data of Figure 4a are reproduced here for comparison. SiM o> + aSII'(ZJTZ + ¢) dx (3)

the lamellae are compressed. Similarly, we compare the end-a njt cell in the transformation process consists of two adjacent

to-end.length of the outside PS blocks in a good solvent with |5mellae. Therefore, the form factB(q) of the unit cell can be
the void distancdd = d — 2R = 18 nm between the outer expressed as

surface of the cores of two neighboring cylinders. For the PS
chains, we use the self-avoiding walk chain formulas = P(G) = p(1) + p(2) expl= iG-AT 4
apNpL-6 since the PS blocks witNps monomers are in good (@) =P(L)+ p(2) expt-1q-AT ) “)

solvent. Using the statistical segment lengls = 0.71 nm, where p(1) and p(2) are form factors of the two adjacent

iNLoe — 32 indi ! . . acel
we obtainLes = 13.4 nm:*2These values indicate thaps < lamellag, and\T:. is the distance between two adjacent rippling

D = 2""_3 imp'ying_ that _the PS_ chains of the coronas of cylinders of the two adjacent lamellae. The structure fasfgy
neighboring cylindrical micelles interpenetrate, which is not ¢ i\o | AM lattice is

surprising at a polymer concentration of 40%. We cannot obtain
the length of the cylinders because the minimum related to the N
length falls outside the SAXS§ range for the long cylinders SE) =1+ exp(ig ‘AT, (5)
that form in this block copolymer. =

Transformation Model for LAM —HEX. As discussed
above, our experimental data for the deep jump suggest thatThe scattering intensity of an ordered domain can be written as
adjacent lamellae are correlated when breaking into cylinders, ,
which is a single-step transformation process. The model of 1(q) = |19G)-P(G)] (6)
rippled lamellae transforming into cylinders has been extensively . )
developed in previous studi&3®-22\We use this as a geometrical ~ Since the lamellae are not oriented, we average the scattering
model to calculate the scattering from rippled lamellae and to intensity over all directions.
analyze the transformation process from the LAM phase to the

HEX phase. This transformation process is depicted in Figure I(q) = 1 = dQ [7194)-P(d)? sin o da 7
9. In the LAM phase, the local density of SEBS in the layers @ 4=7Tf° ﬁ’ Sa)P@ @
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Figure 11. The intensitied,, andlq, of the two peaks af;; andq'; calculated from the model and compared with experimental data. All figures
are in a semilog scale. (a) Calculated intensities ofighandly, for the model. (b) Ratio of thé&y, andlg, for the model. The ratio approaches a
value of 1 exponentially. (c) Peak intensitigsandly, and (d) ratio oflq, to I, from the HEX and LAM intensities in the SAXS data.

A representative set of scattering intensity calculated from evolution of the peak intensities of the SAXS data as shown in
the model is plotted in Figure 10 along with the time-resolved Figure 11c. The ratio of the peak intensitieg/lq,, approaches
SAXS data of SEBS 40% w/v in DBP for comparison. We 1 exponentially for both the model and the SAXS data, as shown
determined the wavelengthand the spacing from the data in panels b and d of Figure 11. These similarities further confirm
in stage Il (see Figure 5) using the predicted positions of the the validity of the geometric model we employed.
two peaksy; andq'; in the rippled LAM model. We found that The agreement between the calculation of the scattering from
the spacingd changed from 30.1 to 36.7 nm during the the geometric model and the experimental data for the deep
transformation period whilé changed from 41 to 42 nm. For  quench supports the interpretation that the lamellae in the LAM
simplicity we keptl fixed at 42 nm. The fluctuation amplitude  phase transform to the HEX phase via a one-step rippling
A grows as the transformation proceeds. A linear increase in mechanism with adjacent layers totally out of phase, i.e.,
the amplitudeA appears to agree quite well with the changes correlated undulation of the lamellar interfaces. For the shallow
observed in SAXS data with time. When the fluctuation quench, ripples nucleate at the cylinder growth front and the
amplitudeA is 2 nm and the spacing= 31.4 nm, two peaks  phase transformation occurs via a two-step nucleation and
are clearly present in the first LAM primary peak region, growth process involving coexistence of HEX and LAM
indicating the formation of the rippled structure as shown in structures, similar to the observations of Jeong é°b al. the
Figure 10a. This is almost the same as the SAXS data at 9 min,SEBS melt. We note that in scattering measurements where the
shown in Figure 10b. The primary peak position shifts to lower beam diameter is large compared to the domain sizes it is not
g value in both cases. WheA = 8-10 nm, the model possible to distinguish between true phase coexistence and
calculation shows only one primary peak because the rippled superposition of a HEX structure on a LAM structure. However,
lamellae are likely to break up into cylinders in the HEX phase. the continuous shift in the peak position for the deep quench
This is in agreement with the experimental observations at the data during the transformation stage (stage Il) argues in favor
late stages. In this case, the ratitl is close to+/3/2, in of the HEX structure evolving by a continuous transformation
agreement with eq 2. The calculation based on a model whereof the LAM via a rippling mechanism for the deep quench.
adjacent lamellae are correlated during the transformation from .
the LAM phase to the HEX phase captures most of the featuresConclusions
observed in the experiment. However, we have not attempted a We have measured the kinetics of the transformation from
detailed fit or explored the effects of varying calculation the LAM to the HEX phase for SEBS 40% w/v in DBP, a
parameters in detail. selective solvent for PS block, using time-resolved SAXS. The

To further investigate the results of the model, in Figure 11, solvent selectivity leads to inverted micelles containing the
we plot the evolution of the peak intensities as the amplithde  majority component (PEB) in the cores and the occurrence of
grows and compare them to SAXS data in the early stages fromthe HEX phase at a lower temperature than the LAM phase.
4 to 20 min of the LAM to the HEX phase transformation of The formation of inverted micelles and the inversion of the phase
Figure 5. The calculated intensity, of the LAM peak atq; boundary are opposite to the behavior observed in the melt of
decreases exponentially, while the intensijy of the peak at SEBS. The SAXS data for a quench from 185in the LAM
d'1 due to the ripples (which eventually form the HEX phase) phase to 120C, well below the OOT temperature, show that
increases exponentially, as shown in Figure 11a. The changethe primary peak position shifts continuously during the
in the intensities with growing amplitude is similar to the time transformation, which indicates that the transition occurs via a
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one-step continuous ordering process. The spacing between thél6) Ryu, D. Y.; Lee, D. H.; Jeong, U.; Yun, S.-H.; Park, S.; Kwon, K.;
lamellae increases during the LAM to HEX transformation. We 5882'3‘3-'3”7-;19"‘”9' T.. Kim, J. K.; Russell, T. Macromolecules
calculateq the .scatterlng using a geometric model of. rippled (17) Loo, Y-L.; Register, R. A.; Adamson, D. H.; Ryan, A.Macromol-
layers with adjacent layers totally out of phase during the ecules2005 38, 4947.

transformation. The agreement of the model with the experi- (18) Lai, C; Loo, Y-L.; Register, R. A.; Adamson, D. Kacromolecules
mental data lends further support to the continuous transforma- 19) éogfesg zOES-MHner o TMacromoleculed 997 30, 2605

tion mechanism from th.e LAM to the HEX phase for this deep (20) Qi, S.. \)Va'ng',’z.-GPHys: Re. Lett. 1996, 76, 1679- oi, S Wang,
quench. We also examine the quench depth dependence of the ~ z-G. phys. Re. E 1997, 55, 1682.

kinetics and found that the deeper the quench depth the faster21) Qi, S.; Wang, Z.-GMacromolecules1997, 30, 4491; Qi, S.; Wang,
is the process and the shorter the induction time for the HEX Z.-G. Fjolyn)erlgga 39, 4439. . _

structure to appear. The data for a shallow quench from 150 to (22) Il_gg;,dj;é,M2”57s7h;l’Lgl_’(a:(i}i,Nl\(;l(.);laSnl'?il,’ ,il'c?englc;l ;r; dchY;S'DFégéi"‘ngt.' c
130 °C, just slightly below the OOT of 135C, show a very Macromolecules1997 30, 3242.

long induction time corresponding to the formation of a (23) Wickham, R. A; Shi, A.-C.; Wang, Z.-G. Chem. Phy2003 118
metastable LAM phase from which a HEX phase develops. For 10293.

; ; (24) Luo, K.; Yang, Y.Polymer2004 45, 6745.
this shallow quench, the data support a nucleation and growth(25) Nie, H.. Bansil, R.: Ludwig, K. Steinhart, M.: Konak, C.: Bang, J.

mechanism during which coexisting HEX and LAM phases can Macromolecule2003 36, 8097.
be observed. (26) Liu, Y.; Nie, H.; Bansil, R.; Bang, J.; Lodge, T. Phys. Re. E 2006
73, 061803.
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