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High frequency acoustic excitations in ordered diblock copolymer studied
by inelastic x-ray scattering
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The phonon propagation in lamellar nanostructures formed via self-assembling of short
styreneb-isoprengSl) as well as of its more incompatible styrebdethylene-alt-propyleng SEP
counterpart was studied by inelastic x-ray scattering. Irrespective of the physical state of the block
copolymers, a single acoustic phonon was observed irfo&lered and disordergdand SEP
(ordered. At GHz frequencies, inelastic light scattering from the same samples revealed very small
dispersion in the sound phase velocity but a short phonon lifetime20@ American Institute of
Physics. [DOI: 10.1063/1.1767520

I. INTRODUCTION effective mediunf. Alternatively, IXS possesses the neces-
_ o _ _sary resolution {1/q) to probe displacements in the indi-
~The study of acoustic excitations in condensed matter igjgual microphases well within the Brillouin zone. So far
a rich field of solid state physics with technological interest,ihere are only few applications of IXS to amorphous or semi-
e.g., in diagnostics. The propagation of sound in disordereg,ystalline homopolyme?€ but none addresses the ordered
viscoelastic materials has been studied in the past by ultrggihock copolymers. It is the objective of the present work to
sonic relaxation. Brillouin light scatterin@-S) and more re- o, amine the potential of IXS to reveal the effect of nano-
cently by inelastic x-ray scatteringXS) (Ref. ] to reveal structure on the sound propagation in the THz range. Clearly,

relaxation mec_hamsms active in the MHz, GHz, "%”d THZthe sensitivity of the technique is enhanced in the presence of
range, respectively. In all these cases, one acoustic phongn

. . : . significant contrast in the elastic constants of the individual
with frequencyw is observed at a given wave vectpand its . I .

. . . : componenté. The high glass transition temperatufg in
dispersion relationshi vs q or w vs temperature at con-

stantq is usually studied. In inhomogeneous systems, withPOlyStyrene(~370 K) versus the lowTg(~210K) in poly- .
structure on the length scale of the ordergoft, however olefins warrants an elastic constant contrast of about 30%

several acoustic excitations are possible resulting in a rici/ith "éSPect to each other in the intramolecular mixtures of
dispersion relation, versusg. Morphological, geometrical, N€S€ two components at ambient temperature.

and micromechanical properties are manifested in the pho- 1he synthesis and molecular characteristics of a sym-
non spectrum of ordered mesoscopic soft structures, e.gfetrc styr.ene-lsopren(és.l) diblock W't.h a Iam_ellar spacing
colloidal crystalline suspensichsand lamellar ordered d=17nm is presented in the following section. To further
diblock copolymer solution&studied by high resolution LS enhance the block incompatibilifythe lamellar ordered

in the GHz range. In this context, the application of the latterstyreneb-(ethylene-alt-propylene (SEP  diblock  (d

technique requires structures with a spadingf a few hun- ~ =20nm) was obtained via hydrogenation of the same parent
dred nanometers, i.eqd=0(1). Sl as described in the Experiment. In Sec. lll, IXS from both

Soft nanostructures can be readily formed via self-microphase separated Sl and SEP reveals one single acoustic
assembling of low molecular mass diblock copolymers withphonon forg between 2 and 10 nit (well beyond the first
strongly incompatible block components. These systems reBrillouin zone at about 0.2 nit) with the high frequency
veal one acoustic phonon when examined by LS with fre-speed of sound being very close to its value in the GHz range
guencyw=cq wherec is the phase velocity of sound in the as measured by LS. In Sec. IV, we attribute this result to the
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TABLE I. Molecular characteristics of the diblock copolymers.

M (X 10%) M (X 10%)

Sample PS block PSh-PI My /M, Bwt %, PS Ty (K) g* (mm1)
Sl 5.9 11.0 1.03 53.652.9 214, 340 0.38
SEP 5.9 111 1.03 53.52.9 220, 345 0.31

@y SEC in THF at 40 °C using PS and PI standards and appropriate corrections.
By 'H-NMR spectroscopy in CDGlat 30 °C (calculated composition using the molecular weights of the
individual blocks.

very short lifetime of the higly phonon along with the mod- and one for the hardS) block at high temperatures around
erate elastic constant contrast of the two microphases. 340 K (Table ). The physical state and the characteristic
spacing of the SI and SEP samples were obtained from small

Il. EXPERIMENT angle x-ray scatterinSAXS) experiments performed with a
rotating anode(Rigaku as source and a two-dimensional
(2D) detector. Based on the scattering intens(ty) profiles

The low molecular weight diblock copolymers SI were shown in Fig. 1 both samples are in the lamellar ordered
synthesized by sequential addition of styrene and isoprene tate at ambient temperature. The S| sample is in the disor-
s-BuLi using well established high vacuum procedut@he  dered state at 413 K while the SEP sample resides in the
polymers were hydrogenated in a Parr autoclave using thgrdered state up to the highest examined temperature of 413
Wilkinson catalysf’,'lo preparedin situ by the reaction of K. The nearly absence of the second peakqi‘[ th thel(q)
0.124 g of Rh(§-3H,0 and 0.73 g of PPhin tetrahydrofu-  further indicates a well formed lamellar state for these com-
ran(THF) for 2 h, at room temperature. The concentration Ofposi’[iona”y Symmetric diblock Copo|ymers_ The Spac'nhg
the polymer was 1.3% w/v and of the catalyst 120 ppm in=27/q* with g* (Table ) being the position of the main
THF:toluene 1:1 w/y solution. The reactor was flushed sev- peak ofl (q) amounts to 17 nm for SI and 20 nm for the SEP

eral times with argon and then several times with hydrogendue to the enhanced |ncompat|b|||ty between S and EP
The reaction was allowed to take place at 35 bars and 373 K|ocks’

for 24 h. The reactor was then cooled to room temperature

and the hydrogenated polymer solution was extracted withe, |nelastic x-ray scattering  (IXS)

an aqueous solution of(BzH,-m-SO;Na); to remove the ,

catalyst. The organic phase was dried overnight using so- FOr the IXS experiment the samples were melted under
dium sulfate, the polymer was precipitated in methanol, fil-vacuum into cylindrical cells 6 mm in diameter and 13 mm
tered and dried in a vacuum oven, until constant weight. Th&°ng- The sample length was chosen to be comparable to the
IH-NMR analysis revealed that 63% of the | block was hy-Photoabsorption length at the x-ray beam ene(@y.748
drogenated into ethylene-alt-propylet&P) block, while no keV). The cells were closed by windows made of mica

hydrogenation of the phenyl groups was detected. (Goodfellow of a thickness of 3G*+5) um. The contribu-
tion of the mica windows was found to be negligible.

B. Characterization Thg experiment was carried out at the very high energy
] ) ) resolution IXS beamline ID 16 at the European Synchrotron
Size exclusion chromatograpEQ experiments were  Radiation Facility in Grenoble. The highly monochromatic

conducted at 313 K using a modular instrument consisting ofncident beam was obtained by a combination of a cryogeni-
a Waters Model 510 pump, a Waters Model U6K sample

injector, a Waters Model 401 differential refractometer, a

A. Synthesis

Waters Model 486 UV spectrophotometer, and a set of 4 m : q*
Styragel columns with a continuous porosity range frorfi 10
to 10°A. THF was the carrier solvent at a flow rate of 1 10"
ml/min. The calibration curve of the instrument was obtained & SEP
= ]

by using nine polystyrene and nine polyisoprene standards S
with molecular weights ranging from 2000 up to 900000. g
The'H-NMR spectra of the polymers were obtained using a & 3 S|
Bruker AC200 spectrometer at 303 K using CBGIs the ]
solvent. The molecular characteristics of the PS precursors
and the final model diblock copolymers, prepared by high
vacuum techniques, are provided in Table I. The results
clearly show that the samples have high molecular and com- i I .
positional homogeneity. 10" 10°
The glass transition temperatufg was determined by A
differential scanning calorimetry at 10 K/min. Expectedly, q[nm-]

the microphase separated samples exhibit Tys one for kg, 1. Intensity distributiori () in undiluted SEP and SI at 293 K in a
the soft(l or EP) block at low temperatures around 215 K SAXS experiment as indicated.
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energy / meV FIG. 3. (a) Dispersion relatio2(q) vs q in lamellar ordered SEP at 298 K.
. . The solid line indicates the acoustic phonon frequency usin@040 m/s
FIG 2. Inelastic x-ray spectra of SEP in the lamellar ordgred state at t_h?rom the Brillouin light scattering experimefiEig. 4). (b) The width of the
indicatedq values at 298 K. Lines indicate the central elastic, the inelastic XS spectra obtained from their representation by Bg. The solid and
(shifted peakk and total contributions to the total spectrum as representeclOlashed lines denote th hydrodynamic dependence 6f the width in the
by Eq. (D). IXS and LS experiments, respectively. Typical errors at low and bighe
indicated by the bars.

cally cooled Si111) double monochromator and a back-

hw
scattering monochromator working at thé13i 11 11 Bragg Otka—-I-[n(w)Jr 1] () Q*(q)

r
reflection™ The beam was characterized by an energy of 1(q,0)= Ze e2 5 55 5
21.478 keV and an intensity of ®210° photons/s at the (0°+1%)  (2%Q) )"+ (I'(qw)
sample stage. The x rays scattered from the sample were )

collected by spherical analyzers working as well as theHere, [n(w)+ 1]=1[1—exp(—#w/kgT)] accounts for the
monochromator in backscattering at th¢13i11 11 reflec-  different population on the Stokes and anti-Stokes sides. This
tion. Five analyzers are available to collect spectra at fivenodel function is able to represent well the experimental
different momentum transfersy; (i=1-5), at the same data, as shown in Fig. 2. The elastic and inelastic contribu-
time; g;=4/\ sin(#/2) with X\ the incident wavelength and tions to the totall (q,») are indicated by the central and
6; the scattering angle. The energy scans were performed yhifted lines in each panel of Fig. 2. The frequefigq) and
varying the relative temperature between the monochromatahe widthI'(q) of the inelastic peakéFig. 3 for the case of
and the analyzer crystals. The total energy resolutiorSEP systematically increase witihwhile the relative inelas-
amounts to 1.5 meV full width at half maximum determinedtic amplitudea;,/ a, is virtually g independent. The disper-
with a Plexiglass sample at@corresponding to the maxi- sion relation{)(q) versusg shown in Fig. 8a) is linear for
mum of its static structure factor. The resolutiongrwas  q<6 nm ! and hence allows the estimation of the sound
+0.4 nm L. velocity c,.=Q(q)/q at very high(THz) frequencies.

The sound velocity can also be obtained at lower GHz
frequencies from the LS spectra of Fig. 4. From the fre-
quency shift of the single Brillouin doublet ag

1. RESULTS =0.025nm %, the phase velocitg of the acoustic phonon
amounts to 2170 m/s in S| and 2040 m/s in SEP at 293 K.
Figure 2 displays IXS spectri(q,w) of the lamellar  The slightly lower value ofc in the latter probably results
ordered SEP at five differenfvalues at 298 K. The spectra from the stronger phonon dispersion in SEP due to the effect
are represented by a sum of a central Lorentzian and of af the segmental relaxation. Despite the glassy S block, the
damped harmonic oscillatébHO) to describe the quasielas- broad Brillouin lines indicate fast local structural dynamics
tic and the inelastic spectral components, respectively, in the soft(l and EP microphase$?
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FIG. 4. Brillouin spectra of SEP and Sl as indicated on the plot at

=0.025 nm * and 293 K recorded with a tandem Fabry-Perot interferom- i, 5. phonon dispersion relation in lamellar ordered diblock copolymers

eter. The frequency rangel GHz around the central line is reserved for the presented in the normalizefdi/c vs qd plot (c is the sound velocity and

automatic stabilization of the interferometer using a reference laser beamqpo spacing The symbols represent IXS data from Figa3and the arrow
indicates the linewidth ay=51 nn ! [Fig. 3(b)]. The inset as enlargement
of the low qd/ 7 regime represents the calculated dispersion relations for a

. : lamell hology(Ref. 3.
The sound velocityc., is very close toc=2040 m/s of amellar morphologyRef. 3

SEP obtained from LS at 293 K and the valuecaé$ used to
draw the solid line in Fig. &). Forgq>6 nm 1, this acoustic At gd/ m<4—including the first and higher Brillouin
excitation becomes more and more overdamped and progresenes—Fig. 5 and its enlarged inset show several phonons
sively looses its propagative character. The dispersion curvighich can be related to the geometrical and morphological
in the microphase separated diblock copolymer of Fig. 3 an@haracteristics of the mesoscopic lamellar structdi@n the
in amorphous polybutadierfeare qualitatively alike and re- contrary, IXS at much higherd values is found to arise only
semble that of atomic systems. According to the dispersiofrom the acoustic like phonon of the average medium over
relation in these systems, the deviation from the linear the wholeq range as shown in Fig. 5. Albeit the high spatial
versusq dependence above about 6 Timcorresponds to  resolution of IXS and the fact that several individual mi-
m/a with a=0.5nm of the order of the segmental length.
The width I'(q) [Fig. 3(b)] of the inelastic peaks dis-
plays a nonlinear increase withconforming to the hydro-
dynamicq? dependence up to about 5 hitn The coefficient
I'/g?~0.34meV nmM, however, is clearly lower than the
corresponding value of about 4.3 meVhim the GHz range
(Fig. 4). In spite of the vitrification of the S bloctsee high
T, values in Table)l there is a significant line broadening in 10
the LS spectra due to segmental relaxation in EP bltmk
T4 component in Table)!
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IV. DISCUSSION g
o : : 2 100
Brillouin light scattering has been previously emplo$ed @
to study the microphase separation in a low molecular mass g 10

asymmetric SI(S spheres with cubic symmejryA single
longitudinal long wavelength acoustic phonon is observed at 10000
low gR=0.2 (sphere radius of 7 nmFor ultrahigh molar
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mass diblock copolymerav(,,~1—3x 10° g/mol), however, 1000

the same technique has revealed several phonons dependinc

on the momentum transfer between photons, phonons, and 100
lattice3 A theoretical and structure analysis has captured the

experimental dispersion relations for a lamellar morphology. 10 gp

For this 1D structure of spacind, the reduced dispersion
plot f(q)d/c vs qd/# in Fig. 5 can serve as a phonon map-
ping (f=Q/27). The theoretical dispersion relation in the
inset of Fig. 5 was verifietfor lamellar ordered solutions of energy / meV

very hlgh molecular Welght(WIIh c=1380m/s andd FIG. 6. IXS spectra of ordered SEB and Sl(b) at 3 nn* at 300 K and

~200nm) by LS. For comparison, the present ordered SERisordered S at 3 niit at 413 K. The lines indicate the two contributions of
hasc=2040m/s andl=17 nm. Eq. (1) used in the fit to represent the experimental spectra.
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crophases are probed, nonetheless the system appears hogeneous for the phonon propagation at THz frequencies
geneous for the sound propagation. In fact, the IXS spectrumprobably due to the higlgd values in connection with the

of disorderedat 413 K) and ordered302 K) Sl are qualita- short phonon lifetime. At present, inelastic light scattering is
tively the same, as seen in Fig. 6 in comparison with thebetter suited for ordered structures with mesoscopic length
spectrum of the ordered SEP. The inelastic peaks in the IXScales.

spectra are less pronounced at the high temperatures due to
the decrease of sound velocity with decreasing temperature &: Monaco, A. Cunsolo, G. Ruocco, and F. Sette, Phys. R&0, 5505

A possible reason for the insensitivity of IXS to the physical 2g s penciu, H. Kriegs, G. Petekidis, E. N. Economou, and F. Fytas, J.
state of diblock copolymer melts is the broad width and Chem. Phys118 5224(2003; R. S. Pencitet al, Europhys. Lett58,
hence the short lifetiméaboutr,= 0.2 ps forg=3 nm™*) of 693 (2002.

- s . 3A. Urbas, E. L. Thomas, H. Kriegs, G. Fytas, R. Penciu, and E. N. Econo-
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quantity amounts to 0.34 meV riras shown in Fig. @). In 71879‘(2003). ‘
the high frequencies of the IXS the fast relaxation limit 'C-Lai. W. B. Russel, R. A. Register, G. R. Marchand, and D. H. Adamson,
. . .. . . . Macromolecules83, 3461(2000; P. Holmquist, S. Pispas, N. Hadjichris-
o7>1, with 7 being the characteristic relaxation time, is ful- ;s & Fytas, and R. Sigabid. 36, 830 (2003.
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