
VOLUME 80, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 11 MAY 1998

rance

,

Pressure-Induced In-Glass Structural Transformation in the Amorphous
Polymer Poly(methylmethacrylate)

A. Mermet,1 A. Cunsolo,1 E. Duval,2 M. Krisch,1 C. Masciovecchio,1 S. Perghem,3 G. Ruocco,4 F. Sette,1

R. Verbeni,1 and G. Viliani3
1European Synchrotron Radiation Facility, B.P. 220 F-38043 Grenoble, France

2L.P.C.M.L., Université Lyon I, UMR-CNRS 5620, 43 boulevard du 11 Novembre 1918, 69622 Villeurbanne, F
3Universitá di Trento and Istituto Nazionale di Fisica della Materia, I-38050, Povo, Trento, Italy

4Universitá di L’Aquila and Istituto Nazionale di Fisica della Materia, I-67100, L’Aquila, Italy
(Received 18 November 1997)

Inelastic x-ray scattering data have been collected in the polymeric glass poly(methylmethacrylate)
in the P ­ 0 4.5 kbar and Q ­ 1 15 nm21 pressure and momentum transfer regions. AtP ­
P0 ø 1.6 kbar, the elastic intensity atQ values smaller thanø5 nm21 and the sound excitation
energy atQ ­ 2 nm21 show a cusp behavior in their pressure dependences. These findings could
indicate a pressure-induced structural transition in this polymeric glass, which does not affect, however
interparticle static correlations with length scales shorter thanL0 ø 1 nm. [S0031-9007(98)06057-8]

PACS numbers: 63.10.+a, 61.10.Eq, 63.50.+x, 64.70.Kb
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The dynamics of disordered solids shows very spec
behaviors such as two-level systems, thermal conduc
ity plateau, andexcessof vibrational density of states [1]
which strikingly contrast with the absence of any obv
ous feature in their static characteristics at the nanom
scale. Incidentally, the question of whether these dyna
cal anomalies are rooted into some specificity of the sta
structural disorder is highly debated and a unifying pictu
relating the glassy structure to the collective dynamics s
awaits to be settled. Theoretical arguments, molecu
dynamics simulations in both the supercooled and gla
states [2–4], and even diffraction measurements [5,6] s
gest that themedium range orderof disordered systems is
characterized by a correlation length of a few nanomet
The physical significance of such a length scale, and, m
important, its relevance to collective excitations and th
propagating nature is still unclear.

Recently, dynamic structure factor,SsQ, Ed, measure-
ments, at energiesE and momentum transfersQ rele-
vant to density fluctuations approaching the interparti
distances, have been performed on strong, intermed
and fragile glasses [7–11] using the inelastic x-ray sc
tering (IXS) method. Most of them point out the exi
tence of acousticlike excitations [7,8,10,11]; the ener
of these modes,VsQd, has been found to disperse lin
early with Q, while their energy broadening,GsQd, in-
creases proportionally toQ2. Therefore, a value ofQ,
Qm exists at whichGsQd ø VsQd, and where it is no
longer possible to describe the inelastic part ofSsQ, Ed
in terms of propagating excitations. In these systems
relation betweenQm and the microscopic structure ha
not yet been established. It is possible, therefore, t
Qm is a physical quantity connecting the high frequen
dynamics to the mesoscopic structural properties. Ob
ously, further studies aiming to better identify these issu
are highly needed. Among others, a possible direct
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of investigation is the study of the pressure depende
of the high frequency glass dynamics at pressures
may start to modify the glass bonding network. T
effect of hydrostatic pressure on the nanoscopic gla
structure and its inherent dynamics has already been
vestigated in various materials with different techniqu
Low temperature measurements on a semicrystalline p
mer [12] showed a considerable decrease of theexcess
specific heat on increasing pressure, thus sugges
a strong perturbation of the acoustic phonon patt
with pressure. Brillouin visible light experiments o
amorphous poly(methylmethacrylate), PMMA, evidenc
around 1.1 kbar an abrupt change in the shear elastic
stant and in the intensity of the transverse phonon lin
thus indicating aweak glass transition within the glas
[13]. Recently, nonlinear optical measurements on s
eral amorphous polymers confirmed the existence o
marked change in the local structure at pressures in
1.1 1.5 kbar range [14].

In this Letter we report new evidence on the po
sible existence of anin-glass transition in PMMA: we
show IXS data pointing towards a structural transform
tion that takes place over a length scale which is lar
than the typical interparticle distances, and which
flects onto the longitudinal collective dynamics. The d
namic structure factorSsQ, Ed of this polymeric glass
shows an inelastic feature that disperses withQ. By in-
creasing the hydrostatic pressure up to 4.5 kbar the
ergy position of this excitation linearly increases, wi
a change of slope aroundP0 . 1.6 kbar. Concurrently,
around P0, the pressure dependence of the elastic s
nal atQ ­ 2 nm21 shows a comparatively stronger cus
a behavior which is not observed in the higherQ re-
gion. In spite of the absence of any characteristic f
ture in the static structure factorSsQd, these results unvei
the occurrence of a pronounced structural rearrangem
© 1998 The American Physical Society 4205
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within the amorphous state atP0, affecting most dramati-
cally the interparticle correlations at a length scale larg
thanø1 nm.

The experiment was carried out at the new very hi
energy resolution inelastic x-ray scattering beam li
(BL21-ID16) at the European Synchrotron Radiation F
cility [15–17]. The instrument was used at the Si(11
11) reflection in backscattering geometry. At the inc
dent energy of.21 748 eV, the total instrumental reso
lution function, measured from the elastic scattering
PMMA at the maximum of its static structure facto
sQ ­ 10 nm21d, was 1.5 6 0.1 meV full width at half
maximum (FWHM). A five analyzer setup allows th
simultaneous recording of scattering spectra at five diff
ent Q values spaced byø3 nm21, each with aQ reso-
lution of 0.4 nm21 FWHM. Energy scans, performe
by varying the monochromator temperature with resp
to that of the analyzer crystals, took about 150 m
and eachQ point was obtained by typically averag
ing five scans. The data were normalized to the int
sity of the incident beam. The PMMA, manufacture
by Norsolor Company (France), has a number aver
molecular weight of58 000 g mol21, and a glass tran-
sition temperatureTg ø 390 K, as determined by dif-
ferential scanning calorimetry. A 9 mm long, 8 mm
diameter cylindrical sample was placed into a cylindric
stainless steel high pressure cell, sealed at both end
1 mm thick diamond windows with a 2.2 mm diamet
aperture. The crystalline windows allowed the passa
of incident and scattered beams with negligible scatt
ing. Pressure was applied using a piston-and-cylinder
vice equipped with a pressure gauge of620 bar precision
(Nova-Swiss). Ethanol was used as the pressure trans
ting medium, and its amount in the x-ray beam was le
than 1 mm. Its contribution to the total scattering w
estimated to be less than 10%, and it was neglected
the data analysis. All pressure points investigated in t
study were reached on pressure increase to avoid po
ble hysteresis effects, and all measurements were m
at room temperature, i.e., well belowTg. The reported
transformations were observed to be reversible by rep
ducing the ambient pressureSsQd data at the end of the
experimental runs.

The IXS spectra of PMMA were measured as a functi
of Q and pressureP. TheQ dependence was investigate
at the fixed pressure of 0 and 4.5 kbar [Fig. 1(a)] and
pressure dependence was measured at theQ values of 1,
2, 5, 8, and11 nm21. The results atQ ­ 2 nm21 are
reported in Fig. 1(b). In Fig. 1(a) we observe an inelas
signal with an average energy position that increa
with Q. The lines represent the results of a fittin
procedure used to determine the energy position,VsQd,
and the width,GsQd, of these excitations. We modele
the line shape with the functionFsQ, Ed consisting of
three Lorentzians, respectively, one for the central pe
and the others for the two side peaks:
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FIG. 1. IXS spectra of PMMA atP ­ 4.5 kbar as a function
of Q (a), and atQ ­ 2 nm21 as a function ofP (b). The data
ssd are shown together with the Lorentzian fits discussed in th
text. The total fit result (solid lines), and the elastic (dashe
lines) and inelastic (dotted lines) contributions are individually
shown. The data have been normalized to the elastic pe
intensity. Here, the typical total intensity was 300–500 counts
The inset shows theQ dependence of theV andG parameters
obtained from the fit. The line is a linear fit to theVsqd values,
and the corresponding velocity of sound is indicated.

FsQ, Ed ­ IcsQd
GcsQd2

E2 1 GcsQd2

3 fnsEd 1 1gIsQd
GsQd2

fVsQd 2 Eg2 1 GsQd2
.

(1)

Here,IcsQd andIsQd are the intensities of the elastic and
inelastic contributions, respectively,GcsQd is the energy
width of the central line, andnsEd is the Bose factor. The
choice of three Lorentzians was made to extract the spe
troscopic parameters independently from a specific th
ory. The alternative use of a damped harmonic oscillato
function to model the inelastic signal yields equally good
fits to our data, and parameters with quantitatively simila
Q andP dependences. The model function was fitted t
the data by a standardx2 minimization routine after con-
volution with the experimentally determined resolution
function.
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At both 0 and 4.5 kbar we find a linear dispersio
relation betweenVsQd and Q. The valuesVsQd and
GsQd are reported in the inset of Fig. 1 forP ­ 4.5 kbar.
The corresponding sound velocity is2950 6 100 mys, a
value 20% smaller than that determined from the press
dependence of the bulk modulus [13]. This difference
the sound velocities indicates the presence of struct
effects inducing a bending of the dispersion relatio
which underestimates the slope of the linear functi
obtained from the data points in the1 2.5 nm21 Q
region.

The data reported in Fig. 1(b), taken at constantQ,
show a visible pressure dependence: with increasing p
sure, there is an increase of both excitation energy and
tensity ratio between the inelastic and elastic signals. T
pressure dependences ofVsQ ­ 2 nm21, Pd andGsQ ­
2 nm21, Pd, as derived from the Lorentzian fits shown
Fig. 1(b), are displayed in Fig. 2(a). Whereas the wid
of the excitation appears to remain approximately co
stant, the energy positionVsQ ­ 2 nm21, Pd increases
with pressure, thus revealing a stiffening of the detec
vibration with increasing pressure. The rate of change
not constant, and a slope variation is most evident in
1 2 kbar region. By interpolating the low and high pre
sure values ofVsQ ­ 2 nm1, Pd with linear functions,
we find a crossover pressureP0 of 1.6 6 0.2 kbar. The
behavior ofVsQ ­ 2 nm21, Pd cannot be explained by
the pressure dependence of the density,r, and of the
bulk modulus,c11, as derived from Brillouin light scat-
tering (BLS) data [13]. This is emphasized in Fig. 2(
by the comparison ofVsQ ­ 2 nm21, Pd with the solid
line, which has been obtained scaling the low-Q sound ve-
locity, ylsPd ­

p
c11yr to the ambient pressure value o

V, Vs2 nm21, P ­ 0 kbard ­ 2.5 meV. This compari-
son shows that the ratio between the two curves is
constant, with a higher rate of variation for the high fr
quency excitation.

To get further insight into this change of the dynami
aroundP0, we studied the pressure dependence of the
solute scattered intensities atQ ­ 2 nm21. Figure 2(b)
displays the integrated intensities of the elastic and
elastic fits reported in Fig. 1(b) as a function of pressu
(integrations were made from217 to 17 meV). This plot
shows a marked decrease of the elastic intensity, an
break at pressure values similar toP0, as inferred from
VsQ ­ 2 nm21, Pd. Such a break is not detectable in th
inelastic signal, which is found to decrease with press
at a comparatively smaller rate.

The peculiar pressure dependence of the elastic p
intensity at Q ­ 2 nm21 has been further investigate
by the determination of the static structure factor
a function of pressure in the0.5 20 nm21 Q region,
i.e., from the mesoscopic region up to, and above,
first maximum. The results, reported in Fig. 3(a), we
obtained normalizing the measured intensity to that of
incident beam. One can see that there is no press
n
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FIG. 2. (a) Pressure dependences of the excitation ene
VsQ ­ 2 nm21, Pd (solid circles) and of the excitation FWHM
2GsQ ­ 2 nm21, Pd (open circles). The error bars correspon
to 61s statistical error. The dashed lines onV are linear
extrapolations of its low and high pressure values. T
dashed line onG is a guide to the eye. The solid line ha
been obtained by scaling the zero frequency sound veloc
as obtained from BLS data [13], to the excitation energ
at P ­ 0 : V ­ 2.5 meV. (b) Pressure dependences of th
elastic,IcsQ ­ 2 nm21, Pd (closed circles) and inelasticIsQ ­
2 nm21, Pd (open circles) integrated normalized intensities,
obtained from the Lorentzian fits shown in Fig. 1(b). Th
dashed lines onIc were obtained as in (a).

induced characteristic feature in the consideredQ region.
At high Q values one sees a smooth intensity variati
with increasing pressure, due to the pressure-induc
shift in the maximum of theSsQd. On the contrary, in
the 2 nm21 Q range, there is a steep intensity decrea
between the 0 and 1 kbar spectra, followed by a mu
less pronounced variation in the 1–4 kbar range. Th
pressure behavior is qualitatively identical to that
the Q ­ 2 nm21 elastic intensity in Fig. 2(b). In order
to determine this anomalous behavior aroundP0, we
performed a set of quasielastic scan measurements (f
25 to 5 meV) as a function of pressure. Their integrate
intensities, together with those obtained from theQ ­
2 nm21 data, are reported in Fig. 3(b). Both sets o
data were normalized to unity at ambient pressure. W
observe again a crossover at the pressureP0: this is best
visible in theQ ­ 2 nm21 data, it can still be observed
up to Q ­ 5 nm21 (not shown for clarity), and it is no
longer detectable atQ values larger thanQ ­ 8 nm21.

The pronounced break in the pressure dependence
the elastic intensity at lowQ indicates that, atP0, there is
a modification in PMMA that affects the structure most s
verely in the length scale range associated with moment
4207
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FIG. 3. (a) Static structure factor,SsQd, measured at the
indicated pressures in arbitrary normalized units. The s
of the peak atø10 nm21 reflects the pressure-induced dens
change. The inset emphasizes the absence of any characte
feature in the1 4 nm21 Q region. These latter data wer
taken with aQ resolution of0.2 nm21 FWHM, and the rise
at low Q is due to the tails of the incident beam. (b) Pre
sure dependences of the integrated intensities at the sele
Q values indicated in the figure. Open symbols refer
integrations from217 to 17 meV and full symbols refer to
integrations from 25 to 5 meV. The dashed lines wer
obtained as in Fig. 2(a).

transfer valuesQ ø Q0 ­ 2 nm21, i.e., with length scales
L ø L0 ­ 2pyQ0 ø 3 nm. Interestingly, this effect is
observed in a quite wideQ region s1 5 nm21d of the
SsQd without the appearance of any specific featu
It is possible that something could appear atQ values
lower than1 nm21, not accessible in the present expe
ment. The impact of this structural modification is al
found in the pressure dependence of the excitation
Q ­ 2 nm21.

The finding of a crossover atP0 in the structural proper-
ties can be interpreted as evidence of aglass-to-glassstruc-
tural transformation. This phenomenon has been rece
suggested by Pooleet al. as a possible feature existing i
both liquid and glass materials [18]. The observation
ported here in a polymeric glass such as PMMA indica
that the existence of distinct amorphous phases, differ
from each other by their structures at mesoscopic len
4208
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scales, could be a more general feature of glassy mater
One may speculate that the observed structural trans
mation is due to a change in the packing scheme of u
modified structural entities, which are characterized by
size comparable toL0. This transformation may couple to
the dynamics considering that pressure-induced modifi
tions of a nonhomogeneous glassy nanostructure will ha
the strongest effect on collective excitations at the leng
scale of the inhomogeneities. This could be in agreem
with models relating size effects to the picosecond dyna
ics [19,20].

In conclusion, the cusps observed in some of the para
eters describing theSsQ, Ed spectra of amorphous PMMA
at pressures aroundP0 ­ 1.6 kbar, could be interpreted as
evidence of anin-glassstructural transition. The analysis
reported here indicates that this transformation affects
high frequency collective dynamics, and the structure on
down to a length scale ofø3 nm, i.e., a length scale sensi
bly larger than the size of the monomers constituting th
polymer. The investigation of these pressure effects a
function of temperature in the region aroundTg, where
the disordered system becomes ergodic, may give furt
information on the relation between dynamics and stru
tural inhomogeneities at the nanometer scale.
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