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We investigate the influence of temperature and density on the local structure and the dynamics of poly-
butadiene by controlling both hydrostatic pressure and temperature in polarized neutron diffraction experi-
ments on deuterated polybutadiene and in inelastic incoherent scattering experiments on protonated polybuta-
diene. We observe that the static structure fa8@) does not change along macroscopic isochores. This
behavior is contrary to the relaxations observed on the nanosecond and picosecond time scales and viewed by
the dynamic incoherent scattering 1&(Q, w), which differ strongly along the same thermodynamic path. We
conclude that the static behavior, i.&(Q), is dominated by macroscopic density changes, similar to the
vibrational excitations in the meV range. However, the relaxation dynamics is more sensitive to thermal energy
changes. This is confirmed by the finding that lines of identical relaxation beh@witime, shape, an®
dependendeisochrones on the 10 sec time scale, clearly cross the constant density lines inRHE) (plane.
ConcerningS(Q), we can reasonably relate the variation of the main-peak position to the average neighbor
chain distance and deduce crude microscopic thermal expansion and compressibility coefficients. Inhe low-
regime, the observed pressure and temperature variatiS(Qf exceeds the compressibility contribution and
suggests the existence of additional scattering, which might originate from structural correlations arising at
higher temperature and low pressure.
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I. INTRODUCTION contributions to the first peak &(Q).
In an earlier work we had studied the static structure fac-
Experimental data on the local and intermediate rangéor of deuterated polybutadiene as a function of temperature
structural order of polymers covering a wide temperaturd9]. Especially we were able to relate the displacement of the
range from the glass to the melt are réia data in a limited ~main peak ofS(Q) with temperature to a microscopic ther-
temperature range, see, e.g., Rgfs:4] and diffraction data mal expansion coefficient. We also found a pronounced
covering in addition a wide pressure range are to our knowlchange of the peak width with temperature. From both quan-
edge not available. This is certainly related to the observatiof(i€s we could deduce information on the local organization
that the diffraction pattern is hardly changing between thePf the polymer, i.e., on nearest-neighbor chain distances and

polymer melt and the amorphous polymer glass—a fact fo;he_dist_ribution or correlation range of nearest-neighbor
which a glass is often called a frozen liquid. Data for thechain distances. Here we extend these measurements of

static structure facto(Q) reveal in the very high momen- S(Q) by investigating not only temperature but also pressure
tum transfer(Q) range details on the intramolecular or inter- effects onto _th(_a static structure facL‘S(Q)_. Whereas tem-

atomic distances. Neutron diffraction with polarized neu_perature variation affects both the den5|ty and the thermal
fons especially. combined with isotopic _substitution energy, the control of the pressure variable allows to adjust

i thi tul tool. On the oth 'the density and thus to separate thermal and density effects.
presents In this area a powerful tool. On the other extreme, 1Byo neytron scattering cross section, for the simple case of a

the smallQ range, there exist a vast amount of data. Bothgjngje-species atomic system, is related to the coherent static
neutron and x-ray small angle scattering give information ongr cture factoiS(Q) by

the radius of gyration of the chain or on the mesoscopic
structural organization of polymers and blends. do/dQ=Nb2S(Q)
The intermediateQ range, accessing nearest-neighbor
chain distances, gives rise to the main peak of the static
structure factorS(Q) and is more difficult to interpret, be-
cause of the amorphous packing and the most important in-
terchain correlations which mix with intrachain contributions whereb is the average coherent scattering length of the at-
in this Q range. Even if there are strong indications that theoms andN is the number of sample atoms. The static struc-
main peak reflects mainly interchain correlations, detailedure factorS(Q) is related by Fourier transformation to the
structural calculations for thiS(Q) range are rare. Molecu- pair correlation functiong(r) and thus oscillates around
lar dynamics(MD) simulations might be very helpful in ex- unity, reachingg(r)=1 for r—ow. For more complex
plaining S(Q), e.g., Refs[5-8|, but share the same diffi- samples with more than one different atom, partial scattering
culty to produce reliable results for the interchain functions have to be considered. In thermal equilibrium and

=Nb?

1+pJ[g(F)—1]exp(icj-F)dF, 1)
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under isothermal conditions the lo@-limit of S(Q), which ~ changes. In our investigations of the dynamics we control
we hardly reach in our present study, is related to long rangboth external pressure and temperature. Inelastic neutron
density fluctuations, which can be expressed by the isothescattering studies under pressure are quite rare for glass-
mal compressibilityx, the mean number densipy and the  forming systemg27,29—-32, mainly due to the more diffi-
thermal energywith kg as the Boltzmann constant; see, for cult experimental conditions. However, such studies bear an

example, Refs[10,11)): interesting aspect because one can compare the changes of
the structure and the dynamics as a function of density and
S(Q=0)=p(T,P)xk1(T,P)kgT. (2 temperature separately. According to “free volume theories”

the available free volume for the motion of molecular entities
In this work it is important thatS(Q=0) varies not only should be the relevant quantity which controls the dynamics.
with temperature, but also with pressure via the pressure dékccording to MCT, the control parameters affect the dynam-
pendence of the density and the compressibility. We takécs of supercooled liquids by changing the static structure
advantage of polarized neutrons, which allow to separate thiactor (and then the density25]. Some MD calculations for
coherent and incoherent scattering contributions and in prina model polymer investigating the influence of the thermo-
ciple to measuré&(Q) even in absolute units. dynamic path(isobaric or isochoricon the structural relax-
Apart from the diffraction data, we present in this paperation and comparison with the MCT were published recently
important results concerning the dynamics. Employing neuf33] showing a good agreement with the MCT. More re-
tron backscattering spectroscopy on protonated polybutadiently, Ferreret al. [34] have proposed that temperature
ene we investigate the inelastic incoherent scattering lawhould be the dominant control parameter of the activated
S(Q,w). These experiments give information on the self-dynamics for experiments neBy;,, and not the free volume.
correlation functionGg(r,t) for the protons mainlyGg(r,t) In our work, the main approach will be to find in the(T)
is related by a space-time Fourier transformation to the incodiagram an “isostructural path” for the static structure factor
herent scattering lave.g., Ref[12]) S(Q), which we then can compare to the dynamic structure
factor S(Q,w) along the same path. Conversely, if for
* . L2 - - S(Q,w) an “isochronic” (same relaxation timepath in the
S(Quw)= fo exp(—uot)f eXp—iQ ) Gs(r t)dtdr. (P,T) diagram can be identified, then it will be of interest to
(3) compare the static structure fac®(Q) along the same line.
Comparison with the mentioned theories will be discussed
We investigate here polybutadiefEB), a polymer for on a qualitative level.
which the glass transition phenomenon was most intensively The paper is organized in the following way: first we
studied as a function of temperature by using a wide class aglescribe the experimental details; second, we show how the
inelastic neutron spectrometers3—24. As a summary of diffraction pattern changes under pressure and temperature
earlier observations, one finds similar to other glass-formingind try to relate the observation to thermodynamic quanti-
systems at least two dynamic processes. ties, and finally we will present inelastic incoherent neutron
(i) A fast dynamic process on the picosecond time scal&cattering data on protonated polybutadiene.
(detectable on neutron time-of-flight spectrometesdich is
weak below the glass transition temperatiiggand which [l. EXPERIMENTS
gets pronounced close I,. The explanation for this pro-
cess ranges from vibration relaxationt9,20 to the fast
mode coupling proced25]. The diffraction data discussed mainly in this paper were
(ii) A slower dynamic process on the nanosecond timeaken onD7, ILL, Grenoble, using polarized neutrons with
scale, which is observed on neutron backscattering or spian incoming wavelength of 4.86 A. Using neutron polariza-
echo instruments and which seems to be related taxtbe tion analysis,D7 allows to separate the coherent and inco-
segmental relaxation at about 30-40 K abdye herent scattering and in principle even to detern#®) in
In addition to the described processes, a comparison bebsolute unit§35]. The incident neutron beam is polarized
tween dielectric and neutron spin echo measurements gawy a supermirror device and the scattered beam is analyzed
evidence for a Johari-Goldstejd relaxation[26], observed by four mobile detector banks, each with 16 detectors and
by neutron spin echo techniques. Some data on PB wersupermirror polarizers in front. ® range between 0.25 &
compared with the idealized version of the mode couplingand 2.5 A was investigated. The detector banks were
theory (MCT) which describes the glass transition as a dy-moved to three different angle positions in order to improve
namic phenomenon at a critical temperatufg>T,. the Q resolution. The empty pressure cell was measured and
Whereas qualitative resemblance was detected fof 2B  the signal was subtracted with the corresponding correction
serious deviations were observglb] concerning the rela- factors.

A. Diffraction

tion between the critical exponerasand b, which describe In neutron diffraction the detected intensity, after correc-
the asymptotic behavior of the spectral shape fordghend  tions for background, absorption, multiple scattering, etc.,
fast B relaxation neaf . contains contributions not only from coherent scattering but

All above-mentioned earlier inelastic neutron scatteringalso from incoherent scattering and thus a conversion to the
studies on PB have been carried out by temperature variatiostatic structure facto5(Q) is not always straightforward.
only and thus include both density and thermal energyThe incoherent scattering arises in our case from deuterium,
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which besides the coherent scattering cross section of 5.6 temperature only and was then subtracted for all tempera-
also has an incoherent cross section of 2.0 b. It could alstures; this crude correction procedure does not allow for a
arise as an undesired artifact from an incomplete H/D exguantitative evaluation.

change or from hydrogen-containing impurities in a polymer

sample. The incoherent scattering cross section of hydrogen B. Inelastic scattering

is about 80 b, and thus only a small percentage of hydrogen

in monomers or impurities would be sufficient to give a con- . Lo
P g lybutadiene the backscattering instrument IN16 at ILL was

siderable incoherent scattering contribution. ) . :
As mentioned above, for a known composition of scatter-employed’ which probes due to its extremely high-energy-

ing atoms, i.e., in our case a precise knowledge of the degrégsolution relaxation times on the time scale down to a few
of deuteration and the number of scattering atoms in th anoseconds. The incident wavelength was6.271 A and

beam, the polarization analysis Bf¥ enables to measure the he deformed $111) single-crystal setup was used, which

static structure factor in absolute unfits35]. With polarized gl\\//\?:Ma Nn((a)agrly ?/at(st.TTan. d?r?er?}'] rltfasolut!on rfrt;n;tlon tW'th a
neutrons the total scattered intensity,,;= s+ InsE, Can -5 pEV (Ul Wi at hait maximum. Spectro-

be decomposed into the neutron spin-flip intensity and scopic st_udies are m?de by changing the_ incoming neutron
the non-spin-flip intensity ysr. If we neglect the isotope energy via a longitudinal Doppler effect in backscattering
incoherence, then the spin-flip intensity: results only from from a moving monochromatd@8,39. Only neutrons scat-

the probability 2/3 for incoherent scattering, but the non-tereOI by the sample with a final wavelength)o-6.271 A

spin-flip scattering contains the coherent and 1/3 of the inco%(r)?] %?ngte?e?)cg;gcina:yeze;SsallcﬂgCfiifgntf;?fgh?ggﬁd atsr:nfsu_nc-
herent scattering. The difference gives then the purely cohe%— PP Y, 1.€., gy

ent scatteringl ,.n=ysp— 2l sp. Furthermore, an internal er. The maximum energy transfer on IN16 is limited to

calibration onto the incoherent scattering allows to measur@E: 14 peV and the accessibi@ range for Si111) extends

the coherens(Q) in absolute units. Most correction factors over 0.2<Q<1.9 A", For these experlments. the raw data
drop out as they affedt and I in the same way. Be treatment followed the standard procedure using the ILL raw
NSF SF . -

cause for an absolute normalization the degree of deuter::ltio%ata treatment program SQW0), which corrects for the

of the sample must be known we checked this by nuclea ackgl;ound ar)d prTehSSL:jret-celll 's:gatt1e§|ng, fo; ?(bsorpt|:3l\rl16antd
magnetic resonanceNMR) measurements to be 98.5%. A tﬁzzs\ﬁa\-/zlcerie?;]ngl Aean?al?/vle?re Igénve:::(;etoioennsgir;n d a
discrepancy was found by calibrating additionally with a V& Susce tibilitgs e;:tra ,after the standard corrections had been
nadium standard of known incoherent scattering probabilitya i g ysp
which gave within error a proton content of at least 4%. pplied.
Thus, in our case, the large experimental uncertainty related

to both sample preparation and pressure cell setup did not
finally allow to measureS(Q) on an absolute scale. In any  For the diffraction experiment low molecular weight deu-
case, the relatively high proton content results in an imporierated polybutadiene was filled into a niobium liquid pres-
tant correction factor for multiple scatteriny!S). Multiple  sure cell[41,42 of hollow cylinder geometry. For the deu-
scattering effects were calculated for all spectra using a codgrated polybutadiene a wall thickness of about 2 mm was
and procedure proposed in Rg36]. The following conclu-  chosen, with a calculated sample transmission of about 78%
sions can be drawn from thisi) the position and width of and a pressure-cell transmissionTe$55%. For the inelastic

the main peak are not influenced by these correcti@nghe  experiments on protonated PBE-PB) the thickness of the
absolute intensity level in the lo@- region below the main inner niobium cylinder was increased, resulting in a sample
peak ofS(Q) is weakly influenced by these MS corrections, thickness of 0.1 mm and a transmission of 90%. For the long
but the ratio between this level and the peak intensity idncident wavelength used on both spectrometers no coherent
changed(iii) there is practically no temperature dependenceBragg scattering from the cell is observed and the incoherent
of the MS corrections in the whol® range. Typical measur- scattering for niobium amounts to only 0.0024 b. Secondary
ing times with spin-flip and non-spin-flip analysis were aboutcoherent scattering from the cell might arise from neutrons
12 h for four different detector bank settings. The limitationswhich gain energy in the sample and are consecutively scat-
of the D7 diffraction experiment are given by the narr@v  tered in theP-cell material. We expect this to be a very weak
range and the relatively low incident energy. A justification and also isotropic contribution, which should depend slightly
for this limitation comes from earlier diffraction data which on temperature. Thus for such wavelength a low background
extended over a much wide& range up to 23 A, taken scattering from the cell is achieved, with the absorption by
without polarization analysis at tH24, ILL, Grenoble(see the cell not being negligible T, e,=65% if neutrons of

Fig. 2) [37]. The main changes with temperature appear ir6.27 A wavelength pass through the outer cylinder and
the low-Q part of the first structure factor peak. These dataT,,,.,=78% if they pass through the inner cylinger

were taken on deuterated PB of high molecular weidhy The maximum pressure applied for the present study was
=95000, at an incoming wavelength of 0.5 A and with two 300 MPa. The cell was placed in a ILL orange cryostat and
different multidetector settings &,;,,. The data were cor- the temperature was controlled betweé K and 300 K.
rected for background and a further correction was to subPressure changes were always made in the range of high
tract a polynomial of second order and normalizing the highsample compressibility at=300 K. The pressure is applied

Q limit to 1. The polynomial was determined at the lowestby compressing liquid pentane outside the cryostat and trans-

For the investigation of the dynamics of protonated po-

C. Sample environment
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FIG. 2. Static structure factor of deuterated polybutadiene mea-

FIG. 1. (P,T) diagram showing the isochores for polybutadiene sured over a larg® range for three temperatures & (ILL): T
(with densities given in g/c#) as deduced from literature data. The =25 K in the glasgsolid), T=168 K (Tg—8 K), andT=257 K in
glass transition lineT ((P) (triangles connected by the solid line the melt(dashed lings S(Q) changes only in the lov® range as
was determined by isothermal calorimeftB7,28. Constant density  shown by the inseft37].
lines and data points are plotted only above the glass transition line.
The filled circles present theP(T) points with estimated error bars
at which neutron diffraction data dd7 were taken. The open sym- perimental errors inherent in the two methods. Neither cross-
bols indicate the P, T) values for the reported inelastic experiments linking nor chain degradation occurred during the pressure
(squares, IN16; diamonds, INBONn IN16 an isochrone on the time experiments as crosschecked by SEC. The deuterated sample
scale of nanoseconds was experimentally folsotted ling and  (M,,= 95000 g/mol andT,=181 K), for which S(Q) is
the dashed line connects to points measured on IN16 at an isochoghown in Fig. 2, was prepared earlier by L. J. Fetters, Cornell
[29]. University, Ithaca, NY, USA. The glass transition tempera-

ture was determined by differential scanning calorimetry to

L _ . beTy,=178 K atP,,. The pressure dependent glass transi-
mitting it by a heated capillary to the pressure cell within thetion temperaturd (P) was determined at the L.C.P., Univ.
cryostat. The pressure is controlled both at the COMpressQy, ic sud27] (seg triangles in Fig.)L '

and at a strain gage fixed at the circumference of the pressure
cell within the cryostat. A small piston on top of the pressure
cell separates the sample from the pentane. The pressure-
temperature P, T) diagram for the density of PBshown in

Fig. 1) was produced on the basis of literature data,44]

and it agrees quite well with densities extracted from Ref The influence of the temperature on the static structure
[45]. In Eig. 1, only the density curves above the glass tranfactor of polybutadiene is illustrated by data measured earlier

- : over a very wideQ range up to 23 A! (Fig. 2) [37]. The
sition are displayed. investigated temperature range betwdeK and 280 K cov-
ers the most interesting glass transition region. Three tem-
peratures are showi:=25 K in the glassT =168 K (a tem-

For the polarized neutron diffraction study a fully deuter- perature close tdly), and T=257 K in the melt. Within
ated 1,4-polybutadiened6-PB: [C,Dg],) Was prepared by statistical error there is no change&(fQ) in the momentum
anionic polymerization fromd6-butadiene monomer with transfer range abov®@>3 A~ and only a minor change in
sechbutyllithium as initiator, methanol as termination re- the region of the second peak 8fQ). The major effect is a
agent, and benzene as polymerization solvent. The polymeshift of the main-peak position, located around 1.5'Ato-
ization conditions lead to a chain microstructure of 52%wards smallerQ values (see inset This observation was
trans 41%cis, and 7% vinyl. The polybutadiene has a mo- already earlief9] interpreted as being due to thermal expan-
lecular weight of 9000 g/mol and a polydispersity of sion, i.e., to an increase of the average interchain distance.
M, /M,=1.03 as determined by size exclusion chromatog-Because of the absence of temperature dependent changes in
raphy (SEQ. The degree of deuteration was determinedthe highQ range we can limit the pressure dependent study
by *H NMR measurements with 1,1,2,2-tetrabromoethane at a momentum transfe@<2.5 A%, i.e., to the region be-
reference. Taking into account also the signals from the inilow the second peak @&(Q).
tiator and terminator groups 98.5% deuteration was mea- A typical static structure facto8(Q), measured o7
sured. No additional signals from residual solvent and/or(circles at T=300 K and atmospheric pressuRg;,, and
other protonated impurities could be detected. However, onlyhich is corrected by applying the standard and multiple
96% deuteration was found by independent vanadium caliscattering corrections, is shown in Fig. 3. The solid line is a
bration onD7. This discrepancy may be explained by ex-fit curve and the corresponding residual is shown in the up-

IIl. EXPERIMENTAL RESULTS

A. Static structure factor

D. Samples
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0 1 2 d6-PB at atmospheric pressure measured with polarization analysis
Q (A-l) on D7(ILL) when the temperature is changed from the glass to the

melt (solid lines, glass; dashed lines, melfhe dotted(dashed
straight line at lowQ indicates the estimate8(Q=0) limit at T

FIG. 3. Diffraction pattern ofd6-PB measured at=300 K
=300 K with (without) Brillouin scattering(see text

(circles with polarization analysis oB7 (ILL) after correction for
multiple scattering of the original datamall symbols An example
for a fit of S(Q) (full line) by a Voigt function(dotted ling and a
background polynomialdash-dotted lineto deduce the peak posi- ens,(ii) the observed peak shift is more pronounced in the
tion and peak width for the main peak. The residual of the fit ismelt abo\/eTg than in the glassiiii) the intensity in theQ
shown in the upper part of the figure. region below the peak maximum increases with temperature.
The expected lov values forS(Q) (straight line$ are dis-
cussed later. The temperature dependence of the main-peak
per part. For comparison the same spectrum, but withoubositionQ™2%(T) for P, and its FWHM are summarized in
multiple scattering corrections, is also present@dall sym-  Fig. 5. The peak position decreases linearly with increasing
bols). All S(Q) curves were fitted using a Voigt function, temperature and the temperature shift changes its slope near
which describes the shape of the first peak well, and by aghe glass transition temperature. This thermal shift can be

additional polynomial of third order, which matches the rg|ated to the change of the thermal expansion coefficignt
background and the increase towards the second peak. There

are only two relevant parameters from such peak fits, the
main-peak position and the peak width, where both are re-
lated to the local order of neighboring chains. We do not
assign a physical significance to the fit parameters corre-
sponding to the background polynomial. The choice of this
kind of fit is mainly based on the reduced number of fit
parameters. We have also tested the stability of the fit results
by fitting in a different way: the first structure factor peak
was fitted with two Gaussiangesulting in a broad and nar-
row line) and a third broad Gaussian for the hiGhincrease

and furthermore we have added a flat background and a weak
power law decrease to describe the IQuside. The fits with

this large number of fit parameters are good and the results
are qualitatively similar to what is presented in the follow-

ing

1.55 0.50

1.50 0.45

Qmax (A-l)
(.Y) WHMA

1.45 0.40

In a first step and for comparison we have repeated the
temperature dependent measurementS(qf) for PB at at-
mospheric pressur®,;,, in the P cell. This allows us to
relate the more difficult polarization analysis experiments in
the pressure cell with the earlier diffraction data without po-
larization analysi§9]. Figure 4 shows the temperature de-

1.40

100
temperature (K)

200

pendence of5(Q) for the isobar at atmospheric pressite
=P_m (solid lines in the glass; dashed lines in the mdlhe
observations are consistent with the earlier d@tdrom un-
polarized neutrons(i) the main peak ofS(Q) shifts with
increasing temperature towards low@rvalues and broad-

FIG. 5. Main-peak positiorifilled circles; left hand sideand
peak width(open squares; right hand sjdef d6-PB as a function
of sample temperature and at atmospheric pressure. The fitted
straight lines are shown in the low and high temperature regimes for
the position and the widttFWHM), respectively.
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e

which is known to increase by an amouvtr nearTg. The 1.55 f—————
FWHM of the main peak is found to be nearly constant at 1
low temperature and becomes temperature dependent abo ] }\L T Tp.g
Ty. The crossover temperatures for the two sets of data ar i \}Fi\% o g
located within statistical error at a slightly different tempera- _ 150 .
ture[9]. The increase in linewidth with increasing tempera- 7, ]

ture might indicate increasing spatial disorder around the:v
dominant neighbor distances. Assuming that the main peal%,, |
reflects to a large extent the distance between neighboring  1.45-
polymer chains, we can deduce from the temperature varia |

e P
tion of the peak maximun@™?* a linear thermal expansion A P-100MPa
coefficient 8= (1/Q™) (dQ™®¥4T) [9]. The straight lines 19 ﬁ:;ggﬁ:

in Fig. 5 correspond then to the fitte&l values in the glass s
By=(0.82£0.17)x10 * K™* and in the melts,=(4.93 0 100 200 300
+0.17)x10° 4 K~1. The expansion coefficient3,, is @ temperature (K)

slightly smaller than the volume expansion coefficianbb- DY T e
tained from calorimetric data (610" * K™* at Ty) on a 1 @ Py i
similar molecular weight and smaller than values from litera- RS

ture which are nearly a factor of 2 larget6]. A plausible { o p~250MPa

explanation might be that the thermal expansion of a linear-~ 0.45+ -
main chain polymer is anisotropic and stronger perpendiculal"sf 1

to the chain than along the chdi8], resulting in a ratio for

al B between 1 and 3, e.g., one would expect2g for 1* * °

close-packed cylinders. Nevertheless, the situation is more¢= 040 o o z B
complicated, because the peak maximum for a polymer 1 o

arises from interferences of different partial structure factors ]

with unknown weighting factors. Thus much more than a 1

crude consistency check with macroscopic valuesxois 33—
hardly feasible. If we assume that the volume and linear 0 100 200 300
expansion are related by~28, we get a,~1.64 (b) temperature (K)

X 10 * K™* for the glass andvy,~ 10.0<10 * K™ for the _ FIG. 6. Summary of the fit parameters for the main peak of
melt. The latter value is now slightly larger than reported ing Q) for d6-PB. The temperature dependence of the peak position
literature. For the change in expansivity ndgr, we deduce s shown for different isobars ife). Straight lines are fits related to
Adeyy=am—ag~4.1x10"* K1 (for a/B=1) andAaey,  the thermal expansion at the different pressure values. The pressure
~8.4x10 4K~ (for a/B=2). The empirical relations dependent glass transition temperature is indicated by arrows) In
given in literature lie in betweeha~5x10 % K~! [46] the fitted values for the peak width &Q) along four different
and AaTy~0.113[47], which comes withT,=176 K to isobars are plotted.
Aa~6.4x<10"4 K1,

There are also reports in literature about large micro-80"°%=2.37x10"*K™* and pN°**=7.0x10 4K %
scopic expansion coefficients compared to macroscopic vatFhus our values for the broad peak are at mg@st «
ues. One such observatiémentioned in Ref[48]) is based ~3p) a factor 3.7 larger in the glagextremely large error
on the stronger temperature shift of the amorphous halo foparg and at most a factor of 2.8 in the melt. Thus even such
several polymer$49] compared to the macroscopic expan-fits do not render a factor 1§las$/100(melt) compared to
sion coefficient. The other observation results from positrormacroscopic values as stated by Bartvsl. for cis-PB. A
annihilation where considerably higher microscopic valuesart of this discrepancy might be ascribed to the less straight-
are found(e.g., for cis-polybutadiene a factor of 10 in the forward interpretation of positron lifetime measurements, es-
glass and a factor 100 in the m¢80]). Our data are cer- pecially in the range where the hole lifetime becomes very
tainly not compatible with such large expansion coefficientsshort(related to the fast process observed by neutron scatter-
This also does not change if we take the results from a twoing). Furthermore, neutron diffraction measures the average
peak fit of the main peak, which was mentioned near Fig. 3over all correlations, whereas the positronium is a local
Such fits, which might be justified on the base of mOde|Sprobe for large holes mainly.
describing the glass as a heterogeneous megamorphous Another remark concerns the larger absolute values for
and more ordered regiondead to slightly larger shifts for the peak position and also for the width as compared to pre-
one of the peaks. The broader line has a slightly strofiger vious work[9]. The observed difference in the peak positions
dependencélarge error bars as might be expected relating might be attributed to zero-point errors or to a different back-
it to the more disordered regions. The following values ofground correction, but this argument cannot apply to the
expansion can be deduced: narrow peg{*'°"=1.18 peak width. Even though no molecular weight dependence
X104 K™1 and Bpa"°"=4.5x10"* K™!, broad peak, was found earlier for two high,-PB samples W,
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TABLE I. Thermodynamic data deduced from the change of the main-peak posit&#{@Qgfas a function
of temperature and pressug= (1/Q™#) (dQ™M®¥4T) is the linear thermal expansion coefficient fr&fQ)
main-peak positiony is the volume expansion coefficient applying different ratios &8, «t is the
isothermal compressibility; neutron data deduced frepr (9Q™2Y 9P)/ Q™2

Thermal expansion

(1074 K™Y Glass Melt Literature

B 0.82+0.17 4.93-0.17

a=28 1.64+0.34 10.:0.35 a=6-7.22

a=3p 2.46+0.50 14.8-0.5

B (100 MPa 4.31+0.32

B (180 MPa 2.53+0.63

B (250 MPa 2.32-0.42

Aa=ap—ay ~4.1(a=pB) 5.0P-6.4¢

~8.4(a=2p)

Compressibility

(10* MPa ™) T=180 K/200 K T=220K T=300 K Literature

Kt (0.68+0.13/(0.95+0.23) 1.03:0.22 2.29-0.11 ~3.54

3kt (2.04+0.4)/(2.86-0.68) 3.09-0.65 6.85-0.33  ~6.4(300 K)°
~2.6°

a=3p 2.46+0.50 14.8:0.5

A k= K320 K— (380K ~0.3% or ~1f or 3kt

From this follows:

Ax/Aa (KIMPa) 0.08(a~ B)

dTyloP (K/IMPa) 0.209
0.13¢
0.118"
0.095¢

aMelt from 180 K to 250 K.

bReferencq 46].

‘Referencd47].

dreferencd43].

T4 [28].

T, [27].

9

=90 000 g/mol and 50 000 g/mf®]). However, the findings glass transition temperatuigy(P) increases with pressure
here might be related to the very low molecular weight of PB(triangles in Fig. 1[27]). Calorimetric experiments on PB
used in this study. Below a critical value for the molecularresult in §T,/JP=(0.11+0.02) K/MPa(valid up to about
weight several polymer properties are strongly modified 300 MPa[27] anddT,/dP=(0.0950.02) K/MPa[28], re-
e.g., the density(for PB the critical molecular weight is spectively; see als6T,/dP=0.13 K/MPa[43]).
M,,= 6000 g/mol[46]). One might be tempted to deduce (i) In the glass the position of the main-peak maximum
from these findings that the low molecular weight samplesncreases with increasing pressure, thus indicating a denser
are more densely packdftom the peak positionand that packing at higher pressure. This effect is nonlinear in pres-
the distribution around the average neighbor distance is nasure and it is only significant in the glass fBr=180 MPa
rower (from the peak width and P=250 MPa. The data points fd?=100 MPa lie in

For isobars at elevated pressiie P, the temperature Fig. 6@ on the extrapolated line of the .
dependence d&(Q) is found to be very similar to Fig. 4. We (iii ) The slope of the temperature dependence of the main-
summarize the fit results fa@™2{(T) andI'™?X{(T) in Figs. = peak position in the melt decreases with increasing pressure.
6(a) and Gb). The results of the main-peak position $(Q) This observation is interesting and may be related to anhar-
are given in Fig. ). In spite of the few points foP monicity.
>P.im, due to limited beam time, we can extract from these Because a harmonic model cannot explain thermal expan-
data the following. sion, one introduces usually anharmonic lattice vibrations,

(i) The temperature range in which a strong temperaturavhich can also be described by a thermal @isen param-
dependent peak shift of the main peak is observed, i.e., theter. Adopting this concept one would conclude that anhar-
melt region is located towards higher temperatures with inmonic effects can be reduced by application of pressure. In
creasing pressure. This is expected since the macroscopl@ble I, we list the experimental expansion coefficients,
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Ok L L ] L = FIG. 7. S(Q) (in arbitrary
00 05 10 15 20 25 units) of polybutadiene at four dif-
Q (A'l ) ferentisothermsbelonging to tem-
peratures close td@ =180 K (a),
F . T T ! b T T J SOl T "] 200 K (b), 220 K (¢c), and T
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which are deduced from the observed slopes ofsothermT=200 K, shown in Fig. ), corresponds to a
dQM*JT(P). The temperature dependence of the width ofthermodynamic state in the highly viscous melt, except for
the main peak 08(Q) for different isobars is shown in Fig. P=214 MPa, which belongs to a state close to the glass
6(b). The data points are strongly scattered, but it becomegansition line. Figure &) and 7d), measured al =220 K

still clear that the width decreases with decreasing pressurgnd at T=300 K, represent thermodynamic states in the
and that, like for the peak position, thle dependence be- melt. Along the lowest temperature isotherm we observe
comes weaker with increasing. We can relate this to a nearly no change in the main-peak position, a minor narrow-
narrowing of the distribution around an average neighborindng of the width and a slight decrease of the intensity of the
chain distance. All these observations are quite plausible ifnain peak with increasing pressure. At higher temperatures
one considers that structural rearrangements, which happeve find more and more pronounced changes with increasing
most probably cooperatively, become more hindered with inpressure: a strong intensity decrease in the wii@lenge

creasing density. below the main-peak position. The highwing of the peak
Next we show the density contribution8$Q), which we  remains essentially unaffected.
can analyze from the pressure dependencé&(6d) along One can describe the pressure dependent changes which

isothermg(Fig. 7). The isotherm al =180 K, shown in Fig. we observe forS(Q), and which we see most clearly at
7(a), is located in the glassy state for all pressure, except for=300 K, by a shift of the main peak to high@r-values,
S(Q) measured &P = P,;y,, Which is located just af;. The  accompanied by a peak narrowing and a decrease of the in-

050 f—————1 11

FIG. 8. (a) Fit result for the
density dependence of the main-
peak position ofS(Q) (symbols
and the microscopic compressibil-

7: ity (indicated by the fitted, solid
> straight line$ along four different
Eo isotherms for polybutadiene corre-

sponding to temperatures close to
180, 200, 220, and 300 Kb) Fit
result for the density dependence
of the peak width FWHM) of the

i main peak of S(Q) along the
| R R 035 . - same four isotherms fat6-PB.

0 100 200 300 0 100 200 300

(a) pressure (MPa ) (b} pressure (MPa)

051801-8



INFLUENCE OF DENSITY AND TEMPERATURE ON TH . . . PHYSICAL REVIEW E 67, 051801 (2003
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FIG. 9. S(Q) for polybutadiene for twasochores (a) S(Q) at the following points in theR,T) plane corresponding to a density of
aboutp=955 kg/nt, (197 K,P,,) by squares and305 K, 255 MPa by a solid line;(b) S(Q) for a density ofp=980 kg/n?, (T,P)
=(185 K,90 MPa) as circle219 K, 160 MPa as solid line, and243 K, 230 MPa as dotted line. Both figures contain in the lower part
the difference spectra between the higher-pressure data and the respective lowest-pressure curve.

tensity in the low® range. The first two observations are decreasing temperature, the oscillation amplitudes decrease.
summarized in Fig. 8. The peak positidiisg. 8@)] shift for ~ This interpretation is consistent with the results from inelas-
all isotherms with applied pressure, i.e., with increasing dentic experiments as we will see later. Let us furthermore in-
sity, to higherQ. Along the 180 K, 200 K, and 220 K iso- vestigateS(Q) in the low-Q limit, where S(Q=0) should be
therms the increase in peak position is weak, but strongjiven by the isothermal compressibiligy;, the densityp,
along the 300 K isotherm. The Straight-line fits in qua)8 and the temperatu[[éq_ (2)] We can estimate the expected

show thatS(Q™*,P) increases for the same thermal energy|eye| for S(Q=0) from k1= xs+ (Ta? pCp), Wherex and
with pressure, i.e., the nearest-neighbor chain distance de-

b . : g ‘?<S= 1/(v,gp) represent the isothermal and adiabatic com-
‘;eiﬁefe‘évghp'rg%rgaﬁ:;gd dtehnasrllty.fa?oasbec-)r%th(ee (;hanzge_rls pressibilities, respectively\Cp the specific heat at constant
u u .g.,

- . . ressure, an@ the isobaric thermal expansivity. We deduce
=300 K). Similar to the thermal expansion Coeff|C|entp 9 @ ! I xpansivity "

above. and within the same limitations, we can now estimatéhe adiabatic compressibility from the relaxed longitudinal

a microscopic isothermal compressibility « Sound velocity y and then we estimate tf#Q=0) contri-
=((9Qmax/(9P)/Qm:"‘X from the observed shift of the m;in- putions along the same Iine_ as recently published for poly-
peak position along isothermsee Table )l Again the k1 isobutylene[51]. Here we find for PB aff =300 K S(Q

values are lower than the literature data but whes 25— 9)~9-23, VY'}h f“{“~7><1_0 * K™%, p=890 kg/nt and
taken, they are slightly highde.g.,cis-PB in Ref.[44]). As ~ Cp=1630 Jkg K™ from literature[46]. If we correct the
above we might argue that a part of this discrepancy is due t§¢Vel of S(Q=0) for the Brillouin scattering contribution
the fact that the polymer is mainly compressible against thé51] (because of kinematic restrictions for the low incident
van der Waals repulsion between neighboring chains, but legiutron energy no Brillouin contributions are excjtég us-
compressible along the chain since this involves bending ong the longitudinal sound velocities from inelastic x-ray and
bonds. ultrasound dataT= 300 K) [52], then at 300 K we should
Turning now to the pressure dependence of the main-pedknd only S(Q=0)=0.134. Thus both estimations are clearly
width along isotherms: in the vicinity of 4(P) (for 180 K, smaller than what we observe after MS correctionS(@D)
200 K, and 220 K, we observe within error no pressure at T=300 K. In Fig. 4 we have indicated the estimated
dependence or at best an extremely weak decrease, of tg¢Q=0) limits by dashed-dotted straight lines. As discussed
width [Fig. 8b)]. The width of the main peak changes more before, we cannot exclude experimental uncertainty as the
strongly at elevated temperatur&s-T,. At the tempera- origin of this discrepancy.
turesT=200 K and 220 K the width decreases weakly and Let us now come to the most important findings from
for T=300 K the decrease is very clear. We may interprethese diffraction experiments. If we investigate the static
this as before by a narrowing of the distribution of distancesstructure factorS(Q) along constant density lines, we ob-
between neighboring chains around the most probablgerve changes i8(Q) which originate from thermal contri-
value—but now it occurs for the same thermal energy and deutions only. In Fig. 9, we compare the static structure factor
increasing density. The finite width of the main peak is dueS(Q) for different temperature and pressure pairs along two
to both the interchain and intrachain disorders. At high temisochores. Figure(8), shows theS(Q) curves near the den-
perature, the latter may have its origin in C-C bonds torsionasity p=955+5 kg/n? for (T,P)=(197 K,P,y» and (305
oscillations, which freeze at lower temperatures. Then ond, 255 MP3 and Fig. 9b) shows thre&5(Q) curves near the
expects that with increasing pressure and density, or witllensityp=980 kg/n¥ for (T,P)=(185 K,90 MPa) (219 K,
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160 MPg, and(243 K, 230 MPa. We find that in agreement 3 s L %

with the macroscopic density the static structure factor is g 1 P=100MPa . ﬂ i

almost identical along isochores. We observe thatS(@®) @ o4 1]

at a constant density and changing temperatirthe peak 1900 i -':. ;'% -

position remains constar(ij) the width of the peak is prac- H -'i | i 1

tically the same i) the low Q range of S(Q) is nearly T -' ili ' 7 lg=e &'}
H |

K

invariant, and only(iv) the intensity of the peak maximum

1
decreases weakly. The differences betw8gQ) at the low- 0 Q=.Lsz“ s ok ek
est (P,T) values and3(Q) at higher @,T) values are shown -10 0 10
in all figures, too. The isochore in Fig(® is the most con- . ! L L
vincing one because there the temperatures are more theg 1 Pk ;, -
100 K apart and also this isochore is located sufficiently far @& (b) f‘_l

from the glass transition lin€,(P). Thus at this stage of the 1000 -
study we can draw the conclusion that the microscopic static
structure factor is predominantly sensitive to changes in the
macroscopic density.

B. Dynamics
We have seen that the static structure factor of deuterate: 3 Ty !
polybutadiene is hardly affected whéhand T are varied S | p=3compa i

along constant density lines. Now we ask how the dynamics # ©
of PB changes along an isochore. We will restrict this inves-1000 -
tigation to the incoherent scattering law. In addition to the
isochorewe will include data for the nanosecdind) time
scale on ansochrone[29].

Let us first recall that in the investigated energy range we oA 2
observe thex or segmental relaxation as a quasielastic line- -10 0 10
width, which shows a pronounced broadening with momen-

f[um tr_ansfer_Q, and which furt_hermore leads t_o an elastic meV 1) for polybutadiene near thisochoreof p=960 kg/n? for
intensity which depays _fast witk) [23,24. In Fig. 10 we different Q values betwee®=0.27 A L andQ=1.87 A L. (a) P
present how quasielastic neutron spectra6rPB change - 100 MPa, T=233 K, p=952+5 kg/n?; (b) P=200 MPa, T
along an isochore of density=955+5 kg/nt, thus as a =272 K, p=955+5 kg/n?; () P=300 MPa,T=304 K, p=965
function of temperature only and foP(T) values which are  +5 kg/n?. Clearly, for closely similar densities one observes a
located above the glass transition lifig(P). The figure  strong change in the dynamics with increasing temperature. This is
shows the incoherent scattering law in the energy transfendicated by a stronger broadening of the lines with increafing
range of =12 ueV and for differentQ values between and by a quite different decrease of the elastic signal ®ith

0.27 A1 and 1.87 A1, The (P,T) points for the available

inelastic measurements are indicated as squares in Fig. 1 In order to allow for a better comparison we have de-
(connected by a dashed linffom which we note that the picted in Fig. 11 spectra at one singl@ value of Q
isochore is not perfect. The spectra forP,T) =1.60 A~ and only for the first two P, T) points which
=(300 MPa,304 K) in Fig. 1@) correspond to a higher have the same density. Both the measured incoherent scatter-
density. Assuming that the dynamics is governed dominantlyng law S(Q,w) [Fig. 11(@ normalized to the peak maxi-

by the density, as was found above 8Q), we would mum]| and the intermediate scattering e8¢Q,t) resulting
expect closely resembling relaxation spectra along this isoffom Fourier transformatioriFig. 11(b)] are shown. Both
chore for all P,T) pairs. This is clearly not the case: the figures evidence an acceleration of the segmental dynamics
data for the lowestR,T) values in Fig. 108) show a weak oOr a relaxation when the temperature increases along an iso-
change of the width and the intensity with increasi@®y chore. Hence we conclude that, along an isochore and in the
whereas for the same density but much highefT) values observed P,T) range, not the density is the dominating con-
[Fig. 10b)], we do observe both a broadening of the line-trol parameter for the segmental dynamics but the tempera-
width and a strong decrease of the elastic intensity with inture. In order to underline these findings we have searched
creasingQ. The same is valid for even higher temperaturesfor (P,T) pairs in the phase diagram for which the dynamic
and pressure in Fig. 16). [these data deviate from a perfect incoherent scattering l1a8(Q,w), as measured by neutron
isochore, but the higher density should rather lead to dackscattering, is essentially the same. Such an isochrone
slower relaxation in comparison with Fig. @0.] Thus it is  line in the (P,T) diagram, which corresponds to an identical
obvious that at constant density and at a nearly identicalelaxation behavior on a time scale of a few nanoseconds
static structure factor, the dynamics accelerates markedhyas found earlief29] and is sketched as a dotted line in the
with the increase in temperature. (P,T) diagram of Fig. 1. The relaxation spectra measured at

1
274 |

energy ( peV)

FIG. 10. Incoherent dynamic scattering 186Q, ) (in units of
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FIG. 11. Comparison of
+ B Sinc(Q,w) at twoisochoric(P,T)
points with p=953+5 kg/nt for
Q=1.60 A"! [(a) circles, P,T)
e =(100 MPa,233 K); line, P,T)
o + =(200 MPa,272 K)] and of the
%o Fourier-transformed spectra
S(Q,t) at the sameQ value and
0% — (P,T) points [(b) crosses forT
=233 K and circles for T
n =272 K].
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FIG. 12. Experimentally determineédochronefor the incoher-
ent dynamic scattering law of polybutadiene at differé@nvalues
betweenQ=0.27 and 1.87 A! measured on IN16, ILL ata) P
=100 MPa, T=269 K; (b) P=200 MPa, T=286 K; (c) P

1ns
time

three (P, T) pairs on this isochrone and for differeQtvalues

are shown in Fig. 12. The spectra are found to be distinct
from the resolution function for all values @, but show
very similar broadening, intensities and within error also
similar line shapeg$29]. Comparing the data for this iso-
chrone in Fig. 12 with the data on the isochore in Fig. 10 the
differences along these thermodynamic paths become with-
out doubt clear. The isochronic line corresponding to these
data changes with  roughly dTisochrond dP=0.17
+0.01 K/MPa. Thus the slope in th®(T) plane of Fig. 1 is
somewhat lower than the slope corresponding to the glass
transition temperatur@T,/JP=0.11+0.02 K/MPa, which
was determined by calorimetf27]. For comparison, isoch-
ores are even more flat and can be approximated by
dTisochorel PP~ 0.40 K/MPa in this P,T) range. Thus the
experimentally determined ns-isochrone line crosses clearly
the several constant density lines in tH& ) diagram.

Finally we extend the investigation of the dynamics on an
isochore towards shorter times, thus higher-energy transfer.
Neutron time-of-flight data, measuring the incoherent scat-
tering law of h6-PB in the meV-energy range, are investi-
gated here. The data are presented in form of the dynamic
susceptibility y” ~ S(Q, w)/n(w,T), with n(w,T) being the
Bose occupation factor, thus correcting for temperature
changes due to ordinary phonon contributions and stressing
relaxation contributions. The susceptibility was calculated
from a spectrum interpolated to const@w1.6 A~*. In the
frequency range around 2 meV we find the Boson peak, an
excess excitation above the ordinary Debye level, which
turns out to be rather insensitive to temperature changes
along an isochore, similar to the excitations at even higher
frequency. This behavior is expected for vibrational excita-
tions. In between the Boson peak frequency and the elastic
line, we find fast relaxation processésalled also fast3
relaxation, which clearly increase with increasing tempera-

=300 MPa,T=304 K. The corresponding isochrone line is shown ture more than what is expected for vibrational excitations.

in the (P,T) diagram of Fig. 1 as a dotted line.

Thus from Fig. 13 we deduce that the fast relaxation
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FIG. 13. The behavior of the dynamic susceptibilityhd-PB atQ=1.6 A~ in the fast relaxation and the vibration regime measured
along anisochore Data in(a) are quite close to a density pf=953 kg/nt, whereas the data points fd) are +5 kg/n? apart from an
isochore withp =935 kg/n¥, which explains the stronger deviations in the vibration regime.

processes are mostly dependent on temperature like thhe main peak(Figs. 5 and § and its pressure dependence

slower relaxation processes found on the backscattering-ig. 8) support such a hypothesis. Intramolecular distances

spectrometer. and correlations are expected to depend very weakly on
(P,T) as is seen in the hig range ofS(Q). In contrast,

IV. DISCUSSION the intermolecular distances are expected to depend strongly
on T andP, similar to what is found. The main peak moves
Sowards higheQ with decreasing or increasingP, indicat-
ing a reduction of the neighbor chain distances. The width of
the main peak gets smaller with decreasd ior increase in

The most important aspect of this work is based on th
comparison of static properti¢S(Q)], with dynamic prop-
erties[ S,.(Q,w)], measured along isochoric and isochronic

thermodynamic paths in thé>(T) diagram. Our results give il in higher dear f tial order. L
clear evidence that the microscopic structure and the dynanE’ possibly suggesting a higher degree of spatial order. Less
well understood is the intensity decrease of the main peak

ics depend very differently on temperature or density " : ) ) oeeE
changes. This kind of study is only possible by controllingith decréase iff or increase irP, which in principle should
pressure and temperature separately and by scattering expéﬂdmate_ that the number_ of atoms cor_ltrlt_Jutlng to t_he relevant
ments, such as neutron scattering, which offer both energ9orrelat|on_s decrease with decreasd ior increase irP. We
and Q sensitivity. The intrinsic difficulties of these experi- also tentatively related theT(P) changes of the peak posi-
ments arise from the compromise that small samples arion to the thermal expansivity or isothermal compressibility
needed for high-pressure studies, whereas high-energjslopes in Figs. @ and 83a)]. As expected a change in slope
resolution inelastic neutron scattering demands relatively@ppears neaf y(P) for the expansivity. On isotherms with
large samples. Technically, large windows on pressure celliemperatures sufficiently high aboVig(P,,) the pressure
for covering as large as possilflerange are desired and here was not high enough to read®y (in a very recent study of
the high penetration power of neutrons is again helpful. ThéS(Q) on PB up to 4 GPa the change in slope is seen at about
mentioned requirements for high-pressure studies result, ne#400 MPa for an isothernT =300 K [28]). The apparent
ertheless, in a dramatic decrease of the signal-to-noise ratiexpansion and compressibility coefficients, determined from
Therefore a large part of this work concernig(Q) is also  the peak positions, are summarized in Table I. In view of the
devoted to check the consistency of the neutron scatteringiscussed limitations in interpretation they are in good agree-
results with earlier studies, which had been conducted anent with macroscopic values.
P.:m under more favorable conditions. Furthermore, we we Therefore we investigate the temperature dependence fur-
try to relate the observations from neutron scattering to therther to higherQ values, by plottingS(Q;,T) at a few repre-
modynamic properties. sentative fixed); values as a function of temperature in Fig.
Starting with the static properties, we have related a mi14(a). We assume that at a given pressixg,, the density
croscopic observation, tHe and T dependences of the main decreases in the considerefl,T) range piecewise linearly
peak of S(Q), to the thermal expansion and the compresswith temperature and with a steeper slope above than below
ibility. Whereas it is difficult to prove such a relation quan- T, (see Fig. 1 Furthermore, we assume that in the same
titatively, because all partial structure factors which contrib-(P,T) range the isothermal compressibility increases piece-
ute to S(Q) would have to be known, available wise linearly with temperature, thus we exp&0Q) to vary
measurements &(Q) for PB suggest that such a connectionin the low-Q range linearly with temperature. The observed
is reasonable. Besides the fact t840Q) is only sensitive to  curves can in fact be approximated by two straight lines,
temperature in th&) range around the first structure factor representing a weak, approximately linear increase of inten-
peak and belowsee Fig. 2 the temperature dependence of sity with temperature beloW, and a stronger one aboig .
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S(Q,T)
8S(Q)/ 8T 107

0 100 200 300
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FIG. 14. (a) Temperature dependenceS(iQ) for some selecte®; values(dotted lines, aQ<0.9 A~1; symbols, at large® values, but
below the peak maximum; solid line, @&=2.2 A™1). (b) Q dependence of the slopéeS§(Q; ,T)/4T (filled symbols for the glass and open
symbols for the mejt deduced from fitting the temperature depender®(; ,T)/JT by two straight lines for describing the low and high
temperature behaviors at eaQwalue. Two lines at lowQ indicate our estimation for the compressibility change between glass and melt.

We fit the temperature dependence at@jllvalues by two ity and another dashed line for the melt, which is drawn
straight lines, one corresponding to the gld8s limit T  under the assumption that the compressibility has changed
<150 K) and one corresponding to the méfit limit T by roughly a factor 3, which is an outcome from the main-
=178 K). This results in the slopegS(Q;,T)/JT , for  peak shift(see Table)l
which the values are shown in Fig. (b} versusQ. The Going one step further we can relate the discontinuities
meaning of this plot is only well defined in the lIo@-limit,  near the glass transition in the thermal expansion and in the
where dS(Qjim_.0,T)/dT should approach a constant value jsothermal compressibility with the change of the glass tran-
and which could be calculated if the temperature dependencgtion (see Table). For polymers at the glass transition one
of all thermodynamic quantities discussed before would bgj,ds often that § iy /A ) ~dT4/9P holds[46,53. In spite
known. At higherQ values the temperature dependence conys ths finding the validity of this relation, which is based on
tains contributions from changes of the partial structure facthe continuity condition of volume near the glass transition,
tor\s/</I|l;9 érl[f] Sth'fttﬁf thle mam-pgralj E’I_oi'tfn' hi is questionedfor a discussion of this point see, e.g., Refs.

e find that in the glasaS(Q; ,T)/dT behaves rou%a)}/ a5 [53,54), but it serves here only as a rough consistency
B e e & pg1EC CompaTng e compressiioy found o

b bes. barng 980 K glass isotherm with the compressibilikg,g k, de-

melt, we find in the wholeQ range larger slopes C . A
9S(Q; ,T)/4T as expected, but no longer a constant valueduced from thel =220 K isotherm(which is just above the

towards lowerQ. One observes now a broad maximum in 9/2SS transition at all applied pressurese obtaindT,/dP
9S(Q;,T)/JT aroundQ values of the main-peak position ~0.08+0.05 K/MPa. This shift is somewhat lower than'the
QM2 This observation suggests that the strong intensity inthermodynamic results from literature fo_r polybutadiene
crease at lowQ below the main peak positio@™2* results [43,27, but rather close to a value determined recently for
only partially from compressibility contributions, but that it PB[28]. Especially in view of the path dependence for glass
contains also contributions from a thermal shift of the main-formation, which can strongly influence this valif] (here
peak position and from additional structural correlations. Théhe P4, glassy state was not compressed isothermadiyd
latter conclusion is deduced fro#S(Q;,T)/dT which de- due to the fact thah /A« is often found to be smaller than
creases continuously towards &y without reaching a con- TVA«a/ACp~dT4/dP, the agreement is satisfactory. The
stant compressibility level. For a separatiom&{Q, ,T)/dT latter difference was sometimes evoked to be a hint that en-
into a compressibility related term and into additional con-tropy rather than volume is the determining factor for the
tributions, arising eventually from structural correlations, weTy(P) dependence.

need a quantitative knowledge of the temperature depen- In view of the good agreement of the static structure fac-
dence ofp, 1, Cp, anda. In Fig. 14b), we indicate two tor at different @,T) points along a constant density line, the
lines at lowQ: one for the glass, assuming without quantita-investigation of the dynamics along isochores is straightfor-
tive estimate that this could be the level due to compressibilward. The result is that the slow segmental dynamics and the
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fast relaxation processes do change along an isochore, whiébr OTP, which in view of the weakR,T) changes o5(Q)
is the most interesting finding in this paper. Both relaxationfor OTP is plausible. For PB we find here pronounced
processes become faster for a higher temperature along ghanges irS(Q) off from an isochoric line and thus we do
isochore(Figs. 11 and 14 Glass transition phenomena were not see an easy explanation within the frame of the MCT
for a long time explained by free volum@V) theories why for constantS(Q) the dynamics should change so dras-
which explain the freezing of a liquid by the fact that the tically. Both studies agree in that temperature has the main
available free volume for molecular motion becomes drastiinfluence on the relaxation process. This should lend support
cally reduced with decreasing temperature or increasingo theories or models in which temperature, rather than vol-
pressure until a complete structural arrest. Therefore oname, is the dominating factor for the drastic slowing down of
would expect that at the same FV the relaxation behaviothe dynamics when approachify.
should be similar. If the conclusion is allowed that the FV
stays constant 'along a consta(iQ) Iin(_e, then we have a V. CONCLUSION
clear contradiction because the dynamics changes drastically.
In fact, this interpretation might be contested based on the We have undertaken a thorough analysis of the static
common argument that the total volume is composed by thstructure factor of polybutadiene in@ range which shows
real FV and the volume occupied by the molecules. Ofterthe relevant changes when passing the glass transition range
one includes in the occupied volume the part which is relateé@nd by using polarized neutron diffraction. We find that the
to the mean squared displacemeRt.and T then might influence of either decreasing temperature or increasing pres-
change both the occupied and the free volume differentlsure is to decrease the main-peak intensity as well as the
along an isochore. We claim here that the real occupied volintensity in the lowQ region. The peak position shows
ume is hardly modified byR,T), but the part due to mean changes which can be interpreted reasonably well by changes
squared displacements is, and it therefore should not be inn either the thermal expansion or the compressibility. It
cluded in the occupied but the free volume. This seems to bseems to be clear from our data that density changes, rather
a major flaw of the FV model. Relaxation phenomena bethan thermal energy changes, have the most pronounced ef-
come possible only if both the mean squared displacementgect on the static structure fact& Q) in the investigated
and the FV are sufficiently large similar to what is predictedrange. Probably the most convincing result in this direction
by the MCT theory, where the fast process is a precursor focomes from the isochoric curves 8fQ), which show very
the structural relaxation process. These arguments togethsimilar behavior in spite of a large difference in thermal en-
with the fact that in neutron diffraction we measure®(Q) ergy. This finding is in contrast to the results for incoherent
the distances between nuclei lead us to postulate that coimelastic scattering, which show mainly a variation with tem-
stant S(Q) curves are rather close to the real FV curves,perature. For the same density along an isochore, we observe
which then results in a contradiction with the free volumeimportant differences of the quasielastic scattering in the
theory. Disagreement with the free volume model was alsqueV-energy range, corresponding to the nanosecond time
found in other studieg¢e.g., Refs[55,56). scale. The dynamics is much faster for higher temperatures.
As introduced above, the more recent MCT approach caifhe same is valid for the frequency rang@2—-2 meV
explain many glass transition phenomena at least qualitavhere the fast relaxation processes appear. Again the relax-
tively. In the idealized version of the MC[R5] the control  ation processes are much faster at higher temperature. This is
parameters pressure and temperature affect the dynamics \iather supported by the fact that the empirically determined
the static structure factor, which itself controls the dynamicdsochronic line in the P,T) diagram, where the slowseg-
of the density correlation function. Thus one would expectmenta) relaxation processes on the ns time scale evidence
again that for the same static structure factor, similar relaxthe same spectral shape, clearly crosses the constant density
ation behavior should be observed, which contradicts obviand thus the constan(Q) line. Vibrational excitations
ously our experimental findings. Even given the fact thatabove the Boson peak frequency seem to be again more sen-
S(Q) is composed of different unknown partial structure fac-sitive to density.
tors, this statement should be still valid, with exception of We also find that the strong increase3{fQ) in the low-
the unlikely case that different partial structure factors cancef) region with increasing temperature or decreasing pressure
each other. should not result from an increase in compressibility alone,
Finally we want to mention a recent neutron scatteringbut should have an additional origin. A possible explanation
study onortho-terphenyl under pressuf82], where a com- might be the existence of coherent diffuse scattering in
parison with the MCT was undertaken. In this stug{Q) the low-Q range due to increasing thermal motion of the
was found to be identical along an isochore, but astonishpolymer chains with increasing temperature or decreasing
ingly as well along an isochrone. The reason is probably thapressure.
for ortho-terphenyl(OTP), in variance to PBS(Q) changes
hardly withP or T in the range investigated there. Neverthe-
less, the OTP study shows equally that the dynamics changes
with T along an isochore. Similar to our study, for OTP it  We thank L. Melesi, ILL, for his help in all aspects con-
was concluded that an FV model cannot account for thiserning the pressure equipment and Uli Buchenau, HiZhju
observation; however, no contradiction to the MCT was seeffor fruitful discussions.
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