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Intermediate length scale dynamics of polyisobutylene
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We report on a neutron spin echo investigation of the intermediate scale dynamics of polyisobutylene
studying both the self-motion and the collective motion. The momentum traf@jedependences of the
self-correlation times are found to follow@ % law in agreement with the picture of Gaussian dynamics. In
the full Q range of observation, their temperature dependence is weaker than the rheological shift factor. The
same is true for the stress relaxation time as seen in sound wave absorption. The collective times show both
temperature dependences; at the structure factor peak, they follow the temperature dependence of the viscosity,
but below the peak, one finds the stress relaxation behavior.
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[. INTRODUCTION of an ensemble of different chains has not been calculated so
far.

Experimental results on the collective relaxational mo- The relation between collective motion and self-motion in
tions at intermediate length scales are a white area on th@mple monatomic liquids was theoretically deduced by de
landscape of the dynamics of glass-forming liquids and evesenneq 7] applying the second sum rule to a simple diffu-
more so of polymers. Intermediate scales denote the reginsive process. Phenomenological approaches such as those
of lengths larger than the interparticle distances but smalleproposed by Vineyard8] and Skid [9] generalize the de
than the hydrodynamic range. The reasons for this deficiencennes narrowing. The way these theories develop towards
are (i) the very low scattered intensity in the range of mo-the hydrodynamic range is not yet determined to our knowl-
mentum transferQ =4 sin(@/2)/\ (\ is the wavelength of edge.
radiation; d is the scattering angléelow the first maximum New theoretical interest in this intermediate length scale
of the static structure factofji) the important role of mul- regime aros€i) from the outcome of various recent com-
tiple scattering which originates from the primary scatteringputer simulations that indicated strong collectivity of the mo-
at the first structure factor peak; afiil) the slow time scales tion; in particular, the one-dimensional stringlike cooperative
of the motions demanding high-resolution methods to be emmotion of a number of particles, first seen in the relaxation of
ployed. the glass phadd 0], was identified as the dominating mecha-

From a theoretical point of view the dynamics of glass-nism for the relaxational dynamics in simple models of un-
forming polymers in the intermediate length scale region arelercooled liquids and as the source of the dynamic heteroge-
also far from understood. During the last years, the modeaeities in such systenid1,17; (ii) from the observation of
coupling theory(MCT) [1,2] has been widely used for de- the so-called mesoscopic dynamics in glass-forming materi-
scribing the dynamical features in some glass-forming sysals that are classified as boson peak and fast prdd&$s
tems in the neighborhood of the first maximum of the staticand (iii ) from the concept of the elusive cooperative volume
structure factor. Whether this approach applies also at lengttelated to the glass transitigt4].
scales in the intermediate range order, and in particular for Recently with the advent of high-resolution x-ray tech-
polymers, is still an open question. niques the investigation of the collective fluctuations outside

At intermediate length scales the macromolecular characthe hydrodynamic limit have experienced a rebirth and a
ter of polymers reveals itself. There the large-scale motionsignificant number of studies on Brillouin scattering in this
are largely determined by chain connectivity effects or en-intermediate length scale regime has been publigh&H In
tropy. Theories are available for single chain dynamicscontrast the relaxational regime around energy transfer zero
Where topological interactions are not yet important, thehas basically not yet been tackled. While quasielastic light
Rouse mode€]3] has been particularly successful for describ-scattering is the prominent technique to explore the hydro-
ing polymer melts dynamics. At shorter length scales wherelynamic regime at length scales in the order of several 100
the simplifying assumptions of the Rouse model do not holdnm, the intermediate scale regime at present can only be
the influence of the local chain structure becomes importantaccessed by neutrons.

The approach proposed by Allegra and Ganazgzbb] in- In this paper we present such a study on polyisobutylene
cludes local potentials and gives experimental results in &PIB), a polymer that is well investigated by a whole range
number of polymer$4—6]. However, the collective motion of techniques. The viscoelastic properties are among those of
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the most thoroughly investigated properties of any polymer The coherent scattering in the lo@-regime is due to
[16—24. The full ensemble of spectroscopic techniqueslong-range density fluctuations. In disordered matter with the
ranging from dielectric spectroscop5—27, nuclear mag- atom number density and the isothermal compressibility

netic resonancéNMR) [28,29, to spin label techniqud?1] x| one has in thermodynamic equilibrium at constant pres-
has been applied. Also a number of high-resolution neutrogyre,

scattering studies are availah& 25,37 providing important

background information for the present experiments. The key keT  kgT2a?
results are as listed below. S(Q—0)=pkgTk= 2 + TR (1)
(i) Below 10 MHz, a consistent time-temperature super- Y7o P

position of different kinds of mechanical data in terms of the _ )
William-Landel-Ferry (WLF) equation [20] is achieved. [N the second part of the equation, the isothermal compress-
However, a high-frequency Brillouin scattering experimentibility is decomposed into the adiabatic compressibility, ex-
at high temperatur¢473 K) does not seem to fit into this Ppressed via the average atomic masand the relaxed low-
picture[23]. frequency longitudinal velocity of sound, , and the

(ii) The structural relaxation, manifested by the relaxationgitference between the two compressibilities, given in terms
of the structure factor at its first maximum, has been found tQyf the cubic thermal expansion coefficieatand the heat

follow with high precision the viscosity temperature shift capacity per mass uni,. The first term reflects the me-

factor [25]. chanical part of the density fluctuations, the second the ther-

(iii) The secondary relaxation has been investigated in a1 hart corresponding to the two independent variables,
combined effort of dielectric spectroscopy and quaS|eIast|?)ressure and entropy

i_npoherent neutron scattgriﬂi@O]. T_hese experiments iden- The integrated scattering of Eq@l) includes Brillouin
t'f'zd ;he,[—:}pro%esiss a ]Olrrl]'Fbm'Otlon of the rr|1ethyll_grcc>iups cattering and the central line. With the kinetic constraints
and the chain backbone exhibiting a motional amplitude Ok, 4|4 neytrons the Brillouin lines are not excited; one sees

2.7 A. Recent molecular dynamics simulations confirm thlsOnly the quasielastic central lit&(Q). If there is no damp-

pic(tilﬂ/r)e[é%ii]é”y covering a wideQ and time regime, the ing of the Brillouin lines, the Brillouin scattering function is

. ; ; . iven b
single chain dynamic structure factor was studied on Iabeleg y
chains in the melf6]. Moving from larger to smaller scales kT Q2
translational chain diffusion followed by the entropic Rouse S(Q, ) g ~oma? Sw*tv,Q), 2

relaxation were identified. The Rouse relaxation was found
to be limited towards shorter scales by an intrachain dissip

tive process first suggested by Allegra and GanaZofi. %herev/ is the unrelaxed velocity of sound. The subtraction

of the Brillouin contribution leads to the thermodynamic pre-

This work deals with neutron spin eciSE) experiments ~ diction
on the self-dynamics and collective dynamics at intermediate

; ] k
length scales of PIB as a function of temperature. Supple S,{Q—0)=

. . . . q
mentary information was obtained from a study of the static m
structure factor, in particular in the lo®-regime. Varying
the neutron wavelength over a large range we explicitly asmarvin, Aldrich, and Sack have studied ultrasonic attenua-
sessed the effect of multiple scattering and found it to bajon on PIB[24]. At room temperature their measurements
acceptable for a meaningful study. This was corroborated byeveal sound velocities that corrected for the density of deu-
a comparison of NSE spectra observed below and above therated PIB arev, =1418 m/s andv,=2653 m/s. At room
-0

waéeletngth”o_f n;ultip:e ds?at:ﬁrint% thre?_holld(.j ati £ 1h temperaturex=7.7x10"* K~* and C,= 1680 J/kg K[32].
ection 11 1s devoted to the theoretical dervation o eInserting these values into EqQJ) yields S,{Q—0)

scattering from long-range densi_ty fluctuations. In. SQC' III=0.183. Note that 80% of that value comes from the adia-
we describe the sample preparation and characterization arg)%tic compressibility and only 20% from the entropy term.

BT kBT kBT2a2

2 2
m mC
(78 Vs P

()

collective dynamics. Section V places the results into th
context of other studies. The outcome is discussed in ter
of (i) a low-Q approach that comes from the hydrodynamic
limit, (ii) the mode coupling theory an(@i) considerations
based on the single polymer chain dynamics. A summary,
concludes the paper.

ressibility relaxes with the stress relaxation time. Thus the

lass-transition time scale should become visible in the re-
laxation of the adiabatic compressibility.

Commonly polarized quasielastic light scattering experi-
ents(PCS on glass forming liquids are interpreted in terms
of the Mountain theory that heuristically introduces a com-
plex viscosity into the expression for the hydrodynamic
modes[33]. The relaxation step incorporated in the complex

In this section, starting from the second moment sum ruleyiscosity transforms itself into a central quasielastic line that
we derive the scattering function from density fluctuations invia the coupling to the hydrodynamic modes displays the
the hydrodynamic limit. structural relaxation as@-independent relaxation process at

IIl. THEORETICAL BACKGROUND
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low Q. Though generally applied, the Mountain concept haseplaced byv,,,, the longitudinal sound velocity at the fre-
an important drawback: it does not fuffill one of the funda- quencyw. Similarly, Ap attains a smaller value. In order to
mental rules for scattering functions: the second momenget the sum rule foS(Q) [Eq. (4)] we need a scaling with
sum rule[34], the modulus

2
V/w

. 8
g ®)

—o0

+oo kgT
f wZS(Q,w)de%QZ, (4) Ap,=Ap

which needs 1o be .foIIowed_ by any scattering .funCtlonThe energy loss of the phonon to the localized mode is given
S(Q,w). In the following we will derive an expression that by
properly introduces local relaxation or vibrations into the
scattering function for density fluctuations at l&y dW Je 33
If we integrate the contribution of two Brillouin lind&q. —=Ap ,A——. 9
(2)], we find that theyexhaustthe second moment sum rule. Jt at
The existence of a scattering below the Brillouin line re-

quires aweakeningopf the Brillouin line, a weakening that is Inserting Eqs(A1) and(A3) and replacing} by o, we find

attributable to the Iow-freql_Jency motion at IW (02— ©?)CoSt SN+ 1002 SIN? wt
To calculate the weakening, we follow the usual ansatz of —— =A2 2 ————— )

separating the low-frequency atomic motion into extended 9t (0% = @joc) "+ Yioew

sound waves and local modes. The local mode may be either (10

a low-frequency vibrational mode, a relaxational jump in a he first part of this | ¢ d ibes the f hift
double-well potential or even one of the instantaneous saddighe first part of this loss term describes the frequency shi

point modes responsible for diffusion. The local mode is de-Of the sound wave, the second its damping. The time average

scribed in terms of a normal coordinafe,., a frequency of this second_ part does not disappear. This_ time average is
woe, and a dampingy,,.. The ratio of the latter two deter- again proportional to the scattering functido(Q, ).

mines whether one deals with a vibrational or a relaxationaEince this holds for any local mode, we get a prpportionality
mode etween the sound wave loss and the Qweattering of the

At low frequency, the dominating interaction between lo- local modes. It is conveniently expressed in terms of the loss

cal mode and phonon is a bilinear coupling with couplingtangems'

constantAp to the longitudinal strairz 44 in the x direction 1 9w

(taken to be the direction of propagation of the Brillouin 2l=wtand= — —, (11
phonon along the momentum transfer of the measureément Wt
Epiinea= A pAocE 11 (5)  whereW=Nmv?2 &3 is the energy of the sound wave. Thus
we obtain
The elastic distortiore 4 in the Brillouin phonon with the ,
wave vectorQ is TwAp,Fiod @)
tans= 2[\'|°—'§° (12)
£11= 20 COYQr —Qt), ) e

whereQ =1,Q is the frequency of the Brillouin phonon at Which is in fact proportional to the scatterif,(Q, ) of

the scattering vectd ande,=Quy is the maximum distor- the local mode, Eq(7). Integrating over all local modes, we
tion in the longitudinal wave with amplitude,. The bilinear find the relation between the sound wave loss and the scat-

interaction between Brillouin phonon and local mode leadd€Mng functionS,(w) below the Brillouin line,
to mode mixing.

As calculated in the Appendix, mode mixing in combina- Sy(w)= L ﬁ;r_ @_ (13
tion with the validity of the second moment sum riiEg. m™my,, ©
(4)] results in a scattering function for the local process . . o .
through the coupling to the Brillouin phonofi&q. (A9)], This is nothing more than the fluctuation-dissipation relation

for the low-Q quasielastic scattering from the adiabatic com-
Aﬁ,kBT pressibility. In terms of the longitudinal susceptibilify; 1
Sioc(Q, )= N Fiod ), 7 =1/cy,
whereN denotes the number of atoms aRg () is given Sy(0)= 1 keTp X1
by Eq. (A7). 1 T m o’
The same bilinear coupling considered so far for the

weakening of the Brillouin line at the high frequen@yacts  wherey7; is the imaginary part of the longitudinal suscepti-
as well on the longitudinal phonons at the low frequeancy bility at the frequencyw. Using the Kramers-Kronig relation
of the measurement. There, it is responsible for the dampindor the real part of the susceptibility, one recovers the adia-
Since we deal with a much lower frequenay, is to be  batic compressibility term of Eq1).

(14
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Equation(14) concludes our derivation of the lo@-scat- (M,=72000) and polydispersity M,,/M,=1.05) were
tering function connecting local relaxational or vibrational measured using a Waters high-performance liquid chroma-
processes with the long-range density fluctuations. The bastography(HPLC) system equipped with a Model 510 HPLC
ingredients of this derivation were the second sum fE&  pump, Model 410 differential refractometer, Model 486 tun-
(4)] and a mode mixing between sound waves and local viable UV/Vis detector, on-line, multiangle laser light scatter-
brator or relaxator motion. Equatigh4) shows that the scat- ing (MALLS) detector(miniDawn, Wyatt Technology Ing.
tering function directly mirrors the longitudinal susceptibility Model 712 sample processor, and five Ultrastyragel GPC
Xi;~1/Cy; that relaxes with the stress relaxation. Thuscolumns connected in the following series: 5003,100",
low-Q coherent scattering should observe the stress relaxt0°, and 100 A. The flow rate of tetrahydrofuran eluent was
ation as it is exemplified by PCS resu[&5]. 1.0 ml/min.

An independent derivation of Eq14) from linear re- The perpendicular transmissidn measured with an in-
sponse theory was given by Wang and Fisclg8]. Their  coming wavelength ok =6 A wasT, =0.8 for the 0.4-mm
work shows that Eq(14) is more general, including also the h-PIB sample and, =0.85 for the 2-mnd-PIB sample. Flat
second term from the entropy fluctuations, which was nogluminum containers were used in all the experiments.
considered here.

B. Structure factor S(Q)

The goal of this work was to study the intermediate-scale
collective dynamics of PIB and to relate it to its self-motion.
A. Samples A prerequisite for this task is knowledge on the static struc-

The collective dynamics as well as the structure factorture factorS(Q), iin particular in the low and intermedia@

were studied on fully deuterated polyisobutyle(®PIB), regime, 1.€., forQ yalues am“f?d anql below that correspona-
while the self-motion was investigated on a protonated ma!"9 to its first maximumS(Q) is defined as
terial (h-PIB). The h-PIB was purchased from the American 1/ NN
Polymer Standard CorgMentor, OH. It has been synthe- S(Q)= _< > eiQ(ri_rJ)>, (15)
sized by cationic polymerization. N\i=1 =1

The synthesis ofl-PIB including the sources and the pu- i )
rification of materials has been described elsewtjgrg.  WhereN is the total number of atoms in the sampieandr

Living cationic polymerization was carried out in a 500-m| the positions at=0 of atomsi and j, respectively. The
three-neck flask equipped with an overhead stirrer &6 °C brackets denote the ensemble average. In the following we

under a dry [H,0]<1.0 ppm) nitrogen atmosphere in an will show that neutron scattering offers direct information on
MBraun 150-M glovebox. The target number average moS(Q) by measuring the differential cross section of fully
lecular weight M) deuteropolyisobutylene was 70 000. A deuterated samples. In the general case, the differential cross

8.7-ml portion of a hexanéhex stock solution(0.2406 g/25  S€ction contains two contributions, the cohereintq and

ml) of the initiator, 5-tert-butyl-1,3-bi¢l-chloro-1- the mcohgrent oneI.(w)_. This Ias_t contribution i€ mdepen—
methylethy)benzene {BuDiCumCl), 0.263 ml of 2,6-di- dent and its m_tensny is determined by the s_o—called incoher-
tert-butylpyridine(DTBP), a proton trap, and 171 ml of hex ent cross section,. The coherent (_:ontrlbutlon is related to
were charged to the flask at room temperature. The temper#2€ relative positions of the atoms in the sample,

ture was lowered to-80°C and 94 ml of methyl chloride N N

(MeCl) was added to reach the final ratio of hex/MeCl | :i E 2 b:b.el i~} (16)
=60/40 (v/v) at-80°C. Then 12.9 ml of TiGl stock solu- N\ & ’

tion in MeCl (7 ml of TiCl, in 50 ml) was added. Deuter-

oisobutylene was introduced to the flask in three equal increwhereb; and b; are coherent scattering lengths of nudlei
ments of 8.8 ml each, in 15 min intervals. The andj respectively. Due to the nearly identical values of the
polymerization was quenched with prechilled methanol. Af-coherent scattering lengths of carbon and deuterium, in the
ter evaporation of the volatiles, 20.4 g of deuteropolyisobu-case of fully deuterated samples the coherent contribution to
tylene (monomer conversien100%) was obtained. Purifi- the differential cross section is just directly proportional to
cation procedure of the product has already been reporte®(Q), and its intensity is weighted by the coherent cross
[37]. sectiono o= 4mb?.

Characterization Concerningh-PIB, a molecular weight In this work we have performed three different experi-
of M,,=24 900 was inferred from gel permeation chroma-ments related t&(Q): (i) the intermediate and larg€y re-
tography(GPQ agreeing well with light scattering data, that gime was investigated using a neutron triple axis spectrom-
revealed M,,=24200. The number average moleculareter(ii) the ratio between coherent and incoherent scattering
weight was obtained from vapor pressure osmometry yieldwas obtained by polarization analysis measurements at NSE
ing My=19600. The resulting value foM,,/My=1.23 spectrometers andii) the low Q part of S(Q) was studied
agrees well with what can be deduced from GRC,( My by small-angle neutron scatterif§ANS).
=1.21). The GPC trace shows a tail toward lower molecular The triple axis spectrometer used was SV4 at the FRJ-2
weights with the 1% level reached at a molecular weight ofresearch reactor in'lich, Germany. Thereby, the instrument
about 7000. The molecular weight of deuteropolyisobutylenevas used in a two axis mode, i.e., no energy analysis of the

I1l. EXPERIMENT
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detected neutrons at a given scattering angle was made aid this way, the application of precession magnetic fields
consequently the differential cross section was measured. Ppefore and after the scattering event results in a polarization
rolithic graphite was used as monochromdtocoming neu-  of the neutron that depends only on the velocity difference of
tron wave vectok;=2m/\A=2.54 A~1). The data were cor- each neutron individually, irrespective of its initial velocity.
rected for background and geometrical factors. Energy resolution and monochromatization of the incident
Neutron polarization analysis allows us to determine thebeam are decoupled, and resolutions in energy of the order of
distinction between coherent and incoherent scattering. Spih0™° can be achieved with an incident neutron spectrum of
incoherent scattering on protons leadsaf the neutrons to  20% bandwidth.
a spin flip. Thus, for an upwardly polarized beam the scat- The result of the NSE measurements is a normalized scat-

tering intensity becomes tering function Sysg(Q,t) that contains the contributions
1 from both the coherent and incoherent intermediate scatter-
lup=Tcont 5 line- 17 ing functions,
The intensity for the neutrons that have flipped their spin B (0—11. (O
direction becomes = _ Teomcon Y1) = 3 lineinel ©s
SNSE(Q!t)_ h—%l ) (21)
| down™= %I incs (18 c ne

wherel ., and|;,. denote again the coherent and incoherenwhere Sy Q,t) andS,,«(Q,t) are the normalized coherent
intensities. Using the spin echo spectrometers IN11C andnd incoherent scattering functioit@e are denoting with
IN15 at the Institut Laue-LangevidlLL) in Grenoble, *“~" the functions that are normalized to their value tat
France, at incident wavelengths =6 and 15 A, respec- =0). Following the same reasoning as above$Q), it is
tively, such a polarization analysis has been performet at followed that in a fully deuterated sample the coherent scat-
=335, 365, and 390 K. tering function is equivalent to the true paaollective) cor-

The crucial lowQ regime was investigated with the relation function: écorKQ,t)EScoh(Q,t)/S(Q)=~5pair(Q,t)-
SANS instrument D22 at the ILL in Grenoble. The main |n our case, the coherent and incoherent intensitieg:RIB
issues are to obtain absolute intensities and to assess ta% known experimenta”y from the po|arizati0n ana|ysis re-
amount of mU|t|p|e Scattering in the |O@-regime. We stud- sults up to a common factdsee Sec. |VA These experi-
ied the SANS from PIB for incoming neutron wavelengthsmental results agree well with the expectation from the
between\ =6 and 18 A corresponding tq values between known cross sections and the results on the structure factor
ki=1.05 and 0.34 A*. The SANS detector was placed at 5(Q). On the other hand, we note that in the I@nlimit the
150 cm and a 2-m collimation section was used. The datpair correlation function averages over large regions of the
were angularly averaged and corrected for empty cell scakample and is determined by the density-density correlation
tering and background. Absolute calibration was performedynction
with a 1-mm water cell that at=7 A has an absolute cross
section of d%/d(2=0.918 grﬁl. The wavelength depen- Sea( Q1) (Ap* (Q,DAP(Q,0))
dence of the water scattering was accounted for by the em- = ALY (OA ;
pirical g factor of Jacro{38], S(Q) (Ap"(Q)Ap(Q))

(22

1 whereAp(Q,t) is the Fourier component of the density fluc-
(19)  tuations corresponding to the wave vec@and the timet.
The* denotes the complex conjugate and the pointed brack-

The directional . fh . Iets signify the thermal average.
e directional correction of the water transmission was cal- |, the case of the protonated sample, due to the large

culated considering the angular dependence of the transmi%llue of the incoherent cross section of the proﬁtﬁ}g com-

sion pared to all the other cross sectiohge> 1 .o, Whatever the
1 modulation ofl .y, due to theQ-dependent partial structure
exp—o o= factor will be. Moreover,o5.=0 and thus the incoherent
cog 6)In(T,,) . . .
= , (20) signal corresponds to the self-correlation function of the pro-
w

tons 5,,((Q,t) =S.e(Q,t). From the NSE signal it is then
possible to obtain information on the self-motion of the H
atoms when using protonated samples. However, we note the
difficulties to observe the self-motion by NSE. The spin flip
scattering that was discussed in relation with E4S) and
(18) reduces the spin echo amplitude immediately by a factor
Neutron spin ech@gNSE) is the most suitable technique of 3 and, in addition, creates a large background. Further-
for exploring dynamical processes in a wide momentunmmore, since incoherent scattering leads to a negative echo
transfer(Q) range with very high energy resolution. This is amplitude, any small amount of coherent scattering adds
achieved by coding the energy transfer in the scattering prowith a positive sign and easily diminishes the amplitude to
cess for each neutron individually into its spin rotat[@9]. zero. On the other hand, multiple scattering contributions are

0= g aen

T(0)=

where 6 is the scattering angle and, the straight water
transmission.

C. Dynamic experiments
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less severe, since each additional scattering process reduces AL L L L BRI P T
the amplitude by another factor of 3. X ':

In an NSE experiment the time variable depends on the 2t * v
precession field, the wavelength\ and the length of the r th 4410t
precession field :t~BL\3. Thus, the time evolution of the 15[ i’: i S . =
correlation function accessed can be followed in varyihg . r f t .~ , g
and\. % i J oI . 13107 2.

This work was carried out at the multidetector NSE in- Lr \-f i ~ v ::\
strument IN11C at the ILL in Grenoble using two different Fow £ Fu had 5 10° e
initial wavelengths\ =6 and 10 A. Supporting experiments os[ e g ’ 2
were performed at the high-resolution long-wavelength in- i e
strument IN15 also at the ILL. - 1110t

The multidetector at IN11C covers an angular range of ot et
30° in the horizontal plane. For the 6-A measurements it was 0 05 1 15 2 _12'5 3035 4
placed at 32°, 65°, and 85° scattering angle for its central QA™
detector. Thereby, @ range 0.35Q<1.6A * and a time FIG. 1. Differential scattering cross section measured for PIB by

range 8 ps:t<1.7 ns were explored. The measurement at 1Q,,.ns of the triple axis spectrometer Si@). The corresponding

A was used in order to extend ti@gand time regime towards  gcqie(right) is chosen so that the incoherent contribution coincides

lower Q anq longer _t|r_neS. Here, the detector was Placed &ith the origin for the static structure factor scéleft). NSE spec-

32° accessing a minimur@=0.20 A™* and a maximum  trometer INL1C results on the static structure factor are shown for

Fourier timety,,,=5.5ns. All these experiments were per- comparison(+) as well as the incoherent contribution measured

formed at the temperatureb=335, 365, and 390 K with also by IN11C(0J) (scale on the lejt

exception of the 10-A measurements on the self-motion,

where onlyT=390 K was investigated. In the case of the scattering. The polarization analysis performed by IN11C al-

collective dynamics the high-resolution instrument IN15 waslowed to determine the coherent and incoherent contributions

used at a wavelength=15 A above the multiple scattering of the scattering. The outcome of this analysis is also dis-

(MS) threshold, in order to control the influence of MS con- played in Fig. 1, where the open squares denote the incoher-

tributions. These experiments were dond &t310, 335, and  ent and the crosses the coherent intensities at 335 K. We now

365 K. assume that the ratio of coherent and incoherent scattering
For each momentum transfer the instrumental resolutiorfior the triple axis and the NSE machine are identical. Fur-

function was determined from the elastic scattering of thehermore, we consider the different resolution conditions at

sample at 4 KlargerQ) or from a TiZr alloy(lower Q). The  the triple axis ANA=1%) and NSE QANA=20%)

instrumental background from the cryofour and the alumi-instruments—their main effect is a reduction of the peak

num container were measured separately and subtracted frafieight at the NSE by 17%. With the knowhn/(lcon

the experimental spectra using the appropriate transmission|; ) ratios we now are able to define the incoherent base-

factors. The background-corrected spectra were divided bjine for the triple axis measurement 67900 counts. With

the resolution function revealing the normalized intermediatehe intensity scaling in place the coherent and incoherent

dynamic structure factors. NSE data are placed in Fig. 1 “up to scale.” Finally, the
S(Q) scale is adjusted such as to place the “1” as the line
IV. RESULTS around which the oscillations of the second peak take place.
A Structure factor We now concentrate on the lo@-regime. The sequence
' of a low intensity level at lowQ followed by an intense first

Figure 1 displays the static structure factofat320 Kas  halo or first structure factor peak makes multiple scattering a
obtained by SV4S(Q) is characterized by a first strong peak serious problem in the low@ regime of liquid and glasses.
at aroundQ=1A"! and a broad second peak in tiere- Intense secondary scattering may arise from the first halo and
gime 1.<Q=3.4 A . The scatter of data points between add significantly to the low primary scattering. For example,
2.5 and 3 A relates to the Al-Debye-Scherrer rings of the recently, for CKN, Russinat al.[40] have estimated a 400%
sample container, which could not be fully subtracted. Abovecontribution of MS in the low® regime of this material. This
the glass-transition temperatufg=205 K, the first peak is type of MS may be avoided if the incoming neutron wave
observed to shift with temperature with a linear expansiorvector k;=2#/\ is smaller thanQ,,/2. Then the Ewald
coefficient3=5.0x 104 K~ 1. This large expansion coeffi- sphere does not touch the first halo and this source of MS is
cient identifies the nature of the first peak as resulting fromeliminated.
interchain correlations. Its position @,=1 A~ marks a The coherent to incoherent ratio measured by both IN11
relatively large interchain distance ofl,=27/Qmax  @nd IN15 spectrometers was found to be close to one in the
=6.3 A. The second peak is little affected by temperaturdow-Q range. Thus, half of the intensity was coherent. Figure
and must relate to a large extent to interchain correlationg displays the thus evaluated coherent intensities for the dif-
governed by covalent bonds. ferent incident neutron wavelengths used. The observed

The observed(Q) profile sits on a relatively high back- SANS intensities are highest far=10 A. This result may
ground which relates partly to incoherent partly to multiple be rationalized from the largest amount of MS that results
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FIG. 2. Differential scattering cross section measured for PIB by FIG. 3. Ti \uti fh if lation f . d
means of the SANS instrument D22. The different symbols corre- ; '“ - lime evodutlon oft eISE -corre atlofn unc(tzlonhmeasukr)el
spond to the different incoming wavelengths indicated. From then @ fully protonate PIB sample by means of IN11C. The symbols

scale on the right the corresponding valuesSe®) can be read. (full: inc_oming Wavelengtm:6 A; (_empty: A=10A) cc_>rrespond )
to the differentQ values indicated. Lines are the resulting KWW fit

) curves[Eq. (24)] (solid: \=6 A; dotted:x=10 A).
from the amorphous halo at abafi#90°. Going away from
this condition reduces the MS and thus the results a8 : : : :

- where A(Q) is the amplitude 8 is the stretching exponent
ildliﬁf;:l bfglot\/vhtl’}éx.— 10tA reg,tul(;s. Fgrh;f;e_wavelentgtgst and 7(Q) is a generic relaxation time. In this work we deal
— € hirst halo 1S not excited an IS eXpected Oyt 5 number of different relaxation times depending on the

be minimal. There the absolute cross section amounts tB : ; o : ,
_ 1 i articular correlation function investigated. For clarity we
d3/dQ=0.0115 cm *. The data thus nicely demonstrate the | ould like to define them now. With, and 7,5, we denote

role of the first halo in the MS at lo® in a liquid. They also the characteristic times obtained from the self- and pair-

show that the MS contribution at wavelengths close to 10 A . .~ ~ .
amounts to about 30%. Thus, other than in the case of CKNEOTTelation functions3S..(Q,t) and S;,i{Q,t), respectively.

the signal at a lowQ is still dominated by single scattering In order to e_mph_asize the_ particular importance of the struc-
events tural relaxation time that is measured at the structure factor
We may convert the observed absolute cross section to tHBaXImum we definerg= 7,5 Qmay). For the discussion a

structure factor. For this purpose we have to divide by thef@mparison with the relaxation time of the mechanical stress
average cross section per average atom VOIlM‘g?/U_, \7I-VI|| be of great importance. This stress relaxation time is
whereN, is the Avogadro numbeh?= (4b2+ 8b3)/12 with M
b andbp the scattering length & andD, respectively, and
v the average molar volume per atom. This procedure lea
to

In the first fitting of S {Q,t) by means of Eq(24), the
Gzémplitude and the characteristic time were the fitting param-
eters, whereas the value gfwas fixed at 0.55, that obtained
in earlier measurements for the relaxationS8€Q ., [25I.
S(Q—0)=(0.22+10% (23)  While at the structure factor maximum the older study firmly
establishe@3, the present measurements do not allow an in-
gependent fit oA {(Q), Tse(Q), andp.

For the incoherent spectra the amplitude parameters de-
crease continuously with increasing momentum transfer fol-
lowing a Debye-Waller factor

at room temperature. The error is an estimate for possibl
systematic errors rather than the statistical error.

B. Self-motion

Figure 3 displays a set of NSE spectra taken fioiIB Aser( Q) =exp(—(u?)Q?/3), (25)
at T=390 K for a number of differen@ values. In going
from larger to smalleQ the relaxation process is continu- where(u?) is the average mean square displacement of the
ously slowed down. For the smalle®t0.48 A~! also data  proton in motions faster than the relaxation process consid-
taken at\=10 A are shown. ered here. A fit with Eq(25) to the observed.( Q) yielded

The data were evaluated following a two step procedure{u?)=0.375 A? that did not vary with temperature within the
In the first step all spectra were fitted with a stretched expoexperimental accuracy. In the next stkg,( Q) was fixed to
nential or Kohlrausch-Williams-WattsKWW) function,  the respective values prescribed by the Debye-Waller factor

given by the general expression and 7¢{ Q) was refined.
18 The upper part of Fig. 4 displays tli¢ and temperature-
e _ _ dependent results. As guide to the eye solid lines mark the
S A(Q)exp,’ [—T(Q)} } @9 528 power law
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: C . FIG. 5. Dynamic structure factor measured by IN11C on the
0.2 04 06 081 deuterated PIB sample. The symbdfsll: incoming wavelength

Q (A'l) A=6A; empty:A=10 A) correspond to the differer values in-
dicated. Lines are the resulting KWW fit curvEsqg. (24)] (solid:
FIG. 4. Upper part: Momentum transfer dependence of the char® =6 A; dotted:x =10 A).
acteristic time of the KWW functions describing the self-correlation
function at 335(circles, 365 (squares and 390 K (triangles. of the viscosity in our temperature regirke=0.67 eV. The
Lower part: Scaling representation: 335 and 390 K data have bedower part of Fig. 4 displays the such shifted data and we

shifted to the reference temperature 365 K applying a shift factorealize that the weaker temperature dependence holds over
corresponding to an activation energy of 0.43 eV. Full symbolsthe full Q range.

correspond to results from measurements performed with incoming
wavelengtih =6 A and empty symbols ta=10 A. Solid (dotted . )
lines thr(?ugh the points re‘:)rise);@fz’o'ss(Q’z) power laws. C. Collective motion
The data on the collective dynamics were obtained from
Teel( Q) = ase T)Q 2 (26)  thed-PIB sample using the setups and pro<:~edures described
in Sec. Il C. Figure 5 displays selected spe&agQ,t) at
expected for dynamics in Gaussian approximatidh,42 390 K from different regions of the structure factor:
(see also latgr The prefactorag,{T) reflects the tempera- (i) from the lowQ plateau, data & around 0.47 At are
ture dependence of the characteristic time in the power laghown that were taken with incident wavelengths of 6 and 10
relation. In theQ regimeQ=<1 A~! theQ dependence of all A. In spite of the low scattered intensity still a reasonable
data sets is well represented by such an asymptoteQ At statistics is achieved. Furthermore, it is satisfying to observe
values slightly abov&®=1 A~ a tendency towards a cross- the good agreement between the results from the two differ-
over leading to a weaker power law fog,{Q) is apparent. ent experimental setups.
The dotted lines indicate @2 law. Indications of a similar (i) The weakest relaxation is observed for the spectrum at
crossover in the) dependence have been recently reportedd~1.0 A~ at the structure factor peak, whil@i ) the fast-
by Colmenero, Alvarez, and Arbgt3] from molecular dy- est relaxation is detected &=1.58 A~ close to the first
namics simulations on polyisoprene. However, in our caseninimum ofS(Q). (iv) The spectrum a®=0.73 A% in the
for a firm determination of a power law above T AtheQ  lower Q flank of S(Q) relaxes at a rate intermediate between
range is much too small. that of the lowQ plateau and that of the structure factor
Looking on the temperature dependence we realize thagieak. Finally, we note that in all cases a nearly full relaxation
the rheological shift factoar established by Ferr}20], of Syse(Q,t) within the instrumental time frame is observed.
In order to assess possible effects of multiple scattering
In[ag(T)]=— 20.91T—298.2 27) we compare NS_E spectra taken above and below_the MS
209+T—-298.2° threshold established by small-angle neutron scattering. Fig-
ure 6 displays IN15 and IN11C data taken\at 10 and 15
does not superimpose the dtl]. This is in contrast to a A, respectively. Though the data have quite some statistical
recent NSE-investigation that had demonstrated that thiscatter—carrying out experiments at these long wavelengths
shift factor accounts very well for the temperature depenat a cross section 0£0.01 cmi ! is very difficult—in both
dence of the collective response at the first structure factorases within the statistical error the respective data sets taken
maximum [25]. Unexpectedly, they follow a weaker tem- above and below the MS threshold agree very well. Thus, we
perature dependence with an activation energy prove experimentally that for the intermediate length scale
=0.43 eV, intermediate between the activation energy of thelynamics at lowQ the MS effects on the dynamics may be
B process Ez=0.26 eV) and the apparent activation energyignored within our level of accuracy.
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FIG. 6. Dynamic structure factor of PIB measured fQr
=0.2A ! by IN11C with an incident wavelength af=10A
(open symbolsand IN15 withA=15 A (full symbolg at the two
temperatures indicated.

N
An evaluation of the data frord-PIB must consider the Y AP N
incoherent scattering from deuterium atof@sb incoherent 0.01 0.1 1
compared @ 5 b coherent Adding the atomic scattering t (ns)
cross sections of one monomer we arrive at 60 b coherent
and 16 b incoherent total cross sections. In the @yart, FIG. 7. Comparison between the incoherent scattering function

where the coherent structure factor is low, the incohereri§_(Q,t) (®: experimental data; solid line: interpolated function
scattering will contribute importantlysee Fig. 1 Solving  the experimental functions measured on the deuterated PIB sample

Eq. (21) for écoh(Q,t)Ehépair(Q,t) we get SusHQ,t) (O), and the purely coherent scattering function
~Spair(Q,t) (A) calculated by means of E@28) for two Q values
- Spail Q) leon™ 2linoe close to 0.35 At at 365 K;A=10 A (a) and\=6 A (b). Dashed-
Spair(Qat): S(Q) = | Snse(Q,1) dotted lines show the fitting curves corresponding to KWW func-
coh . . -
tions with 8=0.55.
1 line~ . . -
+= 8 (0,1). (28)  analysis at IN11C. Reflecting the lower statistics of the data
3 leon at low Q there the amplitude scatters around an average

. ) . . value. This value decreases with increasing temperature,
Equlatlon(2'8) deﬂne; the corr'ectlorlprocedure Igadmg to thefrom ~0.86 at 335 K t0~0.8 at 390 K. (1A is the
desired pair correlation function. F8{Q,t) we introduce  contribution of the fast procesd,?] in the dynamics of
interpolated functions with characteristic relaxation timesglass-forming liquids to the dynamic structure factor. The
from thg solid I|ne'smthe upper part of Fig. 4. Thg correctlonstrong minimum of (& A,y) at Qua relates to the de
is only important in the lowQ regime, wheres(Q) is small.  Gennes narrowing7] of the fast process and is also well
There the contribution 08, Q,t) amounts to about 23— known in the framework of the MCTL,2].

28% depending on temperature. Figure 7 displays, for spec- Figure 9a) presents the thus obtain€ddependent relax-

tra taken ab =6 and 10 A, the magnitude of the correction. ation times for the different temperatures and incident wave-
By the addition of a fraction of the incoherent scatteringlengths. For all three temperatures we observe the same gen-
function the data points rise and the corresponding collectiveral behavior with the collective relaxation times displaying

relaxation time increases. a low-Q-plateaulike behavior with some tendency of an in-
The such corrected data were fitted to E24) varying  crease towards the loweSt The low-Q behavior is followed

both the amplitudé\,,;( Q) and the relaxation time,;{ Q). by an increase of the relaxation times to a maximum value

The stretching exponemg was fixed again at 0.55. that shifts from aboutQ=0.8A"! at T=390K to Q

Figure 8 displays th&-dependent amplitudes obtained by =1 A~1 at T=335 K. Towards highef) a strong decrease
this fitting process. We observe a well-defined maximum ofof the relaxation times is observed. The peak height relative
the amplitude aQ,, with a Q-dependence mirroring the to the lowQ plateau is increasing with decreasing tempera-
structure factor. This is demonstrated by a superposition withure. While atT=390 K the relative peak height amounts to
the coherent intensity- S(Q) obtained from the polarization about a factor of 2, this changes to 4 at 335 K.
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Comparing the time scales with those from the self- N
motion, e.g., at th&) value of the static structure maximum . e,
Qmax=1A"1 we find a more-than-one order of magnitude 0.1 B
faster relaxation of the self-correlation function compared to Q@A™

that of the collective responsd reei{ Qmay=0.07 ns;
Tpail Qmax) = 7= 1 NS at 390 K. From this qualitative obser-
vation we may immediately conclude that the relaxation

times in the peak region close to the structure factor maxic t 335(circles, 365 (squarek and 390 Ktriangles. Figure (&)

. . . . shows the values obtained for each temperature. Taking 365 K as
mum shift differently with temperature than in the law- w vau I peraty nd

. h d it Fi . reference temperature, the application of the rheological shift factor
regime—a rather unexpected result. Figurés)8(c) inves- to the times gives figuréo) and using the shift factor deduced from

tigate the temperatur_e de_pendence In more_deta"' In Fiy. 9 the temperature dependence of the dieleggFrelaxation figure(c)
the observed relaxation times are shifted with the rheologicgk gptained. Infa) full symbols correspond to results obtained with
shift factor[Eq. (27)] due to Ferry. This figure corroborates ) —g A, empty symbols ta. =10 A. The arrows show the interpo-
our earlier result that 8= Q. the rheological shift factor |ated mechanical susceptibility relaxation times at the temperatures
describes well the temperature dependence of the collectiM@dicated. The lines display th@ dependence of the characteristic
response. FoR=1 A1 the shift factor of Eq(27) estab- times predicted by MCTEq. (35) affected by the rheological shift
lishes a master curve indicating that here the temperaturactor] for 335 (dashed, 365 (solid), and 390 K(dashed-dotted
dependence agrees well with the viscosity results. On the
low-Q side, on the other hand, severe discrepancies evolveiscosity in the temperature range of observatiog, (
Obviously, the data do not follow the temperature depen=0.67 eV) and of the8 processesE;=0.26 eV. The ex-
dence of the viscosity. perimentalQ-dependent activation energies re&tharound
Figure dc) investigates the temperature dependence 0Q,,,,and decrease to an average valug€gf0.42 eV in the
the B process that in PIB is characterized by an activationiow-Q regime. We note that this intermediate value agrees
energy ofE ;=0.26 eV[25]. Such a shifting procedure leads perfectly with the activation energy found for the tempera-
to grossly wrong results at high€p, while in the lowerQ  ture shift of the self-motiorisee the lower part of Fig.)4At
regime the relaxation rates are coming closer together thahigher Q beyond the first static structure factor peak the ac-
before. Whilear overestimates the temperature dependencévation energies are slightly smaller th&m, indicating an
of 7,,i(Q), the B process is too weakly dependent on tem-admixture of theB relaxation(see also Refl25]). We thus
perature. substantiate that the lo®-collective relaxation does not re-
In order to proceed further we analyzed the temperaturesemble the viscosity but follows a significantly weaker tem-
dependent results in terms of an Arrhenius law and fitted thiperature dependence.
law to the relaxation times at eacpvalue separately, the We note, and we will come back to this later, that the
fitting parameter being the activation energy. Figure 10 disebserved activation energy of 0.42 eV coincides with the
plays the so obtaine@-dependent activation energies. Hori- activation energy of an intrachain relaxation process, which
zontal lines indicate the effective activation energy of thelimits the validity of the Rouse model towards shorter length

FIG. 9. Momentum transfer dependence of the characteristic
time of the KWW functions describing the dynamic structure factor
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08—+ Figure 11 summarizes the obtained results on the tempera-
5 1 ture behavior and displays the collective relaxation times to-
07 L 4 gether with that characteristic for the proton self-motion, all
C E rar . L shifted with the intermediate temperature lawEy(
06 | o 0 =0.43 eV). It is evident that the temperature dependence of
—_ L. L the collective motion forQ<0.7 A~? and that of the self-
s 0s L . i motion over the fullQ range are very well described by the
s . intermediate temperature law. While the characteristic times
= el for self-motion increase with a power lan~Q ?# to-
041 oo,® o . elf
I . | wards low Q, the collective times display only a wed®
03l . ] dependence and thus,; and 7; Separate from each other
I E l the smaller theQ becomes.
0.2--.-“--6.'---"-
0 0.5 1 1.5 V. DISCUSSION
g -1
Q@A) A. Structure factor

FIG. 10. Momentum transfer dependence of the activation en- The primary result of our study comes from the |Qw-
ergy observed for the collective dynamics. Horizontal lines showSANS experiments. The wavelength-dependent measure-
the values obtained from the rheological shift factor in the temperaments revealed absolute intensities and allowed to experi-

ture range investigatece(,), for the dielectricg relaxation €5),  mentally separate multiple from single scattering contribu-

and for the time characteristic for the intrachain viscosky)( tions. It was shown that MS amounts to only about 30% of
the total scattering in this critical oW regime.

scales in this polymef6]. As will be pointed out in the The structure factor in the lo@ regime, S(Q—0)

discussion, the same apparent activation energy regulates ted-22, at room temperature compares well with the value of
temperature shift of the sound waves damping in the relevarf}-183 obtained from Ed3). As outlined in Sec. Il, 80% of

frequency range between[24] and 5 GHz[23]. At these that value comes from the_ adiabatic cqmpr¢SS|b|I|ty anq iny
high frequencies, the viscosity shift factors no longer agretgoo/0 from entropy quc_tuatlons. The ad|aba'F|c co_mpre_55|b|l|ty
with the stress relaxation shift factors; the latter show a Iowe};erm should decay with the stress relaxation time, indepen-

o dent of Q, while the entropy fluctuations are expected to
apparent activation energy of 0.48 eV, close to the @w- decay w(i%h the thermal con%{mtivity time P
relaxation value.

Tth:PCinzl)\thv (29

where Ny is the thermal conductivity (A,

=0.13Js'm 1K™ for PIB at room temperatuye For
polyisobutylene at room temperature, the val{igg| yield
an entropy relaxation time of 0.013 ns at 0.1*Athis time
should depend only weakly on temperature andtdepen-
dence should saturate at sor@evalue that could be esti-
mated to be of the order of 1 ith 7, is at the lower bound
of our observation window, i.e., the corresponding decay oc-
curs at times shorter than the observation range and therefore
will manifest itself by a reduced amplitude factdp,;,. The
observation ofA,,;~0.8 at lowQ agrees well with the esti-
mated 20% contribution of the heat conduction process to
0.01 S =
0.1 1 Spaid Q,1). _
Q (A'l) Considering systematic errors of about 10% most of the
observed intensity can be accounted for by thermal fluctua-
FIG. 11. Result of applying the shift factors corresponding to antions with a possible indication for some weak extra scatter-
activation energy of 0.43 eV to the relaxation times observed for théng. The assignment of the observed intensity to density fluc-
collective dynamicgempty symbolsand the self-correlatiogfull ~ tuations will be of importance for the interpretation of the
symbols: 335 (circle, 365 (squarel and 390 K(triangles. The  dynamics observed in this lo@-regime.
reference temperature is 365 K. Dotted line through the self-
correlation data shows th@ ~2%% dependence implying Gaussian
behavior. Solid lines show the results from the Bkansatz[Eq.
(34)] when using theS(Q) corresponding to 390, 365, and 335 K~ The major and unexpected feature in the collective dy-
(from top to bottom. The dashed-dotted line is obtained by shifting Namics is the observation of a broad, weakldependent
the solid one for 365 K in order to match the corresponding coherplateau of the collective relaxation timesQtvalues smaller
ent experimental pointénultiplied by a factor of 2.5 than those of the structure factor peak. Wavelength-

R

o]

0.1

t(ns)/a (T =365 K)

=TT Ty

B. Long-range density fluctuations
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dependent studies below and above the MS threshold have TABLE I. Temperature dependence of the prefactor of the char-
confirmed that the phenomenon is genuine. The temperatugsteristic time for the self-motion, the structural relaxation time,
dependence of these times—and that is the second une&nd the mean squared displacement of the protons at this time.

pected result—though observed at smaller momentum trans=

fers, is weaker than that of the structural relaxation that T (K) aser (Ns AY059 st (N9 (r¥(rs)) (A9
shows itself at the structure factor maximupy, . 335 123 23 30
As a consequence of the stronger temperature dependence 5o 0.33 4 o4

at Qax, the slowing down effect in the peak region in- 390
creases with decreasing temperatigee Figs. @) and 11.
Furthermore, the apparent maximum of the relaxation times

shifts fromQ=0.8 A~! at 390 K toQ=1 A~ at 335 K. At Q?
Q=Qnax the weaker temperature dependence leads to relax- Seer( Q,1) =exp{ ——(r?(1))
ation times that at higfi surpass even those of the structure 6

factor maximum. 2 ) .
As we have shown in Sec. Il, the lo@-limit of the co- where(r<(t)) is the mean squared displacement of the scat-

herent scattering relates to the imaginary part of the suscep€ing centers, in our case the protons. As it has been shown
tibility x1,=1/C,,, whereCy, is the elastic modulus of the 'e€cently[42], for a homogeneous ensemble, where during
longitudinal sound waves. The elastic modulDg, relaxes the observation time each proton exhibits the same average
with the stress relaxation timey . At 298 K from longitu-  at€, the combination of E¢31) and Eq.(24) leads to the
dinal sound wave damping in the MHz regiog=15.9ns  POwer law dependence of the characteristic time given by

[24] is obtained. Extrapolating long-time stress-relaxation=d- (26). As may be seen from Fig. 4, the incoherent relax-
data[18] and dynamical shear data from lower frequency@ton times, taken at differer® and temperatures, follow
[20], 7y=11.4 ns7,,=5.6 ns are obtained respectively. In this criterion well. Comparing the time scale with that of the

view of the strong temperature dependenceypf the agree- structural relaxation measured at the structure factor peak,
ment is very reasonable. our data manifest that for PIB a homogeneous scenario is

In order to compare with the collective relaxation time 2SSumed for times longer than abgyity;. We note that this
Tpair WE NEed to take into account the relation between moduliMme threshold cqrrgsponds JUSt.to the spectroscopic time of
lus and susceptibility relaxation time the a process. Sl_mllar ob_servatl_ons have b_een reported for

molecular dynamic$MD) simulations on polyisoprend3].
Tpair= Ty = TuM (0—2)/M(0—0), (30) From Eq.(31) together with Eq(26) the time-dependent

proton mean squared displacement may directly read.

0.15 1 17

: (31)

i.e., in order to obtain the susceptibility relaxation time one 6
needs to multiply the modulus relaxation time by the factor <r2(t)>= —
Cii(w—»)/Cq4y(w—0). For polyisobutylene at 298 K, Q
Ci1(w—»)~8 GPa andC;(w— 0)~2 GPa[24]. From the o o

Aself

B
(A?). (32

B
————p| =6
aseIfQ 8 ﬁ)

208 K. the proton mean square displacement risegrt¢5.5 ns)
For higher temperatures, light scattering Brillouin data=43.5 A% . _
[23] show a loss maximum in tahat 473 K for 4.95 GHz. With the experimental result of different temperature de-

The tand is halfway between susceptibility and modulus, soPendences for the self-motion—it follows the same interme-
the susceptibility relaxation time should bg,,=0.064 ns. If ~ diate temperature law as the ld@-collective dynamics—
we ascribe this behavior to an apparent activation energy wand the collective relaxation &max, Eq. (32) immediately
obtain a value 0E,=0.48 eV. implies that the mean square displacement a proton performs

While the lowQ collective relaxation seems to follow a during the structural relaxation time must increase with de-
similar T dependence as the stress relaxation, the structur§€asing temperature. Inserting into Eq. (32), Table | re-
relaxation, as observed at the structure factor maximumveals the mean square displacements;&T). We observe a
clearly displays a stronger temperature dependence. significant increase ifr?(r,)) from 17 A% at 390 K to about

In Fig. 9a) we display the interpolated mechanical sus-30 A? at 335 K. Apparently, the average distance a proton
ceptibility relaxation times as arrows. As may be seen, theyas to move, in order to achieve the relaxation of the struc-
nearly guantitatively agree with the pair relaxation times inture, is growing considerably with falling temperature. This
the low-Q regime, giving further support to the anomalous feature needs closer scrutiny in the future.
temperature dependence found in this regime. We emphasize The key for an understanding of the observed self-
once again that the short-range order displaying itself by thelynamics is its temperature dependence that we will now
structure factor peak decays with a different temperature lawelate to earlier observations of intrachain viscosity effects.
Our experiment revealed that the self-correlation function
shifts with a weaker temperature dependence than the struc-
tural relaxation. A description in terms of an activated pro-

In Gaussian approximation the self-correlation functioncess leads to an activation energy Ef=0.43 eV, signifi-
assumes the form cantly lower than the apparent activation energy of the

C. Self-motion
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structural relaxation oE_,=0.67 eV. In this context it is
interesting to note that NMR studies on the segmental dy-
namics in PIB melts reveal an activation energyKfyr
=0.46 eV in a similar temperature range. Apparently on a -
local scale, segmental relaxation is possible through a num- 10 E
ber of pathways leading to an activation energy smaller than £
that of the structural relaxation. We note that these activation
energies are close to that of the stress relaxation.

Studying the single chain dynamic structure factor
Schaid @,t) of a PIB melt a possible mechanism was recently
uncovered 6]. While the lowQ dynamics is well described
in terms of the entropic Rouse relaxation, already at rela- 0.1L
tively small Q values Q=0.2 A™?) significant deviations F
from the Rouse dynamics became evident. A careful analysis 0.1 1
revealed that forS;,,;{Q,t) the intermediateQ dynamics Q(A'l)
could be well described in terms of the intrachain viscosity
model of Allegra and GanazzdW,5]. This model assumes a FIG. 12. Mome_ntum transfer depender_we of thg average times at
local dissipative relaxation process that limits the entropic390 K corresponding to: the self-correlation functiah), the col-
relaxation towards shorter length scales. Such a proceé(%cnve motion(A), and the single chain structure faci®). The

educed values for the self-correlation obtained from the descrip-

could be composed, €.g., of combined jump processes OVEibn of the single chain dynamic structure factor in terms of the

rotational barriers and would be behind an internal viscosity, e proposed by Allegra and Ganazzoli are also shéWn The
force arising from local departures from configurationalsg|ig jine represents @255 power law, and the dashed-dotted the

equilibrium. We note in passing that in PIB solutions theextrapolation of the single chain structure factor times to higher
corresponding relaxational process could recently be identio-values.

fied directly as a jump over a single rotational barfiés].

In the model the dissipative process is described by a D. Collective intermediate-scale dynamics
Debye process with a single relaxation timg. This local
mode couples to the Rouse modes, hybridizes with them and _ )
distorts the Rouse spectrum such as to explain quantitatively Y& may try to connect collective and self-dynamics

the observed single chain dynamic structure factor in PIB. Ifhrough the commonly used picture of de Gennes narrowing

the evaluation it was found that the coupling effect was at /- However, such a scenario breaks down early on ap-

full strength for Rouse mode numbers around 10. For thé;)roacr]ing loweQ vglues. We demonsrate this behavior us-
then investigated chain of 69 monomers this defines a IengtlrliIgl Skdd's formulation|9],
scale of about seven monomers. With the characteristic ratio 0
of PIB C,.=6.73 and aC-C bond length of/,=1.54 A, ”Sp H(Q, 1) =S <_ t) (33
y If ’ .
seven monomers span an end-to-end distance\/(d%2) N “\Vs(Q)
=\//'02C002N:15 A. On this length scale the dissipative

process ought to dominate the single chain structure factoffSSUMING for Sy5i(Q.t) and S Q,t) the form of a
The analysis led to a temperature dependence with an acfirétched exponentigEq. (24)], and taking into account the

vation energy oE;AzOASt 0.1 eV and a characteristic time Q dependence of ey given by Eq.(26), Eq. (33) implies

7Ao=2.5+0.8,-0.3 ns at 390 K, close to the values 0.7-1.5 —2ip
ns observed in the low@ collective relaxation and the inter- Tpai,(Q,T)zase,,(T)(—) . (34
polated value 0.8 ns of the stress relaxation time ©;1/ (Q)

With the parameters obtained from the analysis of
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1. de Gennes narrowing

Figure 11 displays the result in comparing the prediction of

Schaidl Q,t) we calculated the model prediction for the self- . T .
correlation function. Figure 12 compares the extracted avelj—Eq' (34) w ith the actual!y observed COIIECt.'Ve. times. Obvi-
ously this approach fails not only quantitatively but also

age relaxation times with those from our incoherent mea- "~ ~° . ' . .
U ualitatively. Neither the strong increase of the collective
surements at 390 K. In th@ range of applicability nearly g y 9

o : . times relative to the self-motion in the peak regio
guantitative agreement is obtained. P gionSeR)

; . . is explained—this is the quantitative failure—nor the 1Qw-
Thus, we have established a relationship between the Olb'lateau ofrui(Q) is predicted—this is the qualitative short-

served self-correlation function and the intrachain viscositycoming_ We note, however, that the self-motion times reflect-
effect present in the single chain structure factor. Usipg Eq-mg the proton motion may come out somewhat shorter than
(32) we may even evaluate the mean square proton displacene times related to the pair correlation function that mea-
ment related to this, the Rouse relaxation limiting process isyres the displacements of all atortig/drogens and car-
PIB. Inserting 7, into Eq. (32) we obtain (r’(7a))  bong. To take account of this effect we arbitrarily shifted the
=27.7 A%, 84% of the interchain distance df;,;=6.3 A. Skdd prediction by a factor of 2.5 such that it describes
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optimally the structure factor regim@lashed-dotted line in possibility to directly observe the relaxation of these longer-
Fig. 11). Then the lowQ profile of 7,,;( Q) is well described range correlations in th&(Q) plateau before the structure

up to the plateau regime. factor peak.
The importance of such single chain self-contributions
2. Mode coupling theory has recently been emphasized in connection with the relax-

ation dynamics of polymer blend46]. There it was shown
that the self-concentration of a given chain within a control
volume spanned by the Kuhn lengtty=/,C.. is detrimen-
tal for the dynamics of a blend. In this concept the self-
concentration within the control volume is given by

The details of the derivation and predictions of mode cou
pling theory (MCT) for the structural relaxation of glassy
liquids can be found ir1,2]. For theQ-dependence of the
characteristic time of the relaxation, MCT predicts,

(2/b)

fol ™ (35)

ho

Tpair™ pCo

bs=—3 (36)

wherefq andhg are the relaxation strengths of theand 8 «

(fast relaxations, respectively, arais the von Schweidler

exponent. where v,=M,/kpyNy is the volume per main chain bond
From our analysis of the experimental data in terms of(M,, monomer molar volumek, number of main chain

KWW functions, the values of the strengthg andhg are  bonds per monomer , mass density anfil,, Avogadro

known: fo=A,.i(Q), andhg=1—A,;(Q). The determina- numbej. For PIB ¢s=0.31, i.e., with a volume spanned

tion of the value forb would require a thorough analysis of around a given chain by, this chain contributes with 0.31

the density fluctuations in terms of the MCT, for which an of the volume.

extension of the experimental window towards faster times Fortunately, we are able to answer the question about pos-

including theg (fasb regime is demanded. This is certainly sible contributions of such direct correlations to the dynam-

beyond the scope of this work. In a first approximation, weics of S,;;{Q,t) in the low-Q regime experimentally. In our

may assum&= 3. MCT predicts universality of time scales. study of the single chain dynamic structure fac$gy,{ Q,t)

This prediction is incompatible with the observation of two we determined the corresponding relaxation times over a

different temperature dependences for the structural and tHarge-Q-regime. They are displayed in Fig. 12 and compared

stress relaxation. Nevertheless, here we would like to explorto the collective times. As may be seen, in the IQwegime

the predicted) dependence. To do this, the ratio between theghe single chain relaxation times are up to nearly two orders

time scales at the different temperatures has been fixed @f magnitude slower tham,,(Q). Obviously, the single

that observed for the viscosif\eq. (27)]. In this way, the chain relaxation is masked by the other chains and is invis-

resultingQ- and T dependences predicted by MCT for the ible.

relaxation times have been obtained. They are represented in Finally, we note that in Fig. 12 the extrapolated single

Fig. 9a) (lines) in comparison with our experimental results chain relaxation times coincide at high beyond the struc-

(symbols. The agreement is quite good for the lowest tem-ture factor maximum with the collective relaxations studied

perature investigatet335 K). There, the modulation in the here. Apparently, there the scattering volumes are such that

peak region as well as the modulation in the plateau arén both cases, that of a labeled single chain and that of a

fairly reproduced by MCT predictions. However, the thermalcoherently scattering multichain system, the single chain dy-

evolution obtained from experiment and theory are clearlynamics is observed each time.

different. From Eq.(35) different apparent activation ener-

gies in the peak and in the lo@-regime are obtained+y,

and hg vary with temperature only in the lo@-regime. VI. SUMMARY AND CONCLUSIONS

However, the ratio between those apparent activation ener-

gies varigs in the opposite direction cor_npared_to the ?Xperil'nvestigating both self-motion and the collective motion by

ment. This can be followed from direct inspection pf Fig. 8. heutron spin echo spectroscopy. In particular, inGheange

While around and abov@may fq does not chgnge W!th M- helow the first structure factor peak, these are the first neu-

perature, below the pedlg decreases with increasing tem- ., reqyits, to our knowledge, on the collective relaxations

perature. This translates into an additional decrease of e, hing far into the plateau regime of the static structure
relaxation time with respect to its value@t,,,. We can thus factor S(Q)

conclude that, though MCT predlctlons reproduceq:hde- S(Q) itself was studied by triple axis spectroscopy in
pendence at the lowest temperature investigated, it does n bmbination with SANS. Careful wavelength-dependent
desc_ribe the thermgl behavior of the collective response easurements through the multiple scattering threshkjd 2
PIB in the intermediate length scales. = Qpnay €Stablished the amount of MS to about 30% of total
i ) , , low Q scattering(worst casgand allowed a measurement of
3. Connection to single chain dynamics S(Q—0) on an absolute scale. The resy(Q—0)~0.22 is

Polymer chains are connected objects, where correlatioria quite good agreement with the thermodynamic prediction
at least within a given chain persist@values far below the from density fluctuations 0§(Q—0)=0.183 at room tem-
first structure factor peak and we ask whether there may be perature.

We have studied the intermediate scale dynamics of PIB
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The collective dynamics was studied drPIB revealing describe the limit of the global Rouse relaxation toward
results down toQ=0.20 A~1 far below the first structure shorter length scales. The self-correlation function calculated
peak atQ=1 A1 The salient results are as follows. on the basis of this model and the parameters obtained from
the single chain structure factor quantitatively agree with the

. — 71 . . . _ . ' .
(i) Below Q=~0.6 A"* the collective relaxation times ex incoherent spectra obtained here and explain the observa-

hibit a plateaulike behavior with some tendency to increase ; o
towards the lowesD. fions in theQ range of applicability.

(ii) The temperature dependence of these collective relax-e Smo?]f:r tg lﬁgqggg?ﬁetﬁolOgﬁl]a:ﬁzgrm;zg fg(ljlgft'gg the
ation times follows the stress relaxation rather than the strud<>P » WE Tevis| untal y v

tural relaxation. It is in accordance with the weaRedepen- coupling of the density fluctuations to local relaxation pro-

dence of segmental motion seen by NMR or the Allegra-C6SS€S using explicitly the second spectral sum rule that is
Ganazzoli intrachain dissipation process. not fulfilled by Mountain’s expression. The result was that

(i) The structural relaxation time, as observed from the central line in the coherent spectrum should relax with

the dynamic structure factor at the first peak shifts with thethe stress relaxation time. This expectation, found to be valid
rheological shift factor. The absolute valuesrgfare longer ~ €arlier for the hydrodynamic regime accessed by photon cor-
than the characteristic times for the lo@+density fluctua- ~relation spectroscopy, was now corroborated by the NSE ex-
tions or the relaxation time of the modulus. The discrepancyeriment at much large@ values.

increases with decreasing temperature. Thus, we are con-

fronted with a picture where the short-range order decays ACKNOWLEDGMENTS
slower than the modulus.
(iv) Though the lowQ plateau behavior of,,,;, resembles J.C. and A.A. acknowledge support from the following

the predictions of MCT, the observed two time scales forprojects: DGICYT, PB97-0638; GV, EX 1998-23; UPV/
stress and structural relaxation cannot be reconciled witlEHU, 206.215-G20/98; 9/UPV 00206.215-13568/2001. Sup-
MCT. port from Donostia International Physics Center is also ac-

knowledged by D.R., A.A,, and J.C.
In the same range & andT, as the collective response we g y

also studied the self-correlation function investigating the in-
coherent scattering from protonated PIB. There we found the
following:

APPENDIX: CALCULATION OF MODE MIXING
OF SOUND WAVES AND LOCAL PROCESSES

: - ; To calculate the amount of mode mixing, let us consider
i) In the Q regime of the lowQ plateau of the collective A . ’
) Qreg P the elastic distortion at the center of the local mode,

response up to the structure factor maximum the self-
correlation times follow a power law-Q~?#. This power
law signifies that in the observed time regime the dynamics
is essentially Gaussian corroborating earlier findift3.

(ii) The correlation time a® .4 is more than an order o
magnitude faster than the structural relaxation time.

€117 &p COQQt)ZSO Rqeiﬂt). (Al)

N The equation of motion of the local mode is

(iii) The temperature dependence equals that of the col- Atoct VioAioc @ipcA= — Ape1s, (A2)
lective dynamics at lowQ and is significantly weaker than
that of the structural time. where .. is the frequency and,. is the damping of the

_ ) ) o local mode. One gets forced oscillations of the local mode

Collective motion and selfjmotlon were studied in the sameyith the amplitudeA, given by
Q-T range and may be directly related to each other. The
following features evolve: . — Apeg

. . . . 0~ ; .

(i) With the incoherent relaxation measured over a vide wi)c_QZJF | Vioc{2
range the average mean squared proton displacement may be o _
calculated explicitly for each temperature. Given the differ-The average kinetic energy of the local mode is then
ent temperature dependences of the self-correlation function

(A3)

and the structural relaxation, we find that the mean squared Lora 12 L —A,%sSQZ

proton displacemen(r (7)) takes place until the structural Ekinjoc= 3% Aql 2 (02— w2 )2+ 2 0% (A4)
relaxation achieved increases from 17 & 390 K to 30 & loc loc

at 335 K.

- . . This is to be compared to the average kinetic energy of the
(ii) In terms of the de Gennes narrowing collective corre-¢ . ind wave

lation and self-correlation should be related through the
structure factor. This approach fails qualitatively in the

— _1 2 2y 1 2 2
low-Q regime. Eiin loc= Epot,sound‘ apvyegV=3Nmrvyeg, (A5)

The experimental results on the self-motion could be sucwhereV is the sample volume arid the number of atoms in
cessfully related to earlier single chain dynamic structuré¢he sample. From the ratio of the kinetic energies, one finds
factor experiments. There it was found that the Allegra-the fraction of the Brillouin phonon that participates in the
Ganazzoli model of intrachain viscosity could successfullylocal mode,
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A3 0?2 A3 2 Yioc
= ~ F =
Fioc NmvZ (02— w2 )2+ 9202 Nm2Q?’ (A6) loc( @)

— . A7
T (cuz— wﬁ)c)z-i- y%cwz (A7)

where the latter approximation holds for bath,. and ¥ioc  |n the low-frequency range, this damped oscillator function
much below the Brillouin frequenc@. In the following, we  5ppr0aches a Lorentzian with a half width at half maximum

assume this to be the case. _ _ of W2 d2Yi0c FOF Yo wioc. However, unlike a Lorentzian, it
The total kinetic energy of the mixed mode ksT/2. has a finite zero and second moment

Sincef |y is very small, one has a fractidiy, of this total
kinetic energy in the local mode, and a fractiof i in the

original Brillouin phonon. Thus the Brillouin signal is re- Jwﬁoc(w)dw: 12 and ijmC(w)wzdw:l-
duced by *f,,.. The validity of the second moment sum 0 Wigc 0
rule implies that the missing intensity should appear some- (A8)

where else. At these lo®, the one-phonon approximation is
rather accurate, so the missing intensity should appear witfihe validity of the second moment sum rule implies a
the scattering functiofr .. of the localized mode, Q-independent scattering function.
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