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We investigated the single chain motions of monodisperse polyisobutylene chains in the melt by
neutron spin echo spectroscopy. Thereby a wide range in momentum space over a large dynamic
range was covered. Motional processes from the center of mass diffusion, the Rouse dynamics to the
more local relaxation processes which limit the validity of the standard Rouse model, were
elucidated. The observed dynamic structure factors were analyzed in terms of relevant theoretical
approaches addressing the limiting factors of the Rouse model. We found that other than claimed in
the literature effects of local chain stiffness—they were treated in terms of the all rotational states
model and a bending force model—cannot account for the experimental observations. It appears that
additional damping effects related to an internal viscosity of the chain have to be involved, in order
to explain the experimental results. €99 American Institute of Physics.

[S0021-960609)50537-0

I. INTRODUCTION The paper is structured as follows: Starting with the

The standard model for polymer chain dynamics in theStandard model for chain dynamics, the Rouse model, we

melt considers the conformational entropy as the only sourcBrésent several theoretical approaches which deal with the
for restoring forces which stabilizes excursions from equilib-Nfluénce of the local chain properties on the chain dynamics

rium. In its range of application this so-called Rouse mbdel &"d derive the proper dynamic structure factors. We display

is very successful. Recently its limitations have been investh® experimental procedures including a description of the

tigated in detail comparing computer simulations and neuPlYisobutylene(PIB) sample preparation and characteriza-
tron spin echo experiments on polyethylene chainly tion as well as the scattering experiments. Thereafter the re-

small deviations between the Rouse model on the one hant/!tS are presented and analyzed in terms of the different
and the experimental dynamic structure factor and the corrprdels outlined in Sec. II.. Finally, we crlt_lcally assess the
puter simulations on the other hand were found. outcome and relate to earlier work in the literature.

Beyond that from a conceptual point of view the model
has its limitations. . __IIl. THEORETICAL CONSIDERATIONS

(1) At large distances, where long chain melt topological
constraints cause entanglements leading to the reptation In recent years a number of different theoretical consid-
mechanism. This range is not of interest here. erations were proposed in order to describe the dynamics of

(2) At shorter distances, where the simplifying assump-a polymer in a length scale regime, where the assumptions of
tions of the Rouse model cease to be valid and the locahe universal Rouse model cease to be valid. While in the
chain structure comes into play. Locally the chain is stiff, Rouse regime the chain motion is governed by entropic
this rigidity leads to deviations from the Rouse model. Fur-forces at shorter scales the specific chain structure becomes
thermore, as a consequence of the rotational potentials, locahportant. Chain stiffness effects as well as intrachain fric-
relaxation mechanisms across the rotational barriers comon processes become important. These influences were
into play leading to an internal viscosity. Even more locally, modeled by different authors and the corresponding papers
we approach the regime of the elemental relaxation proare written in different terminologies. It is the aim of this
cesses, ther process and possibly higher order relaxations. section to present these approaches in a unified “language”

It is the aim of this paper to elucidate experimentally thisand to make transparent the assumptions and physical con-
crossover from the Rouse regime to the more local relaxatiosequences of these models. Neutron scattering allows one to
processes by neutron spin echo experiments. investigate the length scale dependence of dynamic phenom-
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ena and is suited uniquely to study the above effects on thestant. This free energlF exerts an entropic force on each
proper length scale. For each of the models, therefore, weegment which follows from the derivative Bfwith respect
will derive the corresponding dynamic structure factors.  to the positional coordinate. Due to inclusion of the entropic
In order to set a reference, we briefly introduce the mairforce the Langevin equation for segment motion assumes the
ingredients of the Rouse model. We refer to the conformaform
tional entropy, the resulting entropic forces, and the basic
Langevin equation with its standard solution, including the
segment—segment correlation functions which are the basis at
for the calculation of the dynamic structure factors. The dif- (2.2

fergnt quantities will reappear in a later discussion_ of the\/vhere the first term on the right-hand side is the entropy
various modelf] and r:;‘.ere_nce tg the R?]use mo%ellwnl allov‘force, andf(n,t) is the stochastic force exerted by the heat
us tolfccesff the rr;)o |_|cat.|c|)qns ue to those ”]20 € Sd"ff bath. ¢ is the segmental friction coefficient and the only pa-
Therea er we begin wit a.presejntatlon 0 tWO_ : ,eremrameter of the model. With the boundary conditions of force
models dealing with local chains stiffness. The first is thefree ends this Rouse equation is readily solved by cosine
so-called all rotational states mod@iRS mode),” which is £ i transformation resulting in a spectrum of normal

equivalent to the better known rotational isomeric state ndes. The dispersion relation of the corresponding mode
model (RIS mode)]* and which undertakes a mode descrip- relaxation rates is obtained as

tion of the chain statistics. In the ARS model the character-

ax(n) 3kgT
—= 2 [X(n+1)—2x(n)+x(n—=1)]+f(n,t),

istic ratio C,, becomes mode dependent. Thereby the prob- 1 pm 3m°kgT ) p?
ability function for chain configurations and consequently T—p=2W 1-co No/|= a2 P T 2.3

the free energy is modified. We reformulate the Rouse equa-
tions in terms of this model thereby including stiffnesswith the elementary Rouse relaxation rifte= 3kgT/¢1? and
effects>® The second approach models the stiffness in termsy the so-called Rouse time, the longest relaxation time of
of bending elasticity—fourth-order derivative with respect tothe chain.
the contour coordinate—in the Rouse equafiokgain we For the correlation functions of the Rouse modes one
give solutions for this modified Rouse equation and discussbtaing
the modifications of the dynamic structure factor. T .

In a third step we introduce the concept of internal ~ _ Bl -
viscosity>® which deals with the additional dissipation of (xa(p,t)xﬁ(q,O))—5pq5aB2§N0 " exp{ ) (P.q>0).
energy due to intrachain barriers. The internal viscosity force (2.4

is derived from nonequilibrium thermodynamics ConSider'Thereby’f( (p.1) is the @ component of the normal moge
ations and leads to a memory term in the Rouse equatiori)Or p=0 ti;e é:enter of mass motion is obtained

The corresponding solutions consist of a two-mode relax- Scattering experiments measure the mean square seg-
ation process in terms of which the dynamic structure faCtOFnent correlation functions
is formulated.

A. The Rouse model as a reference B(n,m,t)=3([x(n,t) = x(m,0]%). (2.9

The Rouse model may be considered as the standarthey are obtained by backtransformation of the normal co-
model for polymer chain dynamics and is the starting pointordinates into real space,
for most of the more frequently elaborated theories which 1T No
refine this standard approach. In spite of its simplicity itSg , )~ p 1+ |m—n|i2+ ~B_ 3 . CO{D )
general predictions have been verified to an astonishing de- {No p=1 No
tail on a molecular scafe.In order to later dwell on the ¢

1- ex;{ - —) .
Tp

standard expressions of this model we briefly recall its physi- % cos( p””)
cal basis and its solution. No
The Rou;e_model tregts the motion .Of a chain con5|st|nq_he factorr, in the sum results from the equipartition theo-
of Ny freely joint Gaussian segments in a heat bath. Ther m associating each independent mode with the energy
conformation of such a Gaussian chain is described by a S8l T/2 Do—k T/¢Ny= (I213Ng)W is the Rouse diffusion
B ’ R™TRB 0™ 0

of segment vectors along the chdiiin)} with I(n)=R(n) coefficient

—R(n—1), whereR(n) is the position vector of segment . : .
: y By means of neutron scattering two different correlation
The conformational probability follows from the product of . .
. . C functions may be accessed. In the case of coherent scattering
the Ng-independent Gaussian distribution factors for the : : ; .
. all partial waves emanating from different scattering centers
single segments, . . ;
are capable of interference—the Fourier transform of the pair
No 3 |32 12(n) correlation function is measured. In contrast, in incoherent
W{I(n)}= Hl (_27T|2) exp -3 57|, (2.1 scattering the interferences from partial waves of different
" scatterers average to zero—the self-correlation function is
wherel is the equilibrium segment length. The free enefgy obtained. Having calculated the mean square displacement
of a Gaussian chain is entirely described by the conformafunctions the two dynamic structure factors in Gaussian ap-
tional entropyS= kg In(W), wherekg is the Boltzmann con- proximation are readily formulated,

(2.6
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With this equation in place we now may evaluate the statis-
, (2.7)  tical average for any distande=|h—j| along the chain,
whereh andj denote the position of chain segments. Replac-

1 No 2
Sinc(Q.1) = N_onzl EXF{ - %B(n,n,t)

1 No Q2 ing 12 by (T(q)?) for such a chain the probability distribution
Seo( Q,1) = Wzn; EXF{ - FB(n,m,t)}. (2.8 for a chain conformation changes from E8.1) to
z
~ 3 3/2
. - W({1 = S
B. The influence of chain stiffness {1} EI} (ZWNC(q)%)
If we increase the scattering vectd(Q,t) becomes I(a)1* (q)
more sensitive to shorter distances along the chain. The as- Xex;{ - 3q—qz _ (2.12
sumption of Gaussian beads will cease to hold and we expect fa  2NC(a)lg

that the local stiffness of the chain will become significant. . . e
This can be dealt with in terms of a mode description of thel"ke in the Rouse model from the probability distributiu

i e . . e . the free energy is obtained by taking the logarithm and fi-
chain statistics or by introducing explicitly a bending term
. . nally the force exerted on a segméntx componentfollows
into the Rouse equation.

by taking the derivative of the free energy,

1. Mode description of the chain statistics 4si nz(9>

In a real chain segment—segment correlations extend be- f (h)=— JF S— 3k52T > X(q)e'an,
yond nearest-neighbor distances. The standard model to treat ax(h) NIg @@ C(a)
the local statistics of a chain which includes the local stiff- (213

ness would be the rotational isomeric sté&¢S)* formalism.  The Fourier transformed position coordinXg) thereby is
For a mode description as is required for an evaluation of theaken from Eq.(2.11). Having evaluated the force we now
chain motion it is more appropriate to consider the so-calle¢an reformulate the Rouse equatiiy. (2.2)] introducing
all rotational statéARS) model? which describes the chain the new force term of E¢2.13. The Fourier transformed
statistics in terms of orthogonal Rouse modes. It can b&ouyse equation then reads

shown that both approaches are formally equivalent and only

differ in the choice of the orthonormal basis for the repre- 2 q
sentation of statistical weights. . 3kgT asirt| 5 5 -
In the standard RIS model the end to end distaRgés {X(q)— Z T C@ X(q)=Fx(q,t), (2.19
0

connected with the characteristic rati, by R2=12C..N,

wherelo is the bond length anl the number of bonds along \yhereF, denotes the component of the appropriate Fourier
the main chain. In the ARS approach the characteristic ratigomponent of the random force. Comparing E2j14 with
becomes mode dependent. As Allegtaal” have shown, for Eqg. (2.2) we realize that the mode-dependent characteristic
polyolefines it can be well approximated by ratio C(q) leads to a stiffening of the chain for higher
2(1-c)¥4C,—c) where C(q) drops[Eg. (2.9)] and consequently the spring_
OO e o (o P o s nteaes, A a el e characnic relaar

+c (2.9
o[ d
with ¢=0.4, C.. the characteristic ratio of the particular 12kgT sir?| 5
i 2 3kgT
polyolefine, andg=p=/N. The mode-dependent character- —= 5 =— q°. (2.15
istic ratios are bell-shaped curves peaked aroysd with q ¢loC(a) ¢1oC(a)

C(0)=C.. If I(q) is the Fourier transform of the segment The mean square displacements are calculated in the same
vectorsl(n), thenC(q) connects to the segment—segmentspirit as for the simple Rouse model. If we consider the
correlation function by periodic chain transform we get

%(T(q)T*(q»:C(q)lé. 210  B(nmO=B(k)
_ 6kgT

The higher the mode number, the smaller the square of the =N > q 1—cos{qk)ex;{ — L)
Fourier components is. of 1a Tq
Using periodic boundary conditions and considering thaiyherek=|n—m|. We note that because of the shorter relax-
a segment vector is given by the difference of adjacent poation times the weight at which the contribution of an eigen-
sition vectorsR(n+1)—R(n), the statistical average for modeq appears in the mean square displacement is reduced

. (216

(R(9)?) in Fourier space becomes compared to the simple Rouse model. According to the eg-
o 2 uipartition theorem a stiffer spring leads to a smaller mo-
(R(q)d)= {Ha)" = NIGC(a) T(q)2). (2.1  tional amplitude.
4sz(g 4 sir? q The dynamic structure factors now may be evaluated
2 2 following Eq. (2.7) as above.
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2. Chain dynamics with bending forces C. Internal viscosity

While in Sec. Il A we started basically from a RIS de- The description of the chain dynamics in terms of the
scription of the chain statistics, we now course grain ancRouse model is not only limited by the local stiffness effects
introduce the chain stiffness more generally in terms of &ut also by local dissipative relaxation processes like jumps
local rigidity which is exhibited by Iocally stiff chain mol- over the barrier in the rotational potential. Thus, in order to
ecules of Gaussian segments. Haregal.” have shown that extend the range of description, a combination of the modi-
by a maximum entropy principle the partition function for fied Rouse model with a simple description of the rotational
such a chain can be formulated. Its evaluation leads to thigimp processes is sought. Allegeaal>® introduced an in-
correct average static properties of the Kratky—Porod wormternal viscosity as a force which arises due to a departure
like chain. Here we consider such a chain and describe it bffom configurational equilibrium. Thereby, the rotational re-

a continuous chain contour coordinate/2<s<L/2, where laxation processes are described by one single relaxation rate
L is the overall contour length argithe contour coordinate. 7. From an expression for the difference in free energy due
L relates to the number of chain borldsind the bond length  to small excursions from equilibrium an explicit expression

lo by L=NIysin(6/2), whered is the bond angle. The stiff- for the internal viscosity force in terms of a memory function
ness is introduced into the continuous form of the Rousés derived. The internal viscosity forag, acting on thekth
equation(2.2) (the second-order difference term becomesbackbone atom becomes

second derivativeby a fourth-order derivative with respect

. iV (t—t")
to the contour coordinate ¢k(t):1W exg —
(94 (92 — 7o
v R(s t)+e 4R(S,t)—2v—2R(S,t)=f(S,t), (2.17 3kgT
at Js X[E T )lzx(q sin(g)e 9 dt’.  (2.20
with  y={/lgsingl2 the friction per wunit length, {a

e=3kgT/4p, and v=3PkgT/2; P relates to the persistence Thereby,V is a numerical constant on the order of 1. The
length of the chain and may be connectedQp, for ex-  sign describes the direction of the net force which is dictated
ample, by the expressmn for the end to end distance of hy the direction of strain propagation along the chain. After
wormlike chain(R2)=L/p—(1—e 2PL)/2p? and the corre-  Fourier transformation Eq2.20 may be introduced into the
sponding expression for a RIS chain. For large P  modified Rouse equatidiEq. (2.14)] yielding

=sin(0/2)/C.ly holds. With the appropriate boundary condi-

tions of force free ends a normal mode analysis may be —_° 25|n2< ) X(q,t) =iV acll 25|r‘(Q)J dt’

performed. From that analysis characteristic relaxation C(a)!l C(a)lo

times are obtained as (t—t")
1 3kT ol xexr{ }X(qt )+ R(a,)=Fu(at). (2.2
= 2+ 2 (2.18
Tp Y 4p The homogeneous E@.2) is solved by a decaying travel-

The coefficientsy, are obtained from transcendent equationsing wave

[Eqg.(2.25 in Ref. 7]. Fore=0, Eq.(2.17) coincides with the 1
Rouse equatiofEq. (2.2)]. For largeLp the coefficientsx, 7((q,t)=7(o(q)exp[ iw(q)— ( )} ’ (2.22
are very close tax,=pm/L. With this approximation Eq. mq
(2.18 becomes with
1 Wr? m2p*C2 W2 i A(Q) T VAZ(q)+B(w)
— — 2 4 =
;E_ NZ p + 4N25|n( 6/2) N2 (p + aBp ) (219 w(Q)"‘ T(q) 2{7’0 ’ (2233

Equation(2.19, in its first part, agrees with the Rouse resultwhere
of Eq. (2.3. The term proportional t@* is the correction

due to rigidity effects. For higher mode numberthe relax- A(q):\/?’k_zBTTO sin(q) — §+2 12T 7o sm2( ”
ation rates ¢) ~* are increasingly accelerated. Furthermore, 15 I5C(a)

because of the equipartition theor¢see, e.g., Eq2.4)] the (2.23b
amplitude of the corresponding correlator will diminish. We 12T q

notice that under these conditions also the eigenfunctions of B(q)=8 73— 2C(q) {79 Sinz( 2) (2.230

Eq. (2.17 become very similar to those of the Rouse prob-
lem. In a first-order approximation, therefore, the meanThe eigenvalue Eq2.233 leads to two branches of the re-
square displacemeni&q. (2.6)] may be calculated by re- laxation timer and the propagation frequenay For experi-
placing the characteristic relaxation timgs= m=/p? by TB. mental parameters taken from the later data evaluation Fig. 1
With these new expressions for the mean square displacélisplays the dependence of the relaxation times on the mode
ments we then may evaluate the dynamic structure factanumberp=qN/7. For comparison also the solution, of
following Eg. (2.7). Using the same approach as for thethe ARS-Rouse equation—E@.15—is displayed. While
Rouse modelEq. (2.6)], we also may calculate the full so- at low p the solution for the longer relaxation timg coin-
lutions. cides with that of the modified Rouse equation at higher
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02— ey 102 the 2-chloro-2,4,4-trimethylpentani@MPCI)/TiCl4/hexane:

A methyl chloride(60:40,v:v) system in the presence of the
proton trap 2,6-di-tert-butylpyridindDTBP). Hexane, the
initiator TMPCI, and DTBP were charged to the reactor at
room temperature. The temperature was loweree 80 °C
and methyl chloride as well as one-third of the monomer was
added. The polymerization was started by the addition of the
coinitiator TiCl,. In 15 min intervals the rest of the monomer
was added in two increments. The following concentrations
were used:[TMPCI]=0.003 M, [TiCl,]=0.027 M (for the
hydrogenous monomgrand[TiCl,]=0.033 M (for the deu-
terated monoméy [DTBP]=0.003 M, and[IB]=0.21 M. A
higher concentration of Ti¢lwas used in case of deuterated
IB due to a higher level of protic impurities in the monomer.
In order to achieve a low molecular weight distribution

o ) M, /M, the incremental monomer addition technique was
FIG. 1. Mode-number dependence of the relaxation timeand r, (solid o mp6ved. The polymerization was continued for 1.5 h after
lines). The dashed-dotted line shows the relaxation tirgein the Rouse . K .
model[Eg. (2.3)]. The horizontal dashed line displays the valuergf The the last monomer addition and quenched with chilled metha-
dashed and the dotted lines represent the relaxation time when the influen€®l. The terminal chloro-group in the polyisobutylene was

of the chain stiffness is considered: mode description of the chain statisticsemoved by dehydrochlorination according to the procedure
74 [dashed, Eq2.19] and bending force modeﬁ [dotted, Eq(2.19]. The reported by Kennedgpt allt

behavior of the relaxation time‘;he” used in the phenomenological descrip-

tion is also shown for the lowest modésee the tejt

T(ns)

2. Characterization

ot
such a coincidence is observed for the shorter relaxation timeOI g:)ebgte ?éﬁgz Ojvz?éymn?ézsﬂgp)ui&d Mg/l\\;lvggrtshehi h-
7. In between both modes repel each other and for smaﬁ) y y 9 9

. . performance liquid chromatography(HPLC) system
and largep reach the value of,. The multidot-dashed line . .
represents the Rouse model. We realize that for smptike equipped with a model 510 HPLC pump, model 250 dual

Rouse relaxation times aaree well wi while for the detector (refractometer/viscometer, Viscotekmodel 486
9 . tunable UV/VIS detector, and model 712 sample processor.

higher mode number due to the stiffness the relaxation tlmeEiVe Ultrastyragel gel permeation chromatography columns

are significantly decreased. Finally we also include the relax- ;
ation times of the bending modeg (the dotted ling These were used, the eluant was THF, and the flow rate 1.0 ml/min.

. The DP M | f for th I
times decrease even more strongly than those of the AR% c asi of ?hn edVI h")”/fjro”g\éi ::" SS F? (l)JI;ici; O%ruttytlaeaz);mﬂ%rsavxgre
model.

. . M,,/M,=1.06 and in case of the deuterated version DP
The mean square segment displacements which are the¥ ="

key ingredient for a calculation of the dynamic structure fac- 70 andM,,/M,=1.05.

tor are obtained from a calculation of the eigenfunctions of _

the differential equatiori2.21). After retransformation from B. Dynamic structure factor measurements

Fourier space to real spad&k,t) is given by Eq.(41) of 1. The neutron spin echo technique

Ref. 5. For short chains the integral over the mode varigble Neutron spin ech¢NSE) is the most suitable technique
has to be replaced by the appropriate sum. Finally, for Obfor exploring dynamical processes in a wide momentum

servation times> 7, the mean square displacements can bg, qfe () range with very high energy resolutidhThis is
expres.sedllln te_rms of e|genvalm§qnly. Thereby a signifi- achieved by coding the energy transfer in the scattering pro-
cgnt S|mpl|f|cat_|on Of. the expression for the mean SQUar%ess for each neutron individually into its spin rotation. The
displacements is achievésee Ref. & Larmor precession of the neutron spin in an external mag-
netic field uses the neutron spin as an internal clock. In this
1. EXPERIMENT way, the application of precession magnetic fields before and
A. Samples after the scattering event results in a polarization of the neu-
tron that depends only on the velocity difference of each
neutron individually, irrespective of its initial velocity. En-
The deuterated isobutylengB) monomer(CDN Iso-  ergy resolution and monochromatization of the incident
topes, 99.6 at. % deuteriynwas purified by passing the gas- beam are thus decoupled, and resolutions in energy of the
eous monomer through a column packed with €ahd con-  order of 10 ° can be achieved with an incident neutron spec-
densing the material at-80°C. It was further dried by trum of 20% bandwidth.
distillation from CaH. All other chemicals and solvents The NSE experiment consists in the study of the final
were purified as described previousfyThe living cationic  polarization of the neutron beam, which is directly related to
polymerizations of the hydrogenous and the deuterated IBhe normalized intermediate scattering functi®iQ,t)/
monomers were carried out under a dry nitrogen atmospher®(Q,0).}? The timet depends on the wavelengtof the
([H,O]<1.0ppm) in a MBraun 150-M glovebox using neutron, the precession fieR] and the length of the preces-

1. Sample preparation
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sion fieldL, t«BLA3. Thus the time evolution of the struc- 1
ture factor can be followed varying. For a certain range of S
applicable fields, the accessible time range of the instrument Q08
can be modified by choosing a different wavelenythand g 06 |
therefore for a giver® value it is possible to explore differ- = 5
ent time windows by simultaneously varying the scattering S oaf
angle @ and the selected wavelength. This allows the obser- E oz L
vation of a given process through a laiQeange in the best “ |
possible dynamic interval for eadd value, which is essen-

0 B .

tial for the purpose of this study. 0001 0.01 °~; 1 10 100
On the other hand, the spin echo signal can be dimin- (ns)
ished or even reversed by neutrons which are spin-flipped byic. 2. intermediate dynamic structure factor of the single chain dynamics
the sample, if some or all the scattering is spin incoherentmeasured for PIB on IN11 at 470 K and differétvalues: 0.04 A* (O),
The measured “spin up,t, and “spin down,”d, are then ~0-08 A (@), 0.15 A7 (), 0.25 A™* (#), and 0.40 A™ (A). The solid
T LT ... lines display fits with stretched exponential functions.

related to the coherent and incoherent scattering intensities
[ con @nd |, through

U=l ot = linet = | =1, ) (3.13 measurements at 390 K, the highest temperature at which the
contgime g3 e collective dynamics on PIB has been previously
5 1 1 investigated: Moreover, we use_:d thr_ee different wave-
d= §|inc+ ?( | cont §|inc)' (3.1b lengths depe_ndmg on th@ range !nvestlgated for selecting
the most suitable observation time range. These were

wheref is the flipping ratio of the flippersf=25). The =11.86, 8, and 4.8 A, which yielded time windows of
signal, given by the difference—d, therefore has contribu- 1.6ns<t<86ns, 0.24nst<26ns, and 0.052 rst<6 ns,

tions from both the coherent and the incoherent scattering,respectively. In addition, at the highe3tvalues investigated
1 we also performed measurements with a short spin echo

u—d=(| h_3|_ )(1__ (3.2) setup in order to extend the study to even shorter times,
con g f covering 0.003nst<5.1ns withA=4.8A. TheQ values
: : . -1
and the result of the neutron spin echo measurement bé_tud|edlvvere{|n brackets, the. (1A) used: 0-013'& (11-861,
0.04 A1 (11.86 and 8 0.06 A % (8),0.08 A1 (8),0.10 A~

comes
(8),0.15 A1 (8),0.20 A1 (8 and 4.8, 0.25 A1 (4.8), 0.30
1B O t)—1|- 3 Q) A1 (4.9, 0.35 A1 (4.8, 0.40 A* (4.8 short spin echp
S(Q,t) comeon ey 3 IneTinct e and 0.50 A1 (4.8, short spin echoTypical measuring times
S(Q.0 1 ’ (33 were 8hforn=11.86A, between 1 ah2 h for 8 and 4.8 A,

l con™ §|inc and 4 h for the two highesp values. The background from
the Nb container and the scattering from the deuterated ma-
thusS,,{Q,t) andS,.(Q,t) are the normalized coherent and trix were measured at each wavelength. At e@okalue and
incoherent scattering functions, respectively. temperature the matrix data were taken with similar statistics
The last feature of NSE we would like to highlight is as those from the sample. Careful measurements of the val-
that, since NSE directly measures in the time domain, resades ofu andd and the transmissions of sample and matrix
lution corrections consist of simple division of the spectra byallowed us to calculate the proper factors for the subtraction
the resolution function. of the matrix and container scattering. These corrections be-
In this work we used the spectrometer IN11 at the Insti-came more and more important with increasf@gbecause
tute Laue-LangevirlLL ) in Grenoble, France. IN11 is well the scattering from the sample was falling below the scatter-
suited for extending the study to short times, sinamay be  ing from the matrix forQ=0.4 A~1. Resolution corrections
varied between 12 and 4 A. were performed by using Graphite f@<0.4 A~! and TiZzi
for Q=0.4A1.

2. Single chain dynamic structure factor

If some protonated chains are dissolved in a deuterate, RESULTS
matrix, the scattering intensity results from the interfering
partial waves originating from the different monomers of the ~ Some of the measured spectra at 470 K are shown in Fig.
same chaiff. Thus NSE measures the pair-correlation func-2. The data are of excellent quality and it is worthwhile to
tion for the dynamics of a single chain. Our samfemm  point out the huge time interval explored by IN1dlmost
thickness in a tight niobium sample holdeontained 10% five decades This allows an observation of the chain
protonated chains of PIB. In order to extend our study to thalynamics in an experimental window 0.03A<Q
maximum Q-range possible, we chose a temperature high<0.5A"1,
enough(470 K) where we could expect to observe some A simple inspection of the spectra reveals nonexponen-
decay of the structure factor in the accessible time windowial behavior for most of them. As a first phenomenological
even for the lowest accessibigvalues. We also performed description we may use Kohlrausch—Williams—Watts
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FIG. 3. Scaling representation of the NSE data corresponding to the single lOgIO [ O (A'I) ]

chain dynamics at 470 Kopen symbolsand 390 K(closed symbolsfor
two Q values: 0.2 A (circles and 0.4 A! (triangles. The rheological shift
factor of Ferry[Eq. (4.2)] has been used i(@), whereas an experimentally
determined shift factor brings the data togethetbn Solid lines show the
fit with stretched exponential functions to the resulting master curves.

FIG. 4. Momentum transfer dependence of the average relaxation{fme
(a) and shape parameté (b), obtained from the description of the NSE
data by means of a Kohlrausch—Williams—Watts function: spectra corre-
sponding to the single chain dynamics at 3904) and 470 K(O), and to
the collective dynamics at 390 KN11 (M) and Jiich NSE (V), Ref. 13.
The results of applying the empirical shift factor found to the data at 390 K
in (a) are shown by the corresponding open symbols. Solid lines are the fit
(KWW) or stretched exponential functions to parametrize thao a power law of the characteristic times above 0-E.AThe dotted line in
data, (a) represents & 2 law. The dotted line in(b) is a smoothing curve char-
acterizing the behavior of the chain data.
t ) B(Q)

S(Q,t)y=expg —| ———=
(Qut) F{ (TKWW(Q)

. . bserved temperature dependence. Instead of the factor 21
where 5(Q) is the stretching exponent or shape parametegeduced from Ferry’s law, a shift factor of approximately 12

characterizing the deviations from the single exponential de- ins th tra. originating from th Wo temperatur
cay andrww(Q) is the KWW relaxation time. As can be joins the spectra onginating fro ese wo temperatures

seen in Fig. 2, this functional form very accurately describeét'::g' :i(bt)].r V\gthmntgen exp:er]imennéal Vur;c;rtagﬁl}/ :‘ smllar
all the experimental spectra. emperature dependence 1S found over the fufange n-

Recently, investigating the collective dynamics at thevestlgated. Since the superposition of the spectra is fairly

maximum of the static structure fact&(Q) it was found good, we conclude that the shape of the dynamic structure

that the temperature dependence of the NSE data foIIowef(?Ctor does not significantly depen(_j on t_emperature. .
In order to compare characteristic times corresponding

very well the rheological shift factorar(T) determined by . . L
Ferryet al,1* to relaxation functions with different shapes, we may use the
' average characteristic tim{e) of the relaxation, defined as

, 4.9

9.08T—298.%)
00l ar(T)]= = 50g+T—208."

which was determined within an overlapping temperature = | ) ) L
window. In order to check whether this law also gives ac-which in terms of a relaxation time distribution would cor-

count for the temperature dependence of the measured chd®spond to th(_e first moment of this distribution. In the case of
dynamic structure factor, we shifted the time scale of the 39¢ KWW function(7) relates tory through

K spectra according to Ferry’s law taking as reference the 1

temperature of 470 K. Equatiof#.2) yields a ratio of 21 ( )

(4.2 (r)= f:S(Q,t)dt, 43

B

between the scales at 390 and 470 K. The result of such a (7)= —— 7¢ww - (4.9
scaling is shown in Fig. @) for two Q values. Obviously, as B
can be seen in Fig.(8), the extrapolation of the rheological Figure 4a) displays the dependence ¢ff on momen-

results to the high temperature range does not account for tham transferQ, and Fig. 4b) presents the corresponding re-
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sults for the shape parametgr Figures 4a) and 4b) also V. ANALYSIS OF THE DATA

include recently published results from the collective chain ) o
dynamics in a PIB melt. Here the data displayed for 470 K Beyond the phenomenological description of the spectra

are a result of applying the experimental shift factor to thePrésented in Sec. 1V, the analysis of the data in terms of the
390 K results. Two remarkable features stand ¢tSur- different approaches explained in Sec. Il was performed. We

prisingly, the average relaxation times appear to follow Aried to get the most detailed information about the mecha-

single power law starting from nearly the low&walues up nism dr.iving the dyqamics of the singlle .chain..A careful
to Q~3.0A~ 1. Thereby, the change over from the single comparison of the different model predictions with the ex-

chain dynamics to the collective response does not affect thgerimental data was performed, taking into account the co-
observedQ dependence(ii) While the relaxation of the herent and incoherent contributions to the spectra. Though

single chain tends to a Debye function for higi@wvalues, small, the amount of incoherent scatterlrg, together with

the pair correlation function shows a markedly nonexponenth® coherent intensitieo,, can be determined from the “spin

tial form, which evidently stretches the more the farther thelP” @nd “spin down” measurements at eachvalue [see

considered deviates from the maximum of the main peak Eq. (3.1)]. Since both the pair and the self-correlation func-
of S(Q) [Qpa=1.0A1].23 tions can be calculated in terms of Eg.7) for all the mod-

els we deal with, the NSE signal of the single chain dynam-

The result pointed out irii) is by no means ftrivial. At : N i X
fics could be fitted taking into account the correction given by

390 K experimental data corresponding to both the chai
dynamics and the collective dynamics are available. The erEd- (3.3. ) ) )

ror bars have been carefully estimated in both cases consid- W€ begin with the chain parameters necessary for an
ering the changes in the deduced time scales when differe@12/ysis of the data in terms of the different models pre-
shapes(KWW functions with 8 values encompassing the sented in Sec._ Il. From the degree of polyme_nzatlon (DP
experimental data with their error bamre considered. The —©9) we obtain for the number of main chain bonls

absolute values of the average time at this temperature seem!38- The calculation of needs knowledge of the chain

to be very similar for both dynamics in the experimentaldimensions from small angle neutron scatterit®ANS)

crossover region, and they follow a continuoQ@sdepen- measurements. In Ref. 17 the relation between the unper-
dence. ' turbed end-to-end distané® and the molecular weightl ,

In order to study in detail th€ dependence ofr), we is given byRg=0.570M, for PIB. Taking into account that

have focused our attention on the 470 K data. At this teman?"&Bm' it follows C.,=6.73 and withlo=1.54A, |
perature more accurate information can be extracted, becaude®-0A is found. , _

the decay is faster and better centered in the dynamical NSE [N the following the analysis of the data is presented.
window. A crossover to the center of mAalss diffusion appearga. The Rouse model

to be observed fo® values below 0.08 A (note the bend- e .

ing of (7) toward aQ~2 dependende Above thisQ value, For QRg<1, only the overall diffusion of the chain mol-

the average time can be perfectly described by the power Ia\5?/c_UIes IS obs_erved—the intemnal mOdeS of the chain relax-
ation do not influence the dynamic structure factor. In the

(4% Kn9=0.077 Q(A1)~31, (4.5  case of short length chains like the ones here studied(Xhis
enam regime is relatively easily accessed with NSE. In fact, the
The sameQ exponent also describes the 390 K data, resultresults shown in Sec. IJFigs. 4a) and 4b)] suggest the

ing in the expression observation of such translational diffusion beloW
=0.08 A" 1. In this Q regime an approximate Debye-like
(D30 n9=0.90 QA1 3% (4.6)  behavior was found with & dispersion of the average time

close to &@Q 2 law. In order to study in more detail the shape

The related shift factor amounts to 11.7 and is very close t@f the measured dynamic structure factor, in Fi¢) 5ve
the empirical value found from Fig.(8). The goodness of display the time dependence in a semilogarithmic represen-
the description of7) by Egs.(4.5) and(4.6) can be appreci- tation. The solid line corresponds to a single exponential
ated in Fig. 48). The astonishing finding is that the extrapo- decay. This perfectly describes the decay of the data, though
lations of these power laws are close to the average timeg js shown that, e.g., a KWW withB=0.83 would also
obtained for the collective dynamics in the higi@range.  account for the experimental behavior. Unfortunately, the

Concerning the collective dynamics, we would like to statistics of the data does not allow a more accurate determi-
note that the observance of a power law even across the peglgtion of the functional shape. Assuming a single exponen-
region at the static structure factd@¢1.0 A™*) contradicts  tial form as expected for translational diffusion, the fit to the
the expectation of a deGennes narrowhin this range. 470 K spectra at 0.03 and 0.04 Aresults in a value of
New experiments with highe® resolution rectify this al- 1 54+0.16 A2ns™! for the diffusion coefficienDg. In Fig.

ready previously noted deficiency in showing a definite5(b) we display the mean square center of mass displacement
modulation of(7(Q)) aroundS(Qp,y)-® We also point out
6 |n[Schair(Q:t)]

an apparent modulation of the shape parameter &{tQ) 5
which indicates itself in Fig. @). In theQ range close to the ([Xo(t) =%o(0)]%) =~ o (5.
intrachain peak ofS(Q) (Q~3.0A™1), this modulation

could be due to the contribution of the Johari—Goldstgin [see Eqs(2.5—(2.7)] combining data from different momen-
relaxation® tum transfers. At highe® values contributions of the inter-
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—— —— — FIG. 7. Dispersion of the elementary relaxation rate per main chain bond of
' ' AL the chain dynamics observed in PIB. The solid arrow indicates the value

obtained from the joint fit with the Rouse model to the spectra at
0.03A '<Q=0.15A"1; the empty arrow, the value deduced from the
diffusion coefficient obtained from the 0.03 and 0.04'data. The solid
line represents the fit with a power law @ Shaded areas show the error

bars estimated in each case.

count the relationship betwedhy andW, the corresponding
diffusion coefficientDg becomesDg=1.22+0.17 A2ns ™.
Within the experimental uncertaintid3gz agrees with that

< [x (t)x (0)F > (A) 108,y [5,,,(Q1)/5Q0)]

o
0 — '2'0' U —— deduced from the lowQ regime. The observation of a
40 60 80 100 slightly higher value foD g from the analysis of the 0.03 and
t(ns) 0.04 A™! data could also relate to some remaining contribu-

FIG. 5. (a) Logarithmic representation of the single chain structure factor attions of the internal mOdeS tf) the decay of the structure fac-
470 K and 0.04 A vs time. The solid line corresponds to a linear regres- tor. Therefore, we will consider the value deduced Bog
sion indicating single exponential decay in the diffusive regime. The dottedrom the Rouse frequency as the most reliable.
line shows the fit with a KWW of3=0.83.(b) Time evolution of the mean Thus, the NSE results show that, within the experimental
squared displacement of the center of mass of the molecule obtained from T - A',l
the experimental data at 0.04A(O) and 0.06 AL (A). The solid line ~ @ccuracy, in theQ range Q<0.15A"" the Rouse model
shows the linear behavior corresponding to the diffusion coefficiaat  gives a good account for the internal modes as well as for the
=1.54 A%ns. diffusion of the chain center of mass. However, it is also
clear that for highe@ values the experimental structure fac-
nal relaxation modes are present in the dvnamic struct rtors decay significantly more slowly than the Rouse model
fact TXh' ! b j d % SI dl f y Ic stru # Would require. In order to quantify the deviations, we fitted
actor. This may be deduced already Tom our prévious ph€y, o pose model to the different spectra separately. Thereby
nomenological analysis of Fhe spectra. The fit of the Rousg\le fixed the center of mass diffusion coefficient Mo
modgil [Eq.(2.7 togethgr V.V'th !Eq(2.6)] to the NSE spj;c}ra =1.22A%ns™%, the value obtained above, and floated the
Frovu?:?s a@ ?giﬂi dfsrﬁ”pt'?{]‘ mltrr? rna:n?egso.l?w i Rouse rateN for the differentQ values. This procedure re-
See F1g. B S a,lge' € elementary Rouse ratea sults in a strong dispersion of the elementary Rouse rate
470 K is 31.6:4.4ns* per main chain bond. The corre- shown in Fig. 7. The values determined fo¥ at Q

sponding mode-dependent characteristic times are repres ) 15 31 follow a Q dependence which can be described
sented by the dashed-dotted line in Fig. 1. Taking into acby the power law

W(ns 1)=4.30 Q%84 (5.2)
-~ : which is depicted as a solid line in Fig. 7. Note that another
% 08 origin of the slowing down of the chain relaxation compared
> to the Rouse prediction could be a reduction of the weights
~ 06 of the higher modes, which in the Rouse model are propor-
- tional to p~? [see Eq.(2.3)]. This analysis shows that the
9 0.4 validity of the Rouse model in the case of PIB is restricted to
§ the Q range below 0.15 A!, and some mechanism giving
N 0.2 account for the apparer® dispersion of the elementary
o Rouse frequency has to be invoked in order to reproduce the
0.00 0.01 ol experimental behavior.
B. The stiffness of the chain
FIG. 6. Single chain dynamic structure factor at 470 K and 0.04 ®), As explained in Sec. Il, a more realistic description than

0.06 A1 (A),0.08A1(0),010A 1 (@),0.15A1(A),020A1(e),
0.30 A~ (0), and 0.40 & (+). The solid lines show the fit with the Rouse
model to the data.

that given by the Rouse model for the dynamic structure
factor in not extremely flexible polymers has to include the
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1 We like to mention that a fit with the bending force
S - . model to the data allowing the variation of the parametgr
S 08 F h \ leads to a very good agreement with the experimental spec-
1 - m X tra. However, the resulting value farg was 0.20, about 15
~ 06 | uy \ times larger than that deduced from the SANS results, and
& 04 i . therefore .clearly unphysicgl.
= T - As pointed out before, in the decay $fQ,t) each mode

'% 02 i cor?tribu_tes_ with a weight dict_ated by equiparti4tion. Since this

vy ' A weight is mvers_ely proportional top(zJ_r agp ), a Iarge

0 value of oy drastically reduces the contribution of the higher

modes to the relaxation. Therefore, the good description of
the experimental data by the bending force model in fitting
ag is achieved by basically suppressing the contribution of
the higher modes in an artificial way. A value of 0.2 fog
demands a characteristic rat®,=26.4 completely incom-
patible with the actually observed chain dimensions.

o
o0

I
=

C. Internal viscosity

S ain (O1) 7 S(0,0)

B

0 Loannl aa ol

0.01 0.1 tl(ns) 10 100 As mentioned before and shown in Fig. 7, the Rouse
analysis leads to the observation of a str@hdispersion of
FIG. 8. (a) Comparison between the predictions of the bending forces modethe elemental rat&V which could be parametrized by the
within the approximation of Eq2.6) with Eq. (2.19 (dashed-dotted lings  power law given by Eq(5.2). Moreover, this result cannot
and the mode descriptidisolid lineg for giving account for the stiffness of be explained On|y by the stiffness of the polymer. A step

the chain, and the experimental NSE data obtained at 47®)KCompari- h . deli h hain d . b f d
son between the fitting curves corresponding to the bending forces modéprt er in modeling the chain dynamics may be performe

obtained through the above-mentioned approximatitashed-dotted lings ~ considering in addition some kind of internal viscosity, i.e.,

and the full solution(solid lines at 470 K. TheQ values shown are: 0.03 the hindrance imposed by the intrachain potentials. Intu-

A~1(0),0.04 A1 (O), 0.06 A (@), 0.08 At(A) 010A1(0) 0.15 i ; ; ;

AL(+) 020 A1 (V). 025 A1 (A) 030 A1 (229, 0.35 A~ (M), and itively, this mechgn|sm would cause some damping of the

0.40 A1 (%), Rouse modes which could be the origin of the appaf@nt
dependence oW. Taking Eg.(5.2) as starting point, and
considering an intuitive parallelism betweéh vector and

stiffness of the chain. The influence of the stiffness whichmode numbemp, we tentatively assume a damping mecha-
can be expected from the characteristic ratio of PIB wadlism which depends in form of a power law on the mode
calculated according to both models described in Sec. 1l Bhumber

For the mode description of the chain statistics we utilized 1 Wa2

C(p) [Eq.(2.9] with C..=6.73 andc=0.4. The chain bend- —hen= W(p2+ agphHp?, (5.3

ing model was investigated both in its approximated version p

[Eq. (2.19] with ag=0.013 and in terms of its full solution. wherey is a parameter giving account for the damping. The
Within the accuracy of the calculation both expressions arsuch defined frequencies contain the effect of both the stiff-
indistinguishable and lead to the same structure factors. Theess and an internal viscosity. This would be represented by
obtained relaxation times'g at 470 K show the mode- some “effective” friction coefficient;,~p?.

number dependence depicted in Fig. 1. They coincidefor The chain structure factor was built with the mean
values lower than~=20 and for higher number modes the squared displacements given by HE.6) substituting the
values resulting from the bending force modEQ. (2.19]  relaxation times in the exponential time decay by the phe-
are faster than those obtained in the other framewgifEq. nomenologicalf,’ihe”. For the weights the dissipative™”
(2.15]. The predicted dynamic structure factors are shown irfactor does not play a role and thalependence remains that
Fig. 8@. The dashed-dotted lines correspond to the bendingf the bending model. The experimental spectra were then
force approach, and the solid lines to the mode description ditted with Eq. (2.7) combined with the modified Eq2.6)

the chain statistics. These structure factors hardly agree bedtlowing only they parameter to vary—the values 8f and

ter with the experimental data than that obtained from theDy were known from the Rouse analysis of the IGwre-
Rouse model[Fig. 6). On the other hand, the prediction of gime and the value o&g was fixed to that deduced from
the bending force model calculated in terms of its full solu-SANS measurements. Over the wh@erange an excellent
tion is almost indistinguishable from that of the approximatedescription of the experimental points was achieved +or
version[see Fig. &)]. It follows that the stiffness correc- =0.67 [Fig. 9]. This phenomenological ansatz appears to
tions to the chain motion are clearly not enough, in order tademonstrate that a mode damping mechanism is a possible
account for the experimentally observed slowing down of theanswer to the so far obtained discrepancies. Thereby the re-
relaxation. tardation of the modes increases with the mode number.

1. Phenomenological approach to damping
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1 =27ns !, although in the intermediat® range some slight
S discrepancies in the spectral shape are evident. Also at 390 K
< 08 a reasonable description was possible yieldifg2.5ns
= andW=2.54ns'. We note that varying the procedures to
~ 06 evaluate the model by, e.g., using the approximation formula
5} 04 mentioned in Sec. Il Cas in the fitting curves shown in Fig.
~ 10(b) corresponding to data at 390] iir employing integral
%’ 02 representation of the sums of the chain segments mainly
© changesry while W rests basically unaffected. At 470 K
0 - depending on the modus of evaluatiep varies between
0.001 0.0l 0.1 0.19 and 0.32 ns, while at 390 K the range of variation is

t(ns) 2.2<19=<3.3ns. Using the above-quoted best resultsfpr
an activation energy for the configurational change of about

FIG. 9. Result of the description of the single chain structure factor with the 43 eV is found. The Corresponding relaxation tirﬁr@and
phenomenological approach to the chain dynamics including a damping o?' )

the mode frequencid€q. (5.3)]. The data shown correspond to 470 K and 72 Of the model at 470 K are displayed as solid lines in F.ig.
0.04 A1 (0), 0.08 A (A), 0.15 A1 (¢), 0.20 A~ (m), 0.30 A* (@), 1. We note that for low mode numbers the phenomenological

and 0.40 A™* (A). time 75"*" which is also presented there agrees quite well
with 7;. Thus, the Allegraet al. model is able to underpin
the phenomenological result in interpreting the “damping”

2. Allegra et al. model in terms of the hybridization of a local and a propagating

Beyond phenomenology the internal viscosity model ofmode.
Allegra et al>®involves a physical idea, namely the internal ~ The predictions of the internal viscosity model may also
viscous resistance of a chain to equilibrate deviation fronPe compared with the initial parametrization of the observed
equilibrium. This is described in Sec. I C. Figure(d0pre-  spectra in terms of KWW functions. For that purpose we
sents a fit of the full solution of this model to the spectrahave calculated the structure factor following from the Al-

allowing the Rouse rate/ and 7, to float. A good agreement legraet al. approach using the experimental parametéts
between theory and data was found at 470 K fg  andry. The thus obtained theoretical spectra were fitted with

=0.28ns and a slightly revised Rouse frequencyWsf KWW functions in the same way as the experimental spec-
tra. Figure 11a) compares the thus obtained average times
(7 with the experimental values for 390 and 470 K. Figure

1 11(b) undertakes the same test for the stretching parameter.
s As it was pointed out before, the general agreement is good,
S 08 but differences in the shape can been found. It is noteworthy
= that due to the different shift factors used for the diffusion
~ 06 coefficient(the shift factor of 12 corresponds to an activation
= energy of 0.49 eYand the effective relaxation time, the
S 04 model predicts a failure of the scaling. This is in particular
'§ obvious from the differen{3 values obtained at the same
e 02 A wave vector. Unfortunately, with the experimental data
N . available at the moment it is not possible to explore this
| - - aspect in more detail.
S -
S 08 F +
Y - VI. DISCUSSION AND CONCLUSION
~ 06 |
= B In this work we present the first in depth study of the
9 0.4 | changes in the dynamic structure factor of a polymer chain
3 5 which occur when the Rouse regime is left toward more
%~§ 02 t+ local length scales. The study encompasses the dynamic re-
L B gimes from the translational center of mass diffusion through
T S BT S R the Rouse regime toward local relaxation processes. It fur-
0.1 I 10 100 thermore connects to recent measurements of the collective
t(ns) response function at high&) values. The experiments be-

FIG. 10. (a) Fitting curves in the frame of the model proposed by Allegra C2Me possible due to the signifigant intensity gain at Fhe spin
et al. for different Q values at 470 K. The full solution of this model has echo spectrometer IN11 allowing for an exploration of
been consideredb) Fits to experimental data at 390 K with the approxi- S(Q,t) at largerQ where the coherent scattering intensity is
mation to the Allegraet al. model given in Ref. 6. The symbols correspond |y, “\yjith high quality data at hand it was possible to test
to: 0.03 A% (0), 0.06 A (@), 0.08 A (0), 0.10 A1 (0), 015 A i dels which add h h

(#),0.20 A1 (+),0.25 A1 (A), 0.30 A1 (A), 0.35 A (M), and 0.40 ifferent models which address the crossover phenomena to

A1 (x). local scales mentioned above. In this section we first focus
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4 < T Y T T T T tionalized. In contrast to the Si—O bond the rotational poten-
5 "\__ i AT tial around C—C bonds which constitute most of the poly-
x4 mers is much higher.

Recently also the chain dynamics of PE has been inves-
tigated by NSE as well as by molecular dynamics simula-
tions (MDS).2 The comparison between Rouse predictions
and the results of both techniques lead to a reasonable agree-
ment forQ values up to 0.14 Al, and forQ=0.18 A" the
theoretical curves lie systematically below both the experi-
mental and simulation data, and show qualitatively similar
behavior to PIB.

10810 [ <> (ns) ]

B. Bending force model
0.8 Experimental results on the self-correlation function ob-
tained by incoherent scattering from four different polymers
including PIB [polytetrahydrofuranPTHF), polypropylene
oxide (PPQ, polyethylene oxidédPEO), and PIB were also
04 7] compared with the Rouse model predictions in Ref. 20. In
- 1 that work, a comparison between experiment and theory was
02 B 1 made through the study of th® dependence of the full
- 1 width at half-maximum of the incoherent scattering functions
0 L L 1 s L L 1 L in the frequency domain. The cover€lrange ranged be-
-1.6 -1.2 -0.8 0.4 tween 0.15 and 1 Al Deviations from Rouse dynamics
log10 [ Q (A'I) ] were found in & region which was identified with the value
ml2(1oC..) (0.52 A~ for PTHF, 0.39 A'* for PPO and PEO,
FIG. 11. Comparison between the values obtained for the averagdaime and 0.16 A* for, PIB). Thls “m,lt IS prgdlctgd by the bending
and the shape paramei@ from the fit with a KWW to the experimental fOrce model which was investigated in this work. However, a
single chain dynamic structure fact@ymbolg and to the theoretical fitting ~ precise determination of this limit without the guide of any
curves in the framework of the model proposed by Allegral. (lines. The  model is difficult. An unbiased inspection of the experimen-
terpg?iﬁg]"es investigated are 394 &, dashed-dotted ineand 470 K(O, 5| ragyits shown in Ref. 20 leads to the observation that the
o ' deviations from Rouse dynamics are stronger for PIB than
for the other polymers and that in all cas@even in PIB
they occur around or below 0.5 A Due to the limited
on the application range of the Rouse model, then discuss thgality of these data more precision is unfortunately not pos-
bending force model and claims related to it. Thereafter thejple. The authors claimed that for all polymers in particular
internal viscosity approach is looked upon. Finally some reg|so for PIB an application of the bending force model could
cent Computer simulations and the relation to the CO”eCtiV%Ccount for the experimenta”y determiﬁéd:haracteristic
dynamics are addressed. frequencies within the experimental uncertainties, in obvious
A. Limit of validity of the Rouse model contradiction to the findings presented here. Neither this
) ) model nor the consideration of the mode-dependent charac-
From the Rouse analysis of the spectra it turns out thageristic ratio without an additional damping mechanism are

. . _1 .
this model is adequate f@ values below=0.15 A"~ This  anhropriate for describing the PIB dynamic structure factor,
Q regime seems also to be the limit of validity of the Rouse;5 has been eluded to in Sec. V.

model for describing the coherent scattering function in other Finally we would like to note that both the much earlier

investigated polymers like the very flexible polydimethylsi- ARS approach to the stiffness problem as well as the bend-
loxane (PDMS), and polyethylendPE), a polymer which jng force model for moderately stiff chains yield nearly in-

exhibit38 a similar stiffness as PIB. In the first case, it WaSqistinguishable results. This is also evident from the mode-
showrt® that the internal modes of a PDMS chain were rea‘number-dependent relaxation times of Fig. 1.

sonably well described by the Rouse model in the regime
0.04<Q=0.13A" 1. Above this wave vector and up to 0.3
A1 the experimental results could successfully be explaine
incorporating the effect of the stiffness of the chain through ~ We have demonstrated that in the framework of the in-
the above-explained mode description. This indicates a mucternal viscosity model of Allegrat al. a nearly quantitative
weaker influence of the internal viscosity in the case ofdescription of theQ-dependent dynamic structure factor
PDMS than for PIB. In the framework of the Alleget al.  could be achieved. We further remark that with the phenom-
model this implies very short relaxation times for rotationsenological approach of a power law mode damping a very
around skeletal bonds. Taking into account the low value ofjood agreement with the experiment could be achieved. This
the rotational barrier for the Si—O bortdsvhich conform  ansatz was based on the observation that the effective
the main chain in this polymer, such a behavior can be raQ-dependent Rouse rat€ig. 7) is decreasing with increas-

06 F i

g. Internal viscosity approach
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ing Q in form of a power law. At the end it turned out that E. Relation to collective dynamics
the related relaxation timesﬁhen for the significant lower
mode numbers agree very well with the sophisticated Allegr

o en
e.tdal. rgodel. The rl)hefnomeng_loglzal tlrr&egf‘ %‘z t;]e CON" " cross over to the single chain results at low@rSeemingly
sidered as a result of an unbiased mode an Bh CON-  there exists an intimate relation between the single chain

straints which leads to nearly identical relaxation times as th%ynamic structure factor and the collective dynamics. This
theory thereby supporting it strongly. relation deviates from what is known from simple liquids

Now, '.t IS mteresfung t_o compare the result_s obtalr_1ed forWhere the single atom result is the quantity to be related with
the effective relaxation time for local relaxationg with

: . : the collective response
those corresponding to relaxation processes previously de-

tected and characterized in PIB by other techniques. In this | g {Q,)~S(Q)S ( Q t” 25
CcO ’ nc ) .

As displayed in Fig. @) the average relaxation times
From the collective response studied at higlgrsmoothly

way an identification ofry with one of those processes could VS(Q)

possibly be found. We may inspect, e.g., the temperaturgye note that according to the Rouse theory the self-
dependencies. Far, estimate an activation energy of about correlation function would display considerably shorter
0.43+0.1eV. Itis worthy of remark that this activation en- and thus not smoothly cross over into) o). The details of
ergy is considerably higher than the C—C torsional barrier inhese relations in polymer systems will be the subject of a
this polymef® (around 0.2 eY. The discrepancy must reflect fyture work.

the influence of the interactions with the environment and | summary, observing the requirement that the confor-
thereforer, appears to correspond to an effective relaxationmation of the chain—as known in terms 6f,—must be in
time. Also the temperature dependence observed for thggreement with any bending stiffness or other related free
characteristic time of the Johari—Goldstginrelaxation by  energy contributions, it seems inevitable to assume a signifi-
dielectric spectroscopy (activation energy of 0.26 éVis  cant internal, i.e., intrachain friction. Whereas additional
weaker than that obtained foy. On the other hand, com- terms in the elastic free energy would reduce the high
pared to the temperature dependencergfthe activation rejaxation rate by suppressing the amplitudes of fast modes
energy of the phenomenological shift factor is high@49  (even faster than simple Rouse modes in this Gasetra

eV). Even higher is the extrapolated rheological shift factorgjssipation only affects the rates. The process causing dissi-
following Eqg. (4.2), which in the temperature range of study pation is thought to be a delayed redistribution of the local
amounts to 0.60 eV. The experimental activation energy is ionformations on a change of chain stretching. The activa-
the range of that for the NMR correlation time associatedijgn energy connected to the ratg‘l associated with the
with correlated conformational jumps in bulk PIB by Dejean gissipation is two times the rotational energy barrier indicat-

H 24 H . . . .
de la Batieet al™ (0.46 eV} and one could tentatively relate ing some influence of the embedding melt or the necessity of
7o to the mechanism underlying this process. However, alzorrelated rotations to cause dissipation.

though a similar temperature dependence is foundfand
the NMR correlation time, the obtained absolute values for
7o are significantly slower. The extrapolation of the NMR ACKNOWLEDGMENTS
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