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   Dynamics of polymers in the bulk state was studied by quasi- and inelastic neutron scattering tech-
niques in the time range of 10-73 to 10-10 s. The present work can be classified into three parts: 
(i) dynamics in the glassy state, (ii) dynamics near the glass transition and (iii) dynamics in the molten 
state. In the first section, we discuss the low energy excitation in glassy polymers, which is an origin of 
anomalous thermal properties of amorphous materials at low temperatures. In the next section, we 
study dynamics of amorphous polymers near the glass transition which is one of the current topics of 
solid state physics as well as polymer physics. It was found that two modes of motion appear near the 
glass transition in the energy ranges near 1 meV and of 10-30 ,ueV. These fast and slow modes aris-
ing ca. 50K below Tg and just above Tg, respectively, are discussed from viewpoints of molecular basis. 
In the last section, dynamics in the molten state is investigated by focusing on the mechanism of local 
conformational transition of polymer chains. The results are analyzed in terms of jump diffusion mod-
el with damped vibrational motions and compared with the Kramers' rate theory. 
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                            1. INTRODUCTION 

   Dynamics of polymer chains has been investigated by many techniques1 such as mechan-
ical relaxation, ultrasonic attenuation, dielectric relaxation, dynamic light scattering, 
fluorescence depolarization and NMR. Polymer motions slower than 10-6 s are now well 
understood in terms of Rouse model2, which are strongly related to the so-called segmental 
motions. Recently, the tube model3 has shed light on the substantial nature of very slow 
motions in entangled systems. However, there remain a lot of unsolved problems in mo-
tions faster than 10—$ s in spite of much efforts made by many research groups4. Less 
understood are very local motions especially in the time range of 10-13 to 10-10 s because 
there are few methods to access this time range, which is in the boundary between periodic 
motions (oscillatory motions) and relaxation motions, so that studies in this time range are 
fundamental to understand relaxation processes in polymer systems from microscopic view-
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points. Neutron scattering is one of the most valuable and powerful tools to study the mo-
tion in such time range. 

   In the present paper, we review our recent experimental results concerning dynamics of 

polymers in the bulk state studied by quasi- and inelastic neutron scattering techniques in 
the time range of  10-13 to 10-10 s. Our studies can be for convenience classified into 

three parts; (i) dynamics in the glassy state, (ii) dynamics near the glass transition and (iii) 
dynamics in the molten state though these three subjects are strongly related to each other. 
In each section, we will give a brief introduction to clarify the problems in each subject. 

                         2. Neutron Scattering Measurements 

   Quasi- and inelastic neutron scattering measurements were performed with the inverted 
time-of-flight (TOF) spectrometers LAM-405 and LAM-805'6 installed at the pulsed spalla-
tion cold neutron source in the National Laboratory for High Energy Physics (KEK), Tsu-
kuba. In operation of the spectrometers, pulsed cold neutrons with a wide energy distribu-
tion are incident on a sample and the scattered neutrons with fixed energy (4.59 meV and 
1.8 meV for LAM-40 and LAM-80, respectively) are selected by a PG(002) or mica(006) 
crystal analyzer mirrors and Be filter and detected by 3He counters at several scattering 

angles. The energy resolutions evaluated from the full width of the elastic peak are ca. 0.2 
and ca. 0.018 meV, and the energy window are below 10 and 0.5 meV, respectively. The 
length of the scattering vector Q at the elastic position ranges from 0.2 to 2.6 A-1 and from 
0.2 to 1.8 A-1 for LAM-40 and LAM-80, respectively. 

   The observed TOF spectrum was converted to dynamic scattering law S(Q,0 and/or 
density of states G(co) after making corrections for background, counter efficiency, and the 
incident neutron spectrum. The observed dynamic scattering law S(Q, (0) can be approxi-
mated to the incoherent dynamic scattering law because polymers measured contain many 
hydrogens and the incoherent atomic scattering cross section of hydrogen is much larger 
than the incoherent and coherent atomic scattering cross sections of other atoms as well as 
the coherent one of hydrogen7. 

   A part of analysis of the observed dynamic scattering laws was carried out by curve fit-
ting with model functions using the computer codes QUESA405 and QUESA805. 

                          3. Dynamics in the Glassy State 

   Major differences of dynamics between amorphous and crystalline materials can be rec-
ognized in the low energy range below ca. 10 meV at low temperatures enough below the 

glass transition where any relaxation processes cannot be observed in amorphous materials. 
This is macroscopically manifested as anomalous thermal properties of amorphous materials 
such as heat capacity8. The heat capacity C(T) of amorphous materials exceeds that ex-

pected for crystalline materials (Debye solids) in two low temperature ranges. One is the 
range below 1K, where C(T) is proportional to T, and the other is the range of 2-20K. 
These excess beat capacities are due to excess excitations of the amorphous materials in the 
corresponding energy ranges. The excess heat capacity below 1K is well explained by a 
tunneling model in a double well potential. However, the nature of the tunneling motion 
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is still unknown. Less understood is the excess heat capacity in the temperature range 2-
20K, which corresponds to the excess excitations in the energy range 1-5 meV. Recently, 
inelastic neutron scattering studies have been extensively made on this excitation (low ener-

gy excitation), but there remain many unsolved problems. 
   In this section, we present the inelastic neutron scattering studies on the low energy ex-

citations in amorphous polymers and discuss the results in terms of an asymmetric double 
well potential. 

3.1 Low Energy Excitation in Amorphous and Crystalline Phases 
   In order to clarify the differences between the low energy excitations of amorphous and 

crystalline phases, inelastic neutron scattering measurements have been made on 

polyethylenes as a function of degree of crystallinity at 10K9. The dynamic scattering laws 
S(Q,w) of the crystalline and amorphous phases of PE are shown in Fig. 1(a). In the spec-
trum of the amorphous phase of PE, a broad peak is observed at about 3 meV. This 
broad peak is absent in the spectrum of the crystalline phase. We may then directly con-
clude that the low energy excitation at around 3 meV is characteristic of the amorphous phase. 

   The density of states G(co) is plotted in the form G(co)/c02 versus co for the amorphous 
and crystalline phases in Fig. 1(b). The figure shows that G(w) of the crystalline phase is 
approximately proportional to w2. This means that the excitations in the crystalline phase 
can be described by the Debye theory in the examined energy range. For the amorphous 

phase, G(co)/w2 shows a peak at about 2.5 meV and the value of G(co) is much larger than 
that of the crystalline phase. In the low energy range below 1 meV, G(co) of the amor-

phous phase seems to vary in proportion to a,2, suggesting that G(w) of the amorphous 
phase is dominated by the Debye mode (sound wave) below 1 meV. This was confirmed 
from calculation of the sound velocity in both the amorphous and crystalline phases9. 

   The heat capacity C(T) was calculated from the density of states G(w) in Fig. 1(b) for 
the amorphous and crystalline phases in the temperature range of 2 to 15K and the results 

are plotted as C(T)/T3 in Fig. 1(c). The agreement between the temperature dependence 
of the calculated and observed C(T)/T3 is fairly good. It is confirmed that the low energy 
excitation at around 2-3  meV of the amorphous phase is the origin of the excess heat 
capacity of the amorphous phase. 

3.2 Universality of Low Energy Excitation 
   Thermal anomaly at low temperatures is observed for many amorphous materials, sug-

gesting that the low energy excitation should be the common characteristic of amorphous 
materials. In order to confirm this, we carried out inelastic neutron scattering measure-
ments on various amorphous polymers as well as inorganic glasses10. Organic polymers 
used for the scattering experiments are polyisobutylene (PIB), cis-1,4-polybutadiene (PB), 
cross-linked cis-1,4-polybutadiene (cl-PB), trans-1,4-polychloroprene (PCP), atactic poly-
styrene (PS), highly crystalline polyethylene (h-PE) with degree of crystallinity 0.96, semi-
crystalline polyethylene (s-PE) with degree of crystallinity 0.46 and epoxy resin (EXPO) 
cured with polyamide amine. Three inorganic glasses of germanium (GeO2), boric oxide 

(B2O3) and amorphous selenium (Se) are also used. 
   In Fig. 2, observed dynamic scattering laws S(Q,a) measured with LAM-40 are shown 
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  Fig. 1. (a) Dynamic scattering laws S(Q,o) for amorphous and crystalline phases of PE at 
10K. (b) Density of states G(w) for amorphous and crystalline phases of PE plotted 

        as G(w)/(02 against co. Solid lines are fitting curves. (c) Heat capacity C(T) for 
        amorphous and crystalline phases of PE. Solid lines were calculated from the fitting 

        curves of G(s) in (b) and dashed lines are from experimental data [J.E. Tucker and 
        W. Reese, J. Chem. Phys., 46, 1388 (1967).]. 
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     Fig. 2. Dynamic scattering laws S(Q,(.0) for various amorphous polymers. (a) polyisoprene 
          (PIB) at 50K; (b) PIB at 10K; (c) cis-1,4-polybutadiene (PB) at 50K; (d) cross-linked 
          PB at 50K; (e) trans-1,4-polychloroprene (PCP) at 50K; (f) atactic polystyrene (PS) at 

          10K; (g) semicrystalline polyethylene (s-PE) with degree of crystallinity of 0.46 at 
          10K; (h) highly crystalline polyethylene (h-PE) with degree of crystallinity of 0.96 at 
          10K; (i) epoxy resin (EXPO) at 50K; (j) amorphous selenium (a-Se) at 150K; (g) ger-

          manium (GeO2) glass at 295K; (I) boric oxide (B2O3) glass at 295K. Spectra of (a)-
           (i) are obtained by summing up the seven spectra at scattering angles at 8°, 24°, 40°, 

56° 72° 88° and 104°. Spectra of (j)-(l) are at Q=2.07 A-1. 

for eight organic polymers and three inorganic glasses. All the samples except highly crys-
talline polyethylene (h-PE) show a broad excitation peak in the energy range of 1.5 — 4.0 
meV. These data strongly demonstrate that the low energy excitation is a universal proper-
ty for amorphous materials. 

   The low energy excitation appears irrespective of differences in chemical structures of 
amorphous materials. However, the details in the energy, shape and intensity of the peak 
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depend on the chemical structure and temperature. Studies on partially deuterated PS11 
revealed that the low energy excitation peak of the main chain (methylene chain) appears at 
1.5 meV, which is 0.7 meV lower than that of the side chain (phenyl group). This energy 
shift has been assigned to the larger effective mass of the main chain. 

3.3 Origin of Low Energy  Excitation'° 

   Some models have been proposed to explain the low energy excitations in amorphous 
materials. Recent fashionable explanation is by "fractoni12, which is an excitation in frac-
tal networks. This idea was successfully applied to the density of states of cross-linked ex-

poxy resin13 but failed to explain the dynamic structure factors of vitreous silica and amor-
phous germanium. Buchenau assigned the origin of these excess low energy excitations to a 
coupled rotation of five SiO414 and a bond bending model3, respectively, by analyzing the 
coherent dynamic structure factor. Buchenau have also shown that these motions have a 
common origin, the so-called "asymmetric double-well potentiali16. This idea is very 
attractive because the universality of the low energy excitation should require a common 
microscopic picture for all the amorphous materials. In this sense, we believed that the 
"asymmetric double-well potential" is valuable to examine as a common origin of the low 

energy excitation. 

   We begin with the analysis of Q dependence of the inelastic scattering intensity of the 
low energy excitation to obtain the spatial information of the motion. According to a clas-
sical picture of the asymmetric double-well potential, the dynamic scattering law S(Q,(0) is 

given by 

S(Q,w)=Sei(Q,cu)+Sin(Q, w) 

            = exp(—<u2> Q2) 11-2 f pi 132 [1—jo(Qd)]1 s(w) 

                +exp(—<u2> Q2) 2 f pi p2 [1—jo(Qd)] F(w) (1) 

where 8(w) is a 8-function, F(w) is a frequency distribution of the motion, f is the fraction 

of hydrogens participating in the motion, d is the distance between the two sites, jo is the 
zero-th order spherical Bessel function and <u2> is the mean square amplitude of oscillatory 
motions in the well. pi and p2 are the probabilities to find a scattering particle on sites 1 
and 2, respectively, and related to the energy asymmetry through 

pl/p2=exp(—d H/kT)(2) 

where d H is the energy difference between the two sites. 
   The Q dependence of the inelastic scattering intensity ILEE(Q) of the low energy excita-

tion of PIB is plotted against Q2 in Fig. 3. ILEE(Q) is not proportional to Q2, suggesting 

that the low energy excitation is not harmonic. The solid line in Fig. 3 indicates a fitted 
theoretical function 1-jo(Qd) in the inelastic part of eq.(1) where d was taken to be 1.17 A. 

The agreement is very good, showing that the two-site motion can describe the Q depend-
ence. The value of d corresponds to an average distance of the displacement of hydrogens. 
In the case of PIB, hydrogens cannot move individually but probably as an atomic group in-
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     Fig. 3. Inelastic scattering intensity of the low energy excitation as a function of Q for PIB at 

           50K. The intensity ILEE(Q) is obtained by integrating in the to-range  0<o <6 meV 
           after correcting the Debye-Waller factor exp(—<u2> Q2) and subtracting the sound 

            wave contribution and elastic scattering. Intensity from the sound wave is indicated 
           by a dashed line for comparison. The solid line represents the fitting result with 

           function 1-jo(Qd) with d=1.17 A. 

cluding carbons. Therefore, it is noted that the distance d does not directly correspond to 
the displacement of the centre of an atomic group (a mobile group) as far as the low energy 
excitation mode is concerned. - 

   In the next step, we study eigen values of the asymmetric double well potential. For 
this purpose, we must discard the classical picture. Our starting point is the SchrOdinger 

equation. 

Htbn=Ensbn(3) 

where H=K+V and H, En, On, K and V are the Hamiltonian of the asymmetric double 
well potential, the eigen value for the n-th state, the wave function for the n-th state, the 
kinetic energy and the potential energy, respectively. We have employed the following 
function to represent the asymmetric double well potential: 

V(r)=a1 r+a2 r2+b exp(—c r2).(4) 

   In our measurements, the observed excitation energy coo is given by 

coo=Q E=Ei—Eo(5) 

                             (242)



                       Dynamics of Polymers by Neutron Scattering 

where  E0 and El are the eigen values for the ground and first excited states. The inelastic 

scattering intensity Ii„ (Q) of a powder sample is proportional to the transition probability 
P(Q) from the initial state to the final state, which is given by 

P(Q)=<I101(r) exp(i Qr) 0o(r) dr12> .(6) 

   Substituting eq.(4) into eq.(3), we numerically solved the Schrodinger equation by sur-
veying the potential parameters and the mass of mobile group and calculated the excitation 
energy coo and the transition probability P(Q). It was found that appropriate sets of the 

potential parameters can reproduce the experimental values. An example of such asym-
metric double well potential and the corresponding wave function are shown in Fig. 4. The 
ranges of the potential parameters which reproduce the experimental observations are 
summarized in Table I and the corresponding range of the barrier height Vo, the energy 
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     Fig. 4. (a) A typical asymmetric double-well potential V(r)=alr+a2r2+bexp(—cr2); a1=3 
            meV, a2=60 meV A-2, b=15 meV, c=24 A-2. (b) Wave function of the ground 

           state (solid line) and of the first excited state (dashed line). Mass of a mobile group 
           m is 20 amu. Parameters for the potential are the same as in (a). 

   Table I. Ranges of parameters for the asymmetric double-well potential: 
V(r) = air+a2r2+ b exp( — 0-2). 

a, az bcmVadm;,, 
(meV A-') (meV A-2) (meV) (A-2) (amu) (meV)" (meV)° (A) 

 2-8—60 10-25 —24 12-40 4-16 1-4 0.5-0.62 

Vo = V(rm.,,) — [ V(r,,,1„.,) + V(rm„,.,) ] /2. °WH= V(rm,,,.z) — V(-„j,,., )• 
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asymmetry d H and the distance between the two minima dmin are also listed in Table I. 
   The fraction of the hydrogens taking part in the low energy excitation mode can be 

calculated from eq.(1) using the value of the energy asymmetry d H and the distance be-
tween the two minima d. In the case of PIB, d H ranges from 1 to 4 meV. This corre-
sponds to the range of plp2=0.247-0.203 at 50K. The distance between the two minima 
d has been evaluated to be 1.17 A, so that the range of the fraction f is estimated to be 
0.083 to 0.10 at 50K. In the amorphous PIB, about 9% of the hydrogens take part in the 
asymmetric double well potential system. 

   The next problem to be answered is the temperature dependence of the inelastic in-
tensity. The density of states G(w) of PIB at 10K and 50K are shown in Fig. 5, where 
G(w)/w2 is plotted against co. Both of the G(w)'s are essentially identical. This means 
that the temperature dependence of the inelastic scattering intensity can be reduced by the 
Bose factor. This result is usually interpreted by assuming that the low energy excitation is 
harmonic. On the other hand, it is predicted from the Q dependence of the inelastic in-
tensity that the low energy excitation is not harmonic; the inelastic intensity is not pro-

portional to Q2 (see Fig. 3). As the asymmetric double well potential is clearly inharmon-
ic, a problem that we should answer is why the temperature dependence can be described 
by the Bose factor. A possible answer is given by a concept of "phonon-assisted tunnel-

ing". In amorphous polymers, there exist asymmetric double-well potential sites (ca. 9% 
in PIB) and also propagating phonons (sound wave). The asymmetric double-well poten-
tials interact with the propagating phonons through deformation of the double well potential 
by the elastic wave. When the phonon energy is near or equal to the energy difference be-
tween the ground and first excited states, it will be resonantly absorbed and then reemitted 
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     Fig. 5. Density of states G(w) for PIB plotted as G(w)/w2 against co. (S) from the data at 
          50K; (0) from the data at 10K. The dashed line indicates the contribution of the 

           sound wave. The solid line is the result of fitting to G(0/6,2 at 50K. 
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incoherently. Even though the mobile group does not have sufficient energy to surmount 
the barrier because of very low temperature, it can move from one minimum to the other 
through the phonon-assisted tunneling process. If the interactions are so frequent, the 

population in the asymmetric double well potential is governed by that of the propagating 
phonons, i.e., the Bose factor. This picture seems to well explain our results. 

                       4. Dynamics near the Glass Transition 

   The glass transition is a universal phenomenon for all glass forming materials17. In the 
cases of polymer systems, even crystalline polymers include some amounts of amorphous re-

gions because polymers cannot be fully crystallized due to the topological restrictions and it 
is well known that some properties of polymers such as mechanical properties depends on 
the nature of the amorphous  regions18. Therefore, many investigations have been theoreti-
cally and experimentally performed on the glass transition though most of them have been 
engaged in phenomenological models for the macroscopic nature such as mechanical and 
thermal properties. Recently, a microscopic theory, the so-called mode coupling theory19 
has been developed based on an equation for the density autocorrelation function contain-

ing a nonlinear memory function and gives some detailed pictures and predictions for the 
dynamical process near the glass transition, e.g., ergodic-nonergodic dynamical transition 
occurs at a critical temperature Te which exists above the calorimetric glass transition 
temperature Tg. Stimulated by the theory, a lot of experimental works20 were carried out 
on inorganic and organic glass forming materials as well as polymers using inelastic neutron 
scattering, light scattering and dielectric relaxation techniques. 

   In this work, we performed quasielastic neutron scattering measurements on cis-1,4-

polybutadiene in a wide temperature range covering Tg(=170K) and found that two modes 
of motion appear near Tg in the energy ranges of ca. 1 meV and 10-30 meV, respectively. 
The fast mode arises ca. 50K below Tg, which corresponds to the so-called Vogel tempera-
ture T°. On the other hand, the slow mode appears just above Tg. In this section the na-

tures of the two modes are discussed from viewpoint of glass transition. 

4.1 The Fast Mode (,9-process)21 
   Dynamic scattering laws S(Q,(0) of cis-1,4-polybutadiene (PB) measured with LAM-40 

are shown in Fig. 6 as a function of temperature. The spectra enough below Tg show a 
broad low energy excitation peak at co=2--3 meV. The dashed lines in Fig. 6 show the 
values expected from the Bose factor, which were calculated based on the 50K data. The 
spectrum at 100K agrees very well with the expected value, confirming that the intensity of 
the low energy excitation of PB can be also normalized by the Bose factor. On the other 
hand, the spectrum at 170K (=Tg) shows an additional quasielastic scattering intensity be-
low ca. 4 meV and the excess intensity gradually increases with temperature as can be seen 
in the spectra at higher temperatures. The excess quasielastic intensity must correspond to 
a new relaxation process. The excess intensity at co =1 meV is plotted against temperature 
in Fig. 7. The solid line in Fig. 7 is the result of the fit with (T—Tf)7 for y =1.6, where Tf 
is a critical temperature at which the excess quasielastic intensity begins to arise, and we 
found Tf=119K. This temperature is ca. 50K below Tg and corresponds to the so-called 
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     Fig. 6. Dynamic scattering laws S(Q,w) of cis-1,4-polybutadiene (PB) measured by LAM-40 
           below and above the glass transition temperature Tg (=17OK). The spectra were 

           obtained by summing up 6 spectra at scattering angle 24°, 40°, 56°, 72°, 88° and 104° 
           and the average Q value is 1.54 A-1. The spectra are expanded by a factor 45 and 
           shifted by 0.2 for each. Dashed lines are the values expected from the Bose factor, 

           which were calculated based on the spectrum at 5OK. 
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     Fig. 7. Temperature dependence of the scattering intensities for the faster and slower 
           quasielastic components. Solid lines are the results of the fit with (T—T1)7 (i=f and 

           s, y=1.6). The critical temperatures Tf and Ts are 119K and 171K for the faster and 
            slower components, respectively. 
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       Vogel temperature  To, which is usually observed ca. 50K below Tg for most of all amor-

       phous polymers18. It is considered that the temperature Tf (=To) is the lowest tempera-
       ture at which the fastest relaxation process (fl-process) can be observed. 

          The spectra for only the excess scattering intensity were obtained by subtracting the 
       calculated values using the 50K data and the Bose factor from the observed S(Q,(0). The 

       difference spectra were fitted with a single Lorentzian convoluted with the resolution func-
       tion of LAM-40. The estimated half-width at half-maximum (HWHM) Tf is plotted as a 

       function of temperature in Fig. 8. The I'f is almost independent of both Q and tempera-
       ture, suggesting that the motion observed here is very localized. A problem that we have 

       to consider is what the localized motion is. As will be shown in the next section, Tf in the 
       melt slightly depends on temperature, giving the activation energy of ca. 0.5 kcal/mol (see 

       Fig. 8) and we have assigned this motion to the damped vibrational motion in the C-C tor-
       sional potential. The activation energy for the localized motion (ca. 0.5 kcal/mol) is very 

       low compared with the barrier height for the C-C torsional potential (2---3 kcal/mol). This 
       very low barrier may be produced by distortion of the torsional potential due to strains of 

       surrounding polymer chains. Alternatively, in the study of the low energy excitation of 
       amorphous polymers at temperatures enough 'below the Tg, we found that the energy bar-

       rier height of the asymmetric double well potential in the glassy state is in the range of 0.1 
       to 0.4 kcal/mol. This height is very close to the activation energy observed in the melt. 
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               Fig. 8. Temperature dependences of HWHM of the fast and slow quasielastic components Ff 
                      and Ts, which were evaluated from LAM-40 and LAM-80 data, respectively. In the 
                   molten state (T>Tm=2°C), temperature dependences of Tf (S) and F, (0) are de-
                      scribed by the Arrhenius form and the corresponding activation energies are ca. 0.5 
                    kcal/mol and 2.5 kcal/mol, respectively. In the whole temperature range including 

                      the supercooled state, temperature dependence of Ts is described by the WLF form. 
                      Dashed line is the result of the WLF fit for F,. C1=8.43, C2=51.4, Fo=1.05X10-4 

                    [see eq.(7)]. Q values are (0); 1.23 A-1, (0); 1.21 A-1. (II); 2.07 A-1, (•); 
                      1.54 A-1. Note that Ff is almost independent of Q. 
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Therefore, it is considered that the asymmetric double well potential in the glassy state is a 
frozen state of the distorted potential observed in the melt. At a very low temperature, 
atomic groups (parts of polymer chain) trapped in one site of the asymmetric double well 

potential cannot move to another site passing, over the barrier even if the barrier height is 
very low. As temperature increases, the atomic groups are gradually thermally activated 
and begin to surmount the barrier (ca. 0.1-~-0.5 kcal/mol) at a critical temperature Tf (= 
To), which is probably observed in this study. Even above Tf, the atomic groups are still 
trapped within the C-C torsional potential well. In this sense, the localized motion can be 
called as a "cage motion". As temperature further increases, the atomic groups would be 

more activated enough to pass over the barrier for the C-C torsional potential (2--3 
kcal/mol), leading to the structural relaxation or the a-relaxation. This process is observed 
using the high resolution machine LAM-80 as will be shown below. 

4.2 The Slow Mode (a-process)21,22 
   The high resolution spectrometer LAM-80 can access the energy range of 0.01 to 0.3 

meV which is rather smaller than that of LAM-40, so that we can observe slower motions. 
Dynamic scattering laws S(Q,w) observed with LAM-80 are shown as a function of temper-
ature in Fig. 9. We can observe the onset of a new quasielastic scattering component in 
the energy range below ca. 0.1 meV near Tg. The intensity of the slow (narrow) quasielas-
tic component in the co-range of 0.02 to 0.2 meV is shown in Fig. 7 as a function of temper-
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     Fig. 9. Dynamic scattering laws S(Q,w) of cis-1,4-polybutadiene (PB) measured by LAM-80 
            below and above the glass transition temperature Tg (=170K). The spectra were 

            obtained by summing up 3 spectra at scattering angles 35, 80 and 135° and the aver-
            age Q value is 1.21 A-1. Flat thin solid lines are the contributions of the fast 
            quasielastic component observed LAM-40. The thick solid lines are the resolution 

           function of LAM-80. Note that the spectrum at 163K (below Tg) is identical with 
             the resolution function. 

                                                                                                                              • 
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ature. The solid line in Fig. 7 is the result of the fit with  (T—T5)7 for y=1.6, giving a 
critical temperature T5=171K at which the slow component begins to arise. The tempera-
ture T, is very close to the glass transition temperature Tg. 

   As a first approximation we fitted the observed S(Q,w) with sum of a 8-function and a 
single Lorentzian convoluted with the resolution function of LAM-80. The HWHM Fs of 
the Lorentzian is plotted against 1/T also in Fig. 8. The temperature dependence of Fs in 
the molten state can be described by the Arrhenius form and the activation energy evalu-
ated in the molten state is in the range of 2-3 kcal/mo126, suggesting that the slow mode 
can be related to the local conformational transition of PB. The conformational transition 
should make the structural relaxation. In a sense of glass transition dynamics, we can call 
the slow mode as the a-relaxation process. On the other hand, F, gradually deviates from 
the Arrhenius form with decreasing temperature. The temperature dependence were fitted 
with the Williams-Landel-Ferry (WLF) equation in the whole temperature range. 

log(F 5) = log(F 0) + Ci (T—Tg)/(C2 +T— Tg)(7) 

The result is shown in Fig. 8 by a dashed line. The agreement is rather good. This fact 
also supports that the slow mode is related to the structural relaxation or the a-relaxation. 
The WLF behaviour should be due to some kind of correlated motion near the Tg. It is 
noted that the parameter C2 in eq.(7) was estimated to be 51.9K in the fit. The corre-
sponding Vogel temperature To is calculated from Tg —C2 to be 118.1K. This value agrees 
excellently with the estimated value Tf (=119K) from the fast quasielastic component. 

                           5. Dynamics in the Molten State 

   In polymer chains, conformational transitions between rotational isomeric states are 
fundamental to the understanding of many of the rapid relaxation processes. Crankshaft-
like motions such as Schatzki crankshaft23 or three bond motion24 were considered to be the 
most reasonable explanation of the local motions. However, recent important progress in 
this field has provided an argument against the crankshaft-like motions. Helfand and co-
workers25 have made computer simulations by employing a realistic polymer chain involving 
bond rotation, bond 'angle bending and bond length stretching and found that isolated tran-
sitions as well as cooperative transitions occur. 

   Our attention is focused on the mechanism of the local conformational transition in 

polymer chains in this section. As shown in computer simulations, the conformational tran-
sitions are assisted by distortions in a polymer chain through vibrational motions, especially 
bond rotations or torsional vibrations. We are also interested in the vibrational motions, 
which are probably damped due to thermal agitations or high friction in both solution and 
melt. 

   In this section, we present the experimental results of quasielastic neutron scattering on 
cis-1,4-polybutadiene in the melt. In the time range of 10-13 to 10 10 s, there exist two 
modes of motion. These correspond to the fast and slow modes appearing at ca. 50K be-
low Tg and just above Tg, respectively, which were revealed in the previous section. The 
fast and slow modes can be assigned to the damped torsional vibration (bond rotation) and 
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  the local conformational transitions, respectively. The results are analyzed in terms of a 

  jump diffusion model with the damped vibrational motions. 

  5.1 Damped Vibrational Motion in C-C Torsional Potential26 
     The observed dynamic scattering laws S(Q, co) of PB in the melt observed with LAM-

  40 at Q=1.76 A-1 are shown in Fig. 10 as a function of temperature. All the spectra 
  were well fitted with sum of a 8-function and two Lorentzians as shown by solid lines in the 

  figure. Judging from the low temperature data presented in the previous section, the 
  broad and narrow quasielastic components should correspond to the damped low energy ex-
  citation mode and the fast mode 08-process) appearing at ca. 50K below Tg, respectively. 

  The HWHM's of both components show the same temperature and Q dependences. This 
  indicates that the two components are strongly coupled in the melt. The very weak 

  temperature dependences give an activation energy of Ea=ca. 0.5 kcal/mol (Fig. 8). This 

  value of Ea is too small for local conformational transitions. The HWHM's of the two 
  components are also independent of Q, suggesting that the fast mode is very localized. 

     There are two possibilities for this restricted motion: (1) damped vibrational motion 
  and (2) diffusive motion in a finite volume (a cage). However, it is difficult to distinguish 

  these two possibilities from the observed scattering spectra because both motions are very 
  similar to each other under the condition of strong damping. In the present state, we 

  assigned the fast mode to a damped torsional vibrational motion because it is the softest 
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        Fig. 10. Dynamic scattering laws S(Q,(0) of cis-1,4-polybutadiene (PB) in the melt measured 
              by LAM-40 at 0=1.76 A-1 as a function of temperature from 23°C to 100°C. Solid 

              lines represent the fitting results including elastic and two quasielastic components. 

                               (250)



                             Dynamics of Polymers by Neutron Scattering 

     mode and the amplitude of hydrogen atom displacement is larger than those of other mod-
        es. 

        The potential shape for the torsional vibration can be described by a quadratic form in 
     the crystalline states. However, it is natural to consider that the shape in the molten state 

     is distorted by strain due to the local conformational transition and/or surrounding polymer 
     chains. The activation energy (ca. 0.5 kcal/mol) should reflect the low barrier caused by 

     the distortion. 

     5.2 Local Conformational Transition26 
        The slow mode in the melt, which appears just above Tg, was studied by the high re-

     solution spectrometer LAM-80. The observed dynamic scattering laws  S(Q,(o) of PB at 

Q=1.23 A-1 are shown in Fig. 11 as a function of temperature. The narrow quasielastic 
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            Fig. 11. Dynamic scattering laws S(Q,a) of cis-1,4-polybutadiene (PB) in the melt from 23°C 
                  to 100°C measured by LAM-80. Solid lines represent the fitting results including 

                   elastic and quasielastic scattering components. The almost flat lines represent the 
                   very broad quasielastic components observed by LAM-40. 
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scattering component (the slow mode) can be clearly observed in the spectra. This compo-
nent can be well fitted with a single Lorentzian as shown by solid lines in the figure. The 
Arrhenius plot of HWHM of the slow component in the melt gives an activation energy ca. 
2.5 kcal/mol (see Fig. 8). This value corresponds nearly to the height of one energy barrier 
separating rotational isomeric states. It means that the slow mode can be related to the 
local conformational transitions. 

   For description of the local conformational transition, we adopted a jump diffusion 
model with the damped vibrational motions by taking into account the results of the compu-
ter simulation by Helfand25. The schematic sketch of the jump diffusion model is shown in 
Fig. 12. Thus, (1) in this model, conformational transitions should be accompanied with 

                 <U2>Z(Amplitude of Damped Vibration) 

                  /<l2>/2(Jump Distance ) 

To (Rest Time) 

`L, (Jump Time) 

      Fig. 12. Schematic sketch of the jump diffusion model with damped vibrational motions. It is 
            assumed that ro<rl in the present analysis so that ro-1 corresponds to the local 

             conformational transition rate. 

the damped vibrational motions. These motions assist distortions of degree of freedom in 

the neighbourhood of the conformation-transforming bond and keep the transition localized. 
The spatial scale of the damped vibrational motion has been evaluated as <u2> obtained in 

LAM-40 measurements. (2) We define the average rest time ro for a conformation (lifetime 
of conformation) and the average jump time Ti between the different conformations. 
Assuming ri<ro, the rate of the conformational transition is given by ro-1. (3) The mean-
square jump distance between different conformations is defined as <12> . (4) The transitions 
occur successively in the neighbourhood of the previous transition. This succession leads to 
a physical picture of jump diffusion of the transition states. (5) We assume that all the mo-
tions are isotropic. The dynamic scattering law of this model Sid(Q,a) under the condition 
To > r t is given by27 

Sid(Q,(0)=(1/7r) Fjd exp(—<u2> Q2)/(0)2+rjd2)(8) 

I jd=[DQ2+(1—exp(—<u2>Q2))/ro]I[1+DQ2 ro](9) 

where D is the diffusion coefficient of transition site, given by <12>/6ro. Sjd(Q,co) can be 

represented by a Lorentzian with HWHM Fjd. This agrees with our observation. 
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   In order to evaluate the parameters  ro and <12> in the jump diffusion model, the Q de-

pendence of HWHM of the slow mode is fitted with the theoretical function (eq.(9)). In 
Fig. 13 the Q dependence of HWHM of the slow mode is shown for 23, 60, 80, 100, 120 
and 140°C. Solid lines in the figure are the results of the fit. The agreement is very good 
and it is confirmed that the jump diffusion model is appropriate to describe the local con-
formational transitions. The values of zo and <12> are summarized in Table II where the 
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      Fig. 13. 02 dependence of half-width at half-maximum (HWHM) of the slow quasielastic com-
          ponent revealed by LAM-80. (v) 23°C; (•) 60°C; (X) 80°C; (o) 100°C; (0) 
           120°C; (0) 140°C. Solid lines represent the best fit with eq.(8). 

              Table II. Parameters of the Jump Diffusion Model for the Local Con-
                       formational Transitions Determined from LAM-40 and 

                      LAM-80 Data 

(u2)/ (12)1/2/ D/102A2 
         T/°C Al A° ro/Psb ps 1 eTx/PSd  

          23 0.44 (3.71) 81.0(4.5)102 
    45 0.4972.6 

         60 0.51 2.31 48.6 1.859.1 
         80 0.55 2.12 35.6 2.146.0 
         100 0.58 1.76 28.9 1.836.8 
         120 0.62 1.43 22.4 1.530.2 
         140 0.66 1.85 21.2 2.725.3 
                ° Value of (12)1/2 calculated from molecular structure is 2.03 A. 

b Activation energy of ro (E*) is 2.9 kcal/mol. B Calculated from 
              D = (12)/6ro. d Calculated from Kramers' rate theory. 
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diffusion coefficient D (=<12)/6To) are also listed. The value of <12> are almost indepen-
dent of temperature, indicating that the mechanism of the local conformational transition 
does not change in the observed temperature range. The activation energy of zo is esti-
mated to be 2.9 kcal/mol from the Arrhenius plot of To. This value is almost the same as 
the height of one barrier separating rotational isomeric states. 

4.3 Comparison with Rate Theory 

   In this section, we will compare the rest time zo with Kramers' rate theory28. Accord-
ing to the rate theory, the conformational transition rate kK is given by 

kK°1(yAyB)112/(2 e)1 [1/2+ (1/4+ I yB/e2)1r2]-1 exp(—E*/kT) (10) 

where yA and yB are the curvatures of the potential at the bottom and the top, respective-
ly, e is the friction coefficient of surrounding media, E* is the potential barrier height and 
I = Z miri2 is the moment of inertia of the rotating unit around the bond where mi is the 
mass of the i-th rotating unit and ri is the distance from the rotating axis to the i-th unit. 
In the molten PB system including no solvents, the observed activation energy (2.9 
kcal/mol) is almost identical with one barrier height, suggesting that the effects of the fric-
tion coefficient e on the rate kK is negligible. We assume that the conformational transi-
tion rate of molten PB can be described in the form of low friction limit. It is given by 

kK=(1/2 2r)(yA/I)1/2 exp(—E*/kT)(11) 

Using eq.(11), we calculated the rate of the local conformational transition kK and corres-

ponding rest time TK (=kK-1), which are summarized in Table II. The agreement be- 
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     Fig. 14. Schematic potential representation for local conformational transition along the reac-
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tween  zo and rK is very good, e.g., the observed value at 100°C is 28.9 ps and the calcu-

lated one is 36.8 ps. The good agreement may offer evidence that the Kramers' rate 
theory at the low friction limit is appropriate for description of the local conformational 
transitions of the molten PB. 

   In conclusion, the results obtained by the jump diffusion model with the damped vibra-
tional motions are summarized in Fig. 14 in terms of potential representation along the 
reaction coordinate. The physical picture of the model agrees well with the results of the 

computer simulation by Helfand et al. This means that polymer chains are not so hard for 
the conformational transitions but softened by the vibrational motions, especially by the tor-

sional motions. The softening is essential for the conformational transitions to occur 
through a single bond rotation and be localized. 

   Furthermore, the potential picture obtained from the melt is very similar to that 
obtained from the analysis of the low energy excitations in the glassy state. It means that 

the "asymmetric double well potential", which is an origin of the low energy excitation, is a 
frozen state of the distorted potential in the molten state. 
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