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essary condition for gelation even in the case of such a 
highly crystalline polymer. 

There are five pieces of evidence showing that the ge- 
lation is caused by liquid-liquid phase separation: 

(1) Gelation occurred in a transparent state (section 1.3 
and Figure 12). 

(2) Some semitransparent gels existed in an equilibrium 
state between transparent and opaque gel (Figure 12). 
This shows that crystallization proceeds in the polymer- 
rich phase. 

(3) Two types of crystal forms appeared in one gel when 
some of the semitransparent gels were cooled to completely 
crystallize (two-step crystallization) (Figure 13a). The 
crystal form was different in the polymer-rich and poly- 
mer-poor phases. 

(4) Some of the two-step crystallized gels showed two- 
step dissolution on heating (Figure 14). With increasing 
temperature, the crystallites in the polymer-poor phase 
dissolved at  a lower temperature and then those in the 
polymer-rich phase dissolved. 

(5) The optical morphology of the dried gels left a trace 
that is characteristic for liquid-liquid phase separation 
(Figures 6a and 13b). This is indirect evidence of the 
existence of the two phases that had formed at the early 
stage of gelation without crystallization. 

From the above discussion, the boundary line between 
regions A and B means the binodal curve. Regelation 
extends the gel region to higher temperatures (Figures 10 
and 11). Why can the gelation region be easily enlarged 
by regelation? It would be more reasonable that the 
particular molecular interaction formed between the sol- 
vent and polymer at 0 "C could live on even after melting 
at  90 "C and become the trigger that easily induces the 
liquid-liquid phase separation at the subsequent regelation 
stage. The interaction may be related to the freezing of 
the solvent because 0 "C is lower than the freezing point 
of the pure solvent. 

We observed two kinds of gel structure. The structure 
for the liquid-liquid phase separation is very similar to that 
of Keller's model as regards the duplicity of the structure. 
The aggregated structure for the solid-liquid phase sepa- 
ration has not yet been found in the gels of poorly crys- 
tallizable polymers such as iPS and PVC. In the latter 
polymers the fringed micelle crystallite may be more ac- 
ceptable rather than the lamella-like one. However, we 

could not observe in our gels positive evidence for the 
existence of the fringed micelle. If a phase diagram like 
that in Figure 2 was drawn also for the iPS system, more 
strict comparison would be made between the two poly- 
mers. 
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Polarized Raman Spectra and LO-TO Splitting of Poly(viny1idene 
fluoride) Crystal Form I 
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ABSTRACT: An LO-TO splitting (Aw = wLo - wTo) of Raman bands has been observed for poling-treated 
poly(viny1idene fluoride) (PVDF) crystal form I, where cow and w m  are vibrational frequencies of longitudinal 
and transverse optical modes, respectively. The measured Aw was about 1-6 cm-'. The lattice dynamically 
predicted relationship, A 0: wToAw ( A  = infrared absorbance), has been confirmed experimentally. The band 
assignments for PVDF form I reported in the previous paper (Kobayashi, M.; Tashiro, K.; Tadokoro, H. 
Macromolecules 1975,8, 158) have been revised on the basis of the polarization character of the infrared and 
Raman spectra and by carrying out the normal coordinate treatment. 

Recently poly(viny1idene fluoride) (PVDF) crystal form 
I has been proved experimentally to be a ferroelectric 
material.1,2 In such ferroelectric substances, in general, the 
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long-range dipoledipole interaction plays a very important 
role in their physical properties and ferroelectric phase 
transition b e h a ~ i o r . ~  However, it may be difficult to es- 
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Figure 1. Crystal structure of PVDF form I." 

timate this dipole-dipole interaction quantitatively. One 
possible and useful method for this purpose is the mea- 
surement of the LO-TO splitting of polar phonons in the 
Raman where LO and TO denote the longitu- 
dinal and transverse optical modes, respectively. When 
the charged atoms vibrate in the crystal lattice, a transition 
dipole moment M is generated for those vibrational modes 
that are active in infrared absorption. The phonon ac- 
companying such a dipole change is called a "polar 
phonon". These dipoles generate a macroscopic electric 
field that couples in feedback fashion with the LO modes 
of the polar phonon, the transition moment M of which 
is along the propagation direction of the phonon q ( M  ( 1  
a).  Due to the effect of these self-generated electrostatic 
forces, the vibrational frequency of the LO mode is shifted 
toward higher frequencies than that of the TO mode ( M  
I a ) ,  the frequency of which is determined by the 
short-range interaction in the crystal lattice. This phe- 
nomenon is called an "LO-TO splitting" and is expected 
to be observed in the Raman spectra of the "infrared- 
active" polar phonons. In other words, when we measure 
the Raman spectra with changing the angle between the 
transition moment vector M and the phonon vector q ,  we 
may expect some frequency shift for the Raman bands of 
the infrared-active polar vibrations. 

The LO-TO splitting should be observed in principle 
for all crystals with noncentrosymmetric structures, but 
the magnitude of the frequency shift depends largely on 
the extent of the contribution of long-range electrostatic 
interactions. Therefore, the observation of the LO-TO 
splitting has been actually limited almost entirely to low- 
molecular-weight ionic  crystal^.^ Only a few reports have 
been presented for molecular crystals such as trioxane,7$8 
pentaerythritol: triglycine sulfate,'O and others. As stated 
above, a rather large electrostatic field effect is expected 
for ferroelectric PVDF form I crystal. We have measured 
precisely the polarized Raman spectra of PVDF form I and 
succeeded in observing the LO-TO splitting. This is 
considered to be the first case for organic polymer mate- 
rials. In this paper we report the Raman spectral change 
caused by poling treatment of PVDF form I and we then 
report the LO-TO splitting for this poled PVDF sample. 

Group Theoretical Consideration 
PVDF form I has the crystal structure shown in Figure 

1, where the trans-zigzag chains are packed so that the CF2 
dipoles are parallel along the b axis.'l The space group 
is Cm2m-C2,14. The result of a factor group analysis for 
the optically active r modes is shown in Table I. Among 
the four symmetry species, the A,, B,, and B2 modes are 
infrared-active and the transition dipole moments are along 

Table I 
Factor Group Analysis for the r Modes of PVDF Form I 

Crvstal (Soace Groun c m  2m -c9,,14b 
~ ~ ~~~~~~ 

symmetry internal external 
species E C2 b o b  b b c  bfa modes modesc 

A, 1 1 1 1 b (aa), (bb) ,  5 Tb 
(cc) 

A2 1 1 -1 -1 ( U C )  2 
B1 1 -1 -1 1 c (bc )  3 Tc 
B2 1 -1 1 -1 a (ab)  4 To, Lc 

Transition dipole moment. Raman polarizability tensor. T, 
translational lattice mode; L, librational lattice mode. 

the b, c ,  and a axes, respectively. The A, modes are 
nonpolar with no transition moment and are Raman active 
only. The polarizability tensor components are (aa) ,  (bb) ,  
and (cc) for the A, modes, (ac)  for the A2 modes, (bc)  for 
the B1 modes, and (ab )  for the B2 modes. The tentative 
band assignments for PVDF form I have already been 
published in our previous paper.I2 

Experimental Section 
The PVDF sample used here was supplied by Kureha Chemical 

Co., Ltd. (KF 1000). After being quenched in an ice-water bath 
from the molten state, the sample was rolled at 80 "C with 
draw-ratio of about 500% and then annealed at ca. 130 "C for 
1 h under tension. The film thickness was about 40 pm. The 
films were subjected to poling treatment under various conditions 
of high dc voltage (5-10 kV) and temperature (30-80 "C). The 
polarized infrared absorption spectra were measured with a Japan 
Spectroscopic Co. (JASCO) A-I11 type infrared spectrophotometer 
equipped with a wire-grid polarizer. The polarized Raman spectra 
were taken with JASCO R-500 and R-800 Raman spectropho- 
tometers. The excitation light source was an Ar+ ion laser with 
514.5 nm wavelength. 

Poling Effect on Polarized Infrared and Raman 
Spectra 

In Figure 2 are reproduced the polarized infrared spectra 
of PVDF form I in the frequency region of 3200-400 cm-I. 
As already pointed out by several authors,13-16 when the 
PVDF film is poled under a high dc voltage, the dipole 
moment of the zigzag chain or the polar b axis is reoriented 
in the direction of the applied electric field. This situation 
is illustrated in Figure 3. In Figure 4 is shown the defi- 
nition of the x ,  y, and z coordinate axes fixed on the film 
sample. Since the infrared absorption intensity is pro- 
portional to the scalar product of the transition dipole 
moment and the electric field vector of the incident in- 
frared beam, we can expect that when the infrared beam 
is incident along the y axis with the electric vector E 
parallel to the x axis, the A, bands (the transition vector 
p{ I E )  will decrease in intensity and the B, bands (pa' 
1 1  E )  will increse in intensity after poling treatment.15J6 
The B1 bands, which have the transition dipole p: and are 
observed for the parallel polarization (E,) of incident in- 
frared beam, will show almost no change in their intensity 
even after poling. In Figure 2, we can see the decrease in 
intensity for the A, bands at  2980,1273, and 840 cm-l, and 
the increase for the B2 bands at  3022 and 442 cm-' by 
comparing the spectra taken before and after poling. 

Figure 5 shows the polarized Raman spectra of rolled 
PVDF form I film before being subjected to the poling 
treatment. The B, bands at  1078 and 410 cm-' appear 
relatively strongly for the ( x z )  polarization and the A2 
bands at  980 and 260 cm-' appear for the ( yz )  polarization. 
According to the above group theoretical consideration, 
the B1 bands should be observed strongly for the ( b c )  
polarization component and those of the A2 symmetry 
species should be observed for the (ac)  polarization com- 
ponent. In Figure 5 ,  such a situation can be realized if the 
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Figure 2. Polarized infrared spectra of PVDF form I taken before and after poling (conventional poling, E,  = 125 MV/m, 80 "C, 
1 h): (-) electric vector of incident infrared beam perpendicular to the draw axis; (- - -) electric vector of incident infrared beam parallel 
to the draw axis. 

before poling 
? 

I 

Figure 3. Illustration of structural change induced by the poling 
treatment of PVDF form I sample. 

Poling 

Figure 4. Definition of the coordinate system fixed on the sample 
film. 

space-fixed coordinate axes are related to the crystal axes 
as x I /  6, y 11 a, and z / /  c .  That is to say, in the rolled PVDF 
form I sample, the polar b axis is considered to orient 
preferentially within the film plane or along the x axis. 
The samples obtained by cold-drawing the melt-quenched 
film at 60 O C  are found to show a similar orientation 
character. These results are consistent with those of X-ray 
studies.17 

In Figure 6 are reproduced a series of polarized Raman 
spectra taken with the ( x z )  and (yz)  scattering geometries. 
Before poling the B1 bands appear relatively strongly for 
the ( x z )  geometry and the A2 bands appear for the ( yz )  
geometry, as already pointed out above. But, when poling 
is carried out effectively (the efficiency could be checked 
by infrared measurement; refer to the caption of Figure 
6), the ( y z )  component increases in relative intensity for 
the B, bands and the ( x z )  component increases for the Az 
bands, indicating that the orientation state of the sample 
transfers to the coordinate system of x 11 a, y 11 6, and z 
I/ c. A detailed estimation of the degree of the 6-axis 
orientation is now being carried out. Although the Raman 

1070 

Wavenumber / cm-1 

Figure 5. Polarized Raman spectra of rolled PVDF form I film 
(unpoled). 

spectra have been considered not to be sensitive to the 
6-axis orientational change in PVDF form I,I8 the exper- 
imental results of Figure 6 indicate a high sensitivity of 
the Raman method in detecting such an orientational 
change. 

Raman polarization measurements on three-dimen- 
sionally oriented polymer samples have been found to be 
useful for interpreting the complicated vibrational spectra, 
as illustrated for doubly oriented atactic poly(viny1 alco- 
hol).19 In Figure 7 are shown all the Raman polarization 
components for a highly poled PVDF form I film. In- 
cluding the infrared spectra of Figure 2, most of the Raman 
bands can be reasonably assigned to the previously re- 
ported symmetry specieslZ on the basis of their polarization 
characters. In the previous paper,', however, we assigned 
the band at  880 cm-' with the perpendicular infrared di- 
chroism to the A, species and that at  840 cm-I to the B, 
species. Polarization measurements of Figure 7 (and also 
Figure 2) indicate these assignments should be reversed: 
880 cm-l to the Bz species and 840 cm-' to the A, species. 
Therefore we have recalculated the normal-mode fre- 
quencies for an isolated single chain and carried out a 
least-squares fitting of the observed frequency data. The 
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Figure  6. Polarized Raman spectra for the various PVDF form 
I films. (a) rolled and unpoled, (b) and (c) rolled and poled (corona 
poling at 10 kV, 30 min, room temperature, interelectrode distance 
1 cm). The  effectiveness of corona charging was not actually 
controlled because i t  was dependent largely on the condition of 
the sample films. We have checked qualitatively the poling 
efficiency by the relative intensity of u,(CH2) and u,(CHz) infrared 
bands (perpendicular component; refer to  Figure 2). The ratio 
of absorbance A(v,)/A(v,) was about 1.1 for sample a, 1.5 for 
sample b, and 2.0 for sample c: the higher the ratio, the more 
effectively the sample is poled. 

F igure  7. Polarized Raman spectra of highly poled PVDF form 
I film. The sample was the same as that  used in Figure 2. 

final results are listed i n  Table 11. In Table I11 are shown 
the force cons tan ts  ob ta ined  (valence force field). 

Table I1 
Normal Coordinates Treatment of Single Chain of 

Poly(viny1idene fluoride) Form I 
wavenumber, 

cm-I 
sDecies obsd" calcdb PED (70)' 

A ,  2980 2975 
1428 1434 
1273 1283 
840 844 
508 513 

260 265 

1071 1074 
468 471 

1177 1177 
880 883 
442 444 

Az 980 980 

B1 1398 1408 

Bz 3022 3024 

'Infrared absorption spectral data (refer to Figure 2). bThe 
utilized model was of planar-zigzag conformation. Potential en- 
ergy distribution. Symmetry coordinates: (u,)  antisymmetric 
stretching; ( u s )  symmetric stretching; (6) bending; (w) wagging; (t) 
twisting; (r) rocking. The sign + or - denotes the phase relation 
among the symmetry coordinates. 

Table I11 
Intramolecular Valence Force Constants of Poly(viny1idene 

fluoride) Form I" 
no. coordinates involved common atoms valuesb 
1 CH 4.901 
2 cc 4.414 

4 c c ,  cc C 0.148 
5 CC, CCH cc 0.206 
6 c c ,  ccc cc 0.273 
7 CC, CCF cc 0.548 
8 CH, CH C 0.058 
9 CF 6.549 

10 CF, CF C 0.151 
11 CF, CFF CF 1.297 
12 CCH 0.627 
13 CCH, CCH cc 0.105 
14 CCH, CCH CH 0.074 
15 CHH 0.451 
16 ccc 1.199 
17 ccc, ccc ( t )  cc -0.036 
18 CCF 1.387 
19 CFF 1.506 
20 cccc 0.050 
21 CF, CCF CF 1.058 
22 CCF, CCF cc 0.176 
23 CCF, CCF CF 0.234 
24 CCC, CCH (g) cc 0.138 
25 CCC, CCF (g) cc -0.083 
26 CCH, CCF ( t )  cc 0.063 
27 CCH, CCF (g) cc 0.055 

Units of force con- 
stants: stretch, mdyn/A; bending, (mdyn &/rad2; stretch-bend- 
ing, mdyn/rad. 

LO-TO Splitting in Raman Spectra of Poled 
PVDF Form I 

On the basis of the factor group analysis of Table I, we 
can expec t  LO-TO split t ing to occur for the polar sym- 
m e t r y  species AI, B1, and B2. The Raman measuremen t  
was  carried out for  a poled sample of PVDF form I in  
which the b axis orients preferably along t h e  normal to the 
film plane. Raman spectral measurements were not easily 
m a d e  i n  the present s t u d y  because of the following cir- 
cumstances. (1) Highly three-dimensionally oriented film 
is  needed to detect the LO-TO split t ing,  as explained 
below. Thus we had to utilize a t h i n  fi lm of 40-km 

3 CC, CF C -0.091 

a Refer to  Table I1 in our previous paper.12 
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Figure 8. Scattering geometries for the measurement of the LO 
or TO bands illustrated for the A, and B2 modes. In order to 
increase the intensity gain, we did not use the polarizer of the 
scattered Raman signals because the contribution of the band 
in question was considered to be overwhelmingly large for each 
scattering geometry, judging from the relative intensity of the 
bands shown in Figure 7 .  

c 

-i - -~ L 

860 850 840 830 
Wovenumber/cm- 

Figure 9. Frequency shift of the AI Raman band at 840 cm-’. 
The angle is between the y axis of the sample and the incident 
photon vector k,. Refer to Figure 8. 

thickness in order to increase the electric field strength 
so that the b-axis orientation is maximized as highly as 
possible. Such a thin film gave very weak Raman intensity, 
and the signal-to-noise ratio was not high. Although it 
might be possible to increase the S /N ratio of Raman 
bands by accumulating the data many times, we avoided 
the possibility of lowering the reproducibility of the fre- 
quency data by the repeated scanning process. In order 
to confirm the reproducibility of the band frequencies, we 
checked the frequency data by carrying out independent 
measurements an average of five times under the various 
spectral conditions. (2) The slight frequency shift of the 
Raman bands is difficult to detect because the bands are 
generally very broad in polymer systems, compared to 
low-molecular-weight single crystals. Although a sharp- 
ening of the bands was expected when the sample was 
cooled to liquid nitrogen temperature, no satisfactory 
spectral data of good S/N ratio could be obtained because 
of the great increase in fluorescence a t  low temperature. 

In the Raman spectral measurements, 90” scattering 
geometry was employed. Therefore the phonon vector q 
points in the direction of + 4 5 O  from the vertical line, as 
shown in Figure 8 (q = k, - k,; k, and k, are wavevectors 
of incident and scattered laser beams). Measurements of 
the LO and TO bands of each symmetry species were 
carried out with the scattering geometries shown in Figure 
8. 

In Figures 9 and 10 are reproduced the Raman spectra 
of the A, bands at  840 and 1280 cm-I, respectively. The 
A, vibrational bands have the transition dipole moment 
along the b axis. A s  seen in these figures, the peak position 
of the bands shifts by several wavenumbers in parallel with 
the change in the angle between the b axis and the phonon 

-- _-.___ 8 -  

I300 1290 1280 I270 1260 
Wovenumber / cm-1 

Figure 10. Frequency shift of the AI Raman band at 1280 cm-I. 
The angle is between the y axis of the sample and the incident 
photon vector ki. Refer to Figure 8. 
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Figure 11. Raman spectra for the 840-cm-’ band taken with 
various spectral conditions in order to check the reproducibility 
of the band position. The angle is between they axis of the sample 
and the incident photon vector k,. 
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I l j  
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Figure 12. Raman spectra for the 1280-cm-* band taken with 
various spectral conditions in order to check the reproducibility 
of the band position. The angle is between they axis of the sample 
and the incident photon vector k,. 

vector q .  The relation wLo > UT,-,, which should be re- 
quired in general:* is also reasonable. In Figures 11 and 
12 the reproducibility of the wavenumbers for the 840 and 
1280 cm-’ bands is checked. These were taken by modi- 
fying measuring conditions such as scanning rate, response 
time of the recorder, and intensity and/or wavenumber 
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Figure 13. Raman spectra for the 260-cm-' band (A, species). 
The angle is between the y axis of the sample and the incident 
photon vector ki. Refer to  Figure 8. 

2 70 260 250 

Table IV 
Observed LO and TO Frequencies for Poled 

Poly(viny1idene fluoride) Form I 
species wL0, cm-' UTO, cm-' IR, cm'' Aw, cm-' 

A, 1282 1276 1273 6 
842 840 840 2 
509 508 508 1 

B2 881 880 880 1 
A2 260 260 0 

scale in the recording sheet. For the nonpolar A2 vibra- 
tional band a t  260 cm-', no frequency shift was observed, 
as shown in Figure 13. The measured LO-TO splittings 
are listed in Table IV. The wTO'S are compared with the 
observed infrared frequencies because they should in 
principle be coincident with each other. The measure- 
ments for the other Raman bands were not successful in 
the present study because of their weak intensities and low 
S/N ratios. 

Discussion 
The observed LO-TO splitting is about 1-6 cm-', as seen 

in Table IV. In molecular crystals such as trioxane7fs and 
triglycine sulfate,1° the LO-TO splitting is not as large as 
expected in ionic crystals. This may originate from the 
fact that in the potential field the short-range intermole- 
cular forces are much greater than the long-range elec- 
trostatic forces. When the damping effect is neglected, the 
vibrational frequency w of polar mode j is given by the 
sequential equation6 

where q denotes the unit vector of phonon q and Mj is the 
transition moment of the j t h  mode. E " ( @ )  = &ma@2,  (a 
= x ,  y, and z ) ,  and emu is the dielectric constant at infinitely 
high frequency. Originally eq 1 includes a coupling term 
between the j and j'modes. But we can assume that in 
molecular crystals the mode-mode coupling is not so large, 
judging from the small LO-TO splitting. Under such an 
assumption, eq 1 becomes simplified as follows for the j th 
vibrational mode: 

In the case of M j  = 0, i.e., for the nonpolar mode, wj is equal 
to wTO and not dependent on the angle between q and Mi. 
In the case of M j  # 0, w j  = wLo corresponds to the case 
of q 11 Mj. For Q I Mj,. uj is equal to wTO. In the ortho- 
rhombic system, only diagonal dielectric components cum 
are nonzero.20 Therefore, for the principal axis of the 
crystal, wLo is given by 

4aMa2 

6,- 

o L 0 2  = wT02 + - (3) 

4000 8000 
A W . W , ~  /cm-' 

Figure 14. Plot of relative absorbance A (integrated value) 
against WTOAU for the bands at 1280, 840, and 510 cm-'. 

Since the LO-TO splitting is quite small in the present 
case, eq 3 can be approximated as 

(4) 

This equation says that the LO-TO splitting Aw is ap- 
proximately proportional to M,2/wTo.4-6 The infrared 
absorbance A,  is in proportion to the square of the tran- 
sition moment Ma, and then, from eq 4 

A ,  wTOAU (5) 

For PVDF form I, we evaluated the integrated intensity 
of the infrared absorbance for the bands at 1280,840, and 
510 cm-', where the sample used in the infrared spectral 
measurement was an unoriented film cast from hexa- 
methylphosphoramide solution at room temperature and 
consisted of almost pure crystal form I.12 As seen in Figure 
14, a plot of the measured absorbance A against WTOAW is, 
roughly speaking, consistent with eq 5. 

The LO-TO splitting of Raman bands is observed also 
for vinylidene fluoride-trifluoroethylene copolymers,21 
which have attracted much attention because of their 
ferroelectric phase transitionz2 and large pie~oelectricity.~~ 
We are now trying to evaluate the LO-TO splitting the- 
oretically from the viewpoint of lattice dynamics for these 
ferroelectric fluorine polymers. 
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Fluorescence Anisotropy Decay Studies of Local Polymer 
Dynamics in the Melt. 2. Labeled Model Compounds of Variable 
Chain Length 
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ABSTRACT: The fluorescence anisotropy decay (FAD) of a series of 9,10-dialkylanthracenes, with alkyl 
substituents ranging from 6 to 16 CH, groups, embedded in a melt of unlabeled polybutadiene is investigated 
in the temperature range 210-350 K. The results are compared with different theoretical dynamic models 
relevant for flexible alkyl chains or for polymers by using the quantitative evaluation procedure applied to 
labeled polybutadiene in the previous paper of this series. The orientation autocorrelation function (OACF) 
presents a nonexponential character that increases progressively with the length of the alkyl tail. For tails 
with 14 carbon atoms and more, the OACF corresponds very accurately to the 1-D diffusion observed in 
long-chain labeled polymers. This result probes rather unambiguously the chain length necessary for the 
“polymer-like” 1-D diffusion behavior to settle. Also, the evolution of the correlation times with the temperature 
and with the size of the molecule supports the idea, developed recently by Helfand and co-workers, that this 
1-D diffusion corresponds to correlated conformational jumps. 

I. Introduction 
In the previous paper of this series, we presented 

fluorescence anisotropy decay (FAD) experiments per- 
formed at  LURE-ACO, Orsay, France. Using synchrotron 
radiation as an exciting source, we recorded the orientation 
autocorrelation function (OACF) of a labeled poly- 
butadiene chain embedded in a matrix of similar unlabeled 
polybutadiene in the time window 0.1-70 ns and in the 
temperature range 223-353 K. The experimental results 
have been compared with various models for main-chain 
polymer motions proposed in the l i t e r a t ~ r e . ~ - ~  

The shape of the OACF, which remains almost ho- 
mothetic when the temperature is varied, is very similar 
to the one observed in dilute solutions.’ Recent single- 
chain models of the dynamics, such as the Hall-Helfand6 
or generalized diffusion and loss7 models, fit the data 
correctly a t  the present experimental precision. From 
these observations, we concluded that the major origin of 
the nonexponential character of the single-bond OACF is 
the connectivity of the chain. In comparison with dy- 
namics in dilute solution, the surrounding chains affect 
segmental motions by means of an increase in the friction 
coefficient, but they do not seem to modify seriously their 
specific dynamic behavior. 

We also observed that the orientation relaxation of the 
label follows the same temperature law as macroscopic 
properties (i.e., WLF e q u a t i ~ n * ~ ~ ) .  Such a result implies 
that  the local chain motions observed by FAD in poly- 
butadiene are involved in the glass transition phenomenon. 
If one considers the experimental time scale (0.1-70 ns), 
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the size of the label, and the amplitude of orientation 
relaxation required to affect the OACF, it is reasonable 
to assume that these chain motions correspond to con- 
formation changes. However, i t  would be interesting to 
investigate their scale more quantitatively. 

In the present paper, we present synchrotron-excited 
FAD experiments performed on a series of flexible fluor- 
escent probes (9,lO-dialkylanthracene) embedded in a 
matrix of nonfluorescent polybutadiene. By studying the 
evolution of the OACF as a function of the length of the 
alkyl tail, we aimed at  further information about the 
molecular origin of the observed orientation relaxation. 
For instance, if, as we suspected, the nonexponential 
character of the OACF is mainly due to chain connectivity, 
it should increase with substituent length, and the rate of 
this increase should give direct information on the scale 
of the motions involved. We were also interested in the 
coupling between the flexible probes and the polymer 
matrix and in a comparison between the behavior of the 
probe and that of labeled long-chain polybutadiene. 

In section 11, the preparation of the samples and the 
experimental technique are briefly reviewed (for a more 
complete description please refer to part 1 of the series).’ 
The experimental correlation functions and some general 
results are presented in section 111. In sections IV and V, 
we compare quantitatively these results with relevant 
theoretical models, namely the Jones and Stockmayer4 
model, which considers flexible chains starting from the 
”short molecule” side, and the Hall and Helfand6 and 
generalized diffusion and loss7 models, which start from 
an “infinite chain” representation. Temperature effects 
are discussed in section VI, and the general molecular 
conclusions which can be drawn from the present study 
are summarized in section VII. 
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