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   Vibrational modes of trans-1, 4-polychloroprene have been investigated by neutron incoherent 
inelastic scattering. Amplitude-weighted frequency distribution which corresponds to density of 
phonon states was evaluated from the neutron spectrum. We also calculated the frequency distri-
bution based on the results of the normal coordinate analysis by Petcavich and Coleman. By com-
paring the experimental and theoretical frequency distributions, we discuss assignments and dis-
persion relationships for the vibrational modes in the frequency range below 1000 cm-1. 
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                        INTRODUCTION 

   Extensive studies have been carried out on vibrational modes of trans-1, 4— 

polychloroprene (TPC) by infrared (IR) absorption1-4) and Raman scattering4) 
methods. Normal coordinate analysis has also been performed on an isolated chain 
of this polymer by Tabb and Koenig') and Petcavich and Colemae. The results 
of Tabb and Keonig are in satisfactory agreement between the observed and calcu-
lated frequencies for these vibrations above 900 cm-' but not below 900 cm". The 
disagreements below 900 cm' have been attributed to the least reliability of the 
force constants associated with the chlorine atom. Petcavich and Coleman also car-
ried out a similar calculation and obtained basic agreement with Tabb and Koeing 
above 900 cm' but several differences below 900 cm-'. They pointed out that the 
out-of-plane C-CI internal coordinates were undefined in the valence force field (VFF) 
of Tabb and Koenig. There remains ambiguity in the assignments of the vibrational 
modes below 900 cm-'. 

   These two groups have reported the dispersion curves for the fundamental modes 
of TPC. Tabb and Koeing have concluded that there was very little coupling 
between adjacent translational repeat units of TPC because the branches were almost 
independent of phase angle. On the other hand, the results of Petcavich and 
Coleman show a considerable phase dependence even in the high frequency region 
above 900 cm", indicating that some normal modes are coupled to adjacent units 
along the chain. It is impossible to observe dispersion relationship by IR and 
Raman spectroscopy. There hardly exist methods to measure the dispersion relation-
ship except for neutron inelastic scattering. To our knowledge, however, no neutron 
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inelastic scattering measurements on TPC have been reported. 
   In this work, we measure neutron incoherent inelastic scattering from TPC and 

compare with the results of the normal coordinate analysis in the frequency region 
below 1000 cm'. 

                         EXPERIMENTAL 

   Sample. TPC was prepared from 2-chloro-1, 3-butadiene by a free radical 
emulsion polymerization and purified by precipitating from a benzen -solution into 
an excess methanol. This polymer contains approximately 92% trans-1, 4, 6% 
cis-1, 4 and 2% 1, 2 and 3, 4 placements. For neutron scattering measurements, 
TPC was coated from a toluene solution on an outer surface of a hollow aluminum 
cylinder 140 mm high, 13.8 mm in diameter and 0.25 mm thick. The thickness 
of the coated film was controlled to be less than 0.15 mm, so that the multiple scat-
tering from the film would be suppressed below 10%. 

    Measurements. Neutron scattering measurements were carried out with the time-
of-flight (TOF) spectrometer LAM-D6 installed at the National Laboratory for 
High Energy Physics, KEK, Tsukuba. The scattered neutrons with fixed energy 

(4.4 meV) were selected by PG (002) crystal analyzer and Be filter and detected by 
a He3 counter. The measurements were made at 10K, 50K and 295K at the scat-
tering angle 90°. After the measurements, we improved the spectrometer LAM-D 
to achieve higher energy resolution and higher counting rate. The measurement 
at 10K was reperformed with the improved LAM-D at the scattering angles 35° 
and 85°. The energy range covered by this spectrometer is below ca. 3000 cm-1 
and the energy resolution dE is less than 10% of incident neutron energy Eo for the 
old LAM-D and 6% for the improved LAM-D in the whole energy range. 

   Data analysis. After making corrections for background and incident neutron 
spectrum, observed TOF spectrum was converted to differential scattering cross-
section 82a]aS2aE which is defined as a probability that an incident neutron with 
energy E„ is scattered into a solid angle OS2 and in an energy interval between E and 
E-1-8E. In the case of the present experiment, the observed differential scattering 
cross-section is mainly dominated by scattering of hydrogen atom, because TPC con-
tains only three kinds of atoms, H, C and Cl, and incoherent atomic scattering cross-
section of hydrogen atom is much larger than those of other atoms. Therefore, the 
observed differential scattering cross-section can be related to incoherent dynamic 
scattering law S,ne(Q, co) through 

020.i 
                aS2a"E ko(<b2>—<b>2)S=nc(Q,w) (1 ) 

where ko and kl are the lengths of the wave vectors of incident and scattered neu-
trons k, and k1, respectively. Q is the length of the scattering vector Q defined as 
Q = ko—k1. b is the scattering length of hydrogen atom and 47r (<b2>—<b>2) 
corresponds to the incoherent atomic cross-section. Using eq. (1), we calculated 
incoherent dynamic scattering law S;„(Q, co). 
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    For one phonon process, the incoherent differential scattering cross-section is 

given by 

           82ai =~, k1S[~iw— evi(q)]1(ns+1/2+1/2) 
8S2aE4.jko2Wi (q) 

                      X E  bP> —<b>2) IQ. Ui(q) 12e-24V,(2 ) 
pPeL 

where hic o (q) is phonon energy of the mode j with phonon wave vector q. b is the 
scattering length of the atom at the position p, MP its mass and a-2x' its Debye-Waller 
factor. UP is a polarization vector representing the displacement of the atom for the 

phonon mode j. ns+1/2±1/2 is Bose-Einstein population factor, where 

     _1(3) ns
expWI) i (q) /kB T]—1 

where kB and T are the Boltzmann constant and absolute temperature, respectively. 
The upper sign refers to neutorn energy loss and the lower to energy gain. The 
upper sign was adopted for the present analysis because LAM-D is a down-scattering 
spectrometer. Using amplitude-weighted frequency distribution G (co) (AWFD), 

eq. (2) is represented by 

          a2v=ne—koKbz>—<b>2)Q2hLn11)e_ywNG (CO)4as2aE kl2Msi-22w() 
The amplitude-weighted frequency distribution with the Debye-Waller factor, G(co) 
exp( —2W) was calculated from eq. (4). The Debye-Waller factor does not seriously 

affect the low frequency range below 1000 cm-1, especially for the low temperature 
measurements at 10K. 

                     RESULTS AND DISCUSSION 

   TOF spectra measured with the old LAM-D at the scattering angle 90° are 
shown in Fig. 1 for 10K, 50K and 295K. These spectra are deformed by the energy 
distribution of incident neutrons, but give correct counting statistics. In the spec-

trum at 295K, any peak is not recognized except for two very broad peaks in the fre-

quency ranges 10 to 100 cm' and 150 to 2000 cm-1. It should be noted that the 
latter is spurious due to the energy distribution of incident neutrons and the former 
is attributable mainly to quasielastic scattering. On the other hand, in the spectrum 

of 10K, some sharp excitation peaks are observed and the intensity decreases extre-
mely in the frequency range below 100 cm". The difference of the spectra between 
10K and 295K must be due to fluctuational motions by thermal agitations. It is 
easy to understand that the thermal fluctuational motions are effective in the low 
frequency range below 100 cm-1, but difficult to understand in the high energy range 
because thermal energy kBT is not large compared with excitation energies above 
500 cm-1. However, even in the high frequency range above 500 cm', excitation 

peaks are also damped in the TOF spectrum of 295K. The extreme damping of the 

( 70 )



                      Vibrational Modes  oftrans-l,4-Polychloroprene 

295K• • 

50K 

>- 

10K  • 

a • 

                                                                                                             • 

                                                                                                            •                                                                                                              • 

                                                                                                                                      • 

>>ti 
' 1 1 1 1 I 1 I I 1 1 1 1 1 I I 1 1------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------1 ( T 

    0 50 100 150 200 

                   CHANNEL 

1 1 1111 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 11  
1000 100 10 _p -10             ENERGY TRANSFER /c

m 
       Fig. 1. TOF spectra of trans-1, 4-polychloroprene (TPC) measured with LAM-D at 

              10K, 50K and 295K. The scattering angle is 90°. 

 high energy excitation peaks must be caused from the measurement at high Q value, 
 for example, Q,=8.0A-1 at 0=1000 cm-1 for the scattering angle 90°. For discussion 

 of the fluctuational motions, dynamic scattering law is convenient because it gives 
 Fourie transform of a probability that, when a scattering particle is at a position r= 

 0 at time 1=0, it will exist at a position between r and r+dr at time t=t. Dynamic 
 scattering laws at 10K, 50K and 295K are shown in Fig. 2 which are normalized by 

 the elastic peak intensity. S(Q, co) at 295K is composed of sharp central elastic 
 and wing broad quasielastic components. The quasielastic component can be 

 represented by a Lorentz function in the frequency range below ca. 50 cm-'. Re-
 laxation time of the local fluctuational motion was evaluated from the width of the 
 Lorentz function to be ca. 0.5 ps. On the other hand, quasielastic components in 
 the dynamic scattering laws almost disappear at 10K and 50K, indicating that the 

 thermal fluctuational motions are extremely suppressed. 

     The thermal fluctuational motions are one of the most significant problems to 
 understand relaxation phenomena such as rheological and mechanical properties. 

 However, it is beyond the purpose of this paper and will not be discussed hereafter. 

                            ( 71 )
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              Fig. 2. Dynamic scattering laws S (Q,tv) of TPC at 10K (+), 50K (A) and 295K (0), 

                        normalized by the elastic peak intensity. 

          As the thermal fluctuations contaminate the inelastic scattering components, they are 
         undesirable for the study of vibrational modes. Therefore, we employ the data 

         measured at 10K to minimize the effects of the thermal fluctuations. 

            The amplitude-weighted frequency distributions (AWFD) were calculated from 
         the neutron TOF spectra measured with the improved LAM-D at the scattering 

         angles 35° and 85°. The peaks in the AWFD at 35° are slightly sharper than those 
         at 85° but the main feature is almost the same. Then, in order to get higher count-

         ing statistics, we summed up the two AWFDs. The result is shown in Fig. 3(a). 
         This AWFD includes the Debye-Waller factor. However, we do not consider the ef-

         fects because the Debye-Waller factor hardly deforms the spectrum of the low fre-

         quency range below 1000 cm-1, especially for the measurement at 10K. The AWFD 
         is proportional to the density of phonon states involving motions of hydrogen atoms. 
          This gives "selection rules" in the neutron inelastic scattering process. The modes 
         which do not involve any motion of the hydrogen atoms appear as weak peaks in the 

           neutron spectrum. 

             The dispersion curves calculated by Petcavich and Coleman') are reproduced 
         in the frequency range below 1000 cm-1 in Fig. 3(d). Some branches such as v5, 

vs, v9 and v117) exhibit distinct curvature in contrast to the results of Tabb and 
         Koeing5). As will be discussed later, our results support the dispersion curves of 

         Petcavich and Coleman. Using the dispersion curves, we calculated the frequency 
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 distribution by integrating the curves with the phase angle as shown in Fig. 3(c). 
 In contrast to IR and Raman spectra, one branch does not always give a single peak 
 in the frequency distribution. For example, the branch v7 which is predominantly 

 assigned to C-C-C1 bending vibration gives two peaks at 313 cm-' and 348 cm"' in 
 the frequency distribution. This property allows us to examine whether or not the 

 dispersion curve has a distinct curvature. It should be noted that this theoretical 
 frequency distribution is not the same as the AWFD measured by neutron inelastic 

 scattering because the latter is weighted by atomic scattering cross-section and vibra-
 tional amplitude. This weighting is often a powerful tool for assignment of vibratio-

  nal modes. 
     Peaks in the observed AWFD in Fig. 3(a) are very broad compared with the the-

 oretical one in Fig. 3(c). It is due to the smearing effect of the energy resolution of 
 the spectrometer.6) The resolution function was convoluted with the theoretical 

 frequency distribution and the result is shown in Fig. 3(b). This procedure will be 
 described in detail elsewhere. The resultant spectrum is very broad and some peaks 

 disappear by the smearing effect of the resolution. It is noted that the resolution 

 becomes better as decreasing the frequency, so that the smearing effects are more 

 pronounced in higher frequency range. 
     A summary of the observed frequencies and the assignments of the normal modes 

 of TPC by Petcavich and Coleman') are listed in Table 1 below 1000 cm-1. The 
 theoretical assingments were made from the potential energy distribution in each 

        Table 1. Neutron band frequency below 1000 cm-' of trans-1, 4-polychlororprene in 
                 comparison with infrared spectroscopy and normal coordinate analysis. 

     Neutron (cm -1)IR (cm -1)A
pproximate potential energy 

    Observed Calculated')Observedb) Calculatedb)distributionb),c) 

         958958 942 21%KT, 17%H,,, 35%HB, —16%FR. 
   790 826 826 10%Hg, 27%rD, 36%r2 

      8031 
  740780 794 79%Hy, 17%H9, —15%fYY 

   — 668671 684 12%Kx , 34%H.. 13%H5, 10%Hp, 14%rD 
      570577 572 71 %Kx 

484 498477 471 16%KT, 11%H., 57%!', 

4531 

         385407 409 46%H,, 24%rD, 17%1.'2 

   314 330- 339 349 31 %He, 41%H. 

  233 235253225 34%H5, 35%Hp 
   175 180k153103 11%KT, 12%Hr,,, 42%rR 

   1281181 

65 60—— 

 32 23—— 

     a) obtained from the frequency distribution convoluted with the resolution function of 
        LAM-D (see Fig. 3(b)). 

     b) reproduced from Petcavich and Coleman:* 
     c) internal coordinate and force constant notations follow Petcavich and Coleman.* 
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     normal vibration, which were calculated with respect to each force constant. In the 

     low frequency range below 1000 cm-1 there are some differences between the theore-
     tical assignments of Petcavich and Coleman'> and Tabb and Koenig5), especially for 

     the modes observed in IR spectra at 826, 671, 577 and 477 cm-1. Tabb and Koenig 
     has assigned the band at 826 cm-1 to the stretching of C-C1, while Petcavich and 

     Coleman predominantly to the CH out-of-plane bending. The latter assignment 
     agrees with the results of the group frequency approach by Mochel and Hall.' In 

     the neutron AWFD, we observe an intense broad peak at 790 cm-1 which should in-
     clude the mode observed at 826 cm-1 in IR spectrum. This intense peak supports 

     the assignment of Petcavich and Coleman because the stretching of C-Cl does not 

     give such strong intensity. The frequency 790 cm-1 is slightly lower than the IR 
     measurement. This fact suggests that the dispersion curve of this mode has a distinct 

     curvature, probably the lower the frequency the higher the phase angle. The 
     assignment of the 780 cm-1 band in the IR spectrum to the CH2 rocking is not 
     open to doubt and the intense peak around 740 cm-1 in the neutron AWFD should 

     include the mode. 

        The 671 cm-/ band in the IR spectrum has been assigned to the CH out-of-plane 
     bending by Tabb and Koenig, but to a highly mixed mode with contributions from 

     the C-Cl stretching, C-C-C bending and C=C twisting by Petcavich and Coleman. 
     On the other hand, the neutron AWFD has no peak near this frequency, indicating 
     this band does not include the large motion of hydrogen atom. The 577 cm-1 band 

     has been assigned to the C-Cl stretching vibration by Petcavich and Coleman. This 
     assignment is consistent with the observation of Mochel and Hall1). In the neutron 

     AWFD, no peaks are observed near 577 cm-1. This fact suggests that the mode is 
also concerned with motion of chlorine atom. 

        The two weak peaks observed at 484 and 453 cm-1 in the neutron AWFD should 
     correspond to the peak at 477 cm-1 in the IR spectrum, which was assigned to the 

     C-Cl out-of-plane bending by Petcavich and Coleman. This observation indicates 
     that the mode includes the motions of hydrogen atoms more or less and the dispersion 

     curve has such curvature to give two peaks in the frequency distribution. 
        Some distinct peaks are observed in the low frequency range below 450 cm-1 of 

    the neutron AWFD, though Petcavich and Coleman have not discussed about them. 
     The peak observed at 314 cm-1 should be assigned to the C-C-Cl bending vibrational 

    mode according to the calculation of Petcavich and Coleman. High energy tail of 
    this peak should include the C-C-C bending mode observed at 407 cm-1 in the IR 

     spectrum, though the mode cannot be recognized as a peak in the neutron AWFD. 
    As shown in Fig. 3(c), these two modes are distinguishable in the theoretical frequency 

    distribution while the the peak of the C-C-C bending mode is broadened due to the 
    marked curvature of the dispersion curve (see Fig. 3(d)). Furthermore, the effect 

     of the energy resolution smears the peak, such as being almost impossible to recognize 
    as a peak, as shown in Fig. 3(b). This prediction agrees with our observation and 

    we confirm that the dispersion curve of the C-C-C bending mode has a distinct cur-
      vature. 

        The peak at 233 cm-1 in the neutron AWFD is assigned to the C= C —C bending 
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according to the calculation of Petcavich and Coleman. The peaks at 175 and 
128 cm" are probably due to the single mode assinged to the C-C torsional vibration, 

including the small contribution from the acoustic mode. In the frequency range 

below 100 cm', peaks at 65 and 23 cm-1 are observed in the neutron AWFD. It 

is no meaning to compare these modes with the theoretical calculation because it was 

done on a single chain, neglecting the lattice modes which are dominant in the low 

frequency range. 
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