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ABSTRACT

The incoherent and coherent differential neutron scattering cross-
sections for crystalline polymers are written in terms of the amplitude-
weighted directional frequency functions. These functions describe the
dependence of the cross-sections on the vibrational frequencies and dis-
placements of the scattering nuclei. For the sth scatterer, the one-
phonon directional G-function is:

L 70‘?’(9) B8(q) BlcA o,
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where there are N values of g, the phonon wave vector, for a crystal con-
taining N unit cells. In this analysis, only phonon wave vectors directed
parallel to the molecular chain axes are considered. 7§S(q) is the polariza-
tion vector of the sth nucleus in the Bth direction, for the phonon in the
jth branch of the dispersion curves with wave vector g. The summation is
performed over those values of g and j for which the neutron energy transfer
is e = A wj(g), where mj(g) is the frequency of the phonon.

The two-phonon G-functions are also defined and the orientation
averages are performed, for both unoriented and stretch-oriented long chain
polyecrystalline polymers.

The orientation average of the Debye-Waller factor is performed
separately from that of the remainder of the cross-section. The validity
of this rather common approximation is evaluated.

The vibrational frequencies and polarization vectors, which are re-
quired for the construction of the directional frequency functions, are
obtained from the solutions of the dynamical matrix equations, which are
written in terms of cartesian space group symmetry coordinates. To ac-
complish this, coordinate transformations are performed on published intra-
molecular and intermoclecular internal coordinate force constant matrices.

In addition to a detailed discussion of the symmetry analysis and force
constant transformation for each of the three polymers polyethylene, poly-
vinylchloride and polytetrafluoroethylene, the following results are dis-
played:

I. Single-Chain Polyethylene
a. Normal and Deuterated Polyethylene Dispersion Curves
b. Normal Polyethylene Transverse and Longitudinal One-
Phonen  Frequency Functions



II. Crystalline Polyethylene Lattice

a. Low frequency Normal and Deuterated Polyethylene
Dispersion Curves

b. Polarization vector squares for Normal Polyethylene torsion
and stretch-bend dispersion curve branches as a function of
chemical repeat unit phase angle, in graphical form

c. Deuterated Polyethylene Polarization vectors as a function
of chemical repeat unit phase angle in increments of n/5, in
tabular form

d. One-phonon Transverse and Longitudinal Frequency Functions
for both Normal and Deuterated polyethylene over the entire
frequency range

e. Low frequency two-phonon transverse and longitudinal Frequency
Functions

f. Directional Debye-Waller Coefficients as a function of
temperature

TII. Single-Chain Syndiotactic Polyvinylchloride

a. Dispersion Curves

b. Polarization vector squares as a function of the chemical
repeat unit phase angle in increments of ﬂ/5, in tabular form

c. One-phonon transverse and longitudinal Frequency Functions
for hydrogen motions

d. One-phonon unoriented Frequency Functions for carbon and
chlorine motions

e. Directional Debye-Waller Coefficients at liquid nitrogen
temperature

IV. Dispersion Curves for Single-Chain Polytetrafluorcethylene
(Planar Approximation)

In addition, the normal polyethylene composite one- and two-phonon
frequency functions, which are weighted by the Debye-Waller factors, are
compared to published frequency spectra obtained from experimental cross-
sections for a stretch-oriented sample. The comparison of the calculated
polyvinylchloride frequency functions with experimental values must however
await the results of experiments which are now in progress.

xi






CHAPTER 1

INTRODUCTION

Microscopic neutron scattering cross-sections, for neutron energies much
higher than the chemical binding energy of atoms in a molecule, can be calculated
assuming that the atoms are essentially free. On the other hand, when the neutron
energy is of the order of the energy of vibration of the scattering nuclei, it
is necessary to caréfully consider the molecular dynamics in calculating the
cross=sections. This must be done, for example, in calculating the low energy
neutron scattering cross-sections to be used in studies of neutron thermaliza-
tion in nuclear reactor materials.

From a more broad viewpoint, knowledge of the microscopic properties of
materials, whether destined for use in a reactor or not, is becoming increasingly
important. Such knowledge can be obtained from inelastic scattering measure-
ments using low energy neutrons with wave lengths comparable to interatomic
spacings and energies comparable to vibrational energies. The neutrons then
gerve as probes for investigating the microscopic dynamical properties of the
material. In these experiments measurements of the gain or loss in neutron
energies and neutron momenta, which are compactly described in terms of the
differential neutron scattering cross-section, lead to increased knowledge of
the atomic vibrational frequencies and displacements.

Theoretical calculations of terms related to the scattering cross=-section,
such as those undertaken in this study, should greatly aid in obtaining a bet-

ter understanding of the experimental neutron scattering results.



[}

This analytical investigation was primarily motivated by a desire to bet-
ter understand the neutron scattering measurementé which have been performed
on ncrmal and deuterated polyethylene,l“lz In addition, it was motivated by
other scattering experiments on crystalline polyvinylchloride and polytetra-
fluorocethylene (Teflon) which are either in progress or planned for the near
future.

Therefore, the main objective of this investigation was the calculation
of those terms in the neutron scattering cross-sections of crystalline poly-
ethylene, polyvinylchloride and polytetrafluoroethylene which contain informa-
tion regarding their atomic motions. To be more explicit this main objective,
which was threefold, was to calculate:

1., The one-~and two~-phonon directional frequency functions and the Debye-
Waller factors for both normal and deuterated polyethylene.

Z. The one~phonon directional frequency functions and Debye-Waller factors
for polyvinyichloride.

2. The frequency vs. phonon wave vector dispersion curves for polytetra-
fluoroethylene.

The additional goal was the comparison of these quantities with the availa-
ble experimentali resuits, with the expectation that this would lead to an in-
creased understanding of the molecular dynamics of these polymers and perhaps

eventually to a better description of the neutron scattering interaction itself.



CHAPTER 2

NEUTRON SCATTERING THEORY

Before concentrating attention on any one of these molecular crystals, it
is first necessary to examine the neutron scattering cross-section and those
terms mentioned above which are primarily sensitive to the atomic motions. Since
incoherent scattering from the hydrogen atoms in these polymers is predominant,
unless deuterium is substituted for the light hydrogen atoms the incoherent

cross=section will be discussed first.

A. INCOHERENT SCATTERING CROSS~SECTION

Summerfield has shown™ that the incoherent neutron scattering cross-section
for an atom in a long chain polymer such as polyethylene is, under certain
approximations, proportional to an amplitude weighted directional frequency

function, GJB(G). This G-function for the sth atom, can be written as

— %
A a N
Ple) = 1) @8 fig(a) (2.1)

Ja
where there are N values of q, the phonon wave vector, which is assumed in these
calculations to be directed parallel to the polymer chain axes. N is the num-
ber of unit cells along this chain direction. 7§S(q) is the atom's polariza-
tion vector in the Bth direction for the jth branch of the dispersion curves,
for wave vector q. The summation in eQuation (2.1) is over those values of

g and j for which the energy transfer, ¢ = 6wj(q), where mﬁ(Q) is the frequency

of the phonon in the jth branch with wave vecter q.

AN



The polarization vectors, which are mass-weighted displacement vectors,

are orthonormal,lu S0

) AR g (@) - o (2.2)

and

a,zs A()f28(a) - b

‘s 2.
33 (2.3)
where the summation on s is over all atoms in a unit cell.
The mass weighting takes the form
XS _ ml/24as
3(a) = nl/2s(q) (2.4)

where g%s(q) is the displacement along the Oth cartesian coordinate axis for
the sth atom.

Actual calculations are performed using the phase shift between adjacent
chemical repeat units, 6C, rather than q or the phase shift between unit cells

which is

where c is the unit cell dimension along the chain axis direction. Special
care must then be taken to see that the eigenvector solutions to the equations

of motion are properly normalized” as required by Eq. (2.3).

*See, for example, the section on Dispersion Curves and Polarization Vectors
in Chapter 5.



Since the incoherent scattering is primarily from the protons, the s

index is omitted in the following equations, which then refer only to scat-

tering from hydrogen.

The G-function is of major importance insofar as it contains both the
frequency and displacement information for the crystal. The relationship be-

tween this function and the differential incoherent scattering cross-section

for a hydrogen stom is given by ’12’15:
2 o .

o _ y k% _ -2(0) f dt -iet/h 2(t)s (2.5)

dQde Ky Ln 214
since Z(t) is defined as

132 N dm’(el) ‘t'/% e_iel.tm
Z(t) = 5 Ko Ko de'
m “a "o = eBe'-l‘J .
wl -00

(2.6)

The symbol < > indicates the usual thermal average and, in addition, an
appropriate average over molecular orientations.

The initial and final neutron momenta are, respectively, Ak, and,hkf.
O, is the bound hydrogen atom scattering cross-section. K, and Ky are the
ath and &'th components of the neutron momentum transfer vector k = Ei_kf
and m is the mass of the hydrogen atom. The neutron energy loss is denoted by
€. In the case when P, which is equal to l/kT, is large neutron upscatter in
energy is relatively unimportant. That is, a reduced number of phonons is
available for low temperature annihilation events. Then the last term in
Z(t) is insignificant and phonon creation events are dominant.

It is convenient for comparisons between theoretical and experimental

results in hydrogenous materials to introduce a function:



a _ Bmn ki e(l-e'Be) d2oinelastic (2.7)
£ 0 HKE ke N dode .
2g

which can be extracted from the experimental results for 3 in a neutron
€

downscattering experiment.

Stretching a polymer film tends to orient the molecular chain axes along
the stretch direction. In an experiment on such a stretched target, the neutron
momentum transfer vector K can be aligned either parallel or perpendicular to
the stretch direction. For the parallel alignment, the so-called longitudinal

G-function is obtained, where?

G, (e) = agle). (2.8)

For the perpendicular alignment, the transverse experimental G-function is

obtained, where

G, (e) = Gple). (2.9)
__Le Gp

In an experiment on a polycrystalline target, in which all relative alignments

between K and the chain axes are possible, the unoriented experimental G-function

is measured, where

Gy (€) Gle). (2.10)

These experimental results are in fact Debye-Waller factor weighted

spectra. This can be seen by writing G.(e) in terms of Z(t) as

Gi(e) - e(l-Be_)<e"Z(o)fé%ze'i'st//}{[ez(t)-lb (2.11)

Ao



and noting that in the longitudinal case, the Debye-Waller factor is
e "2WL

= <e

*
while in the transverse case it 1s approximated by

. (2.13)
where
20 = /fﬁg—ﬂgﬁiﬁﬁ cl(e) ae (2.14)
and
oy - w/ﬁif ctghiBe/E) ch(e) de. (2.15)
O

Gi(e) and Gi(e) are determined from the respective longitudinal and
transverse orientation averages of the amplitude weighted directional frequency
functions described in Eq. (2.1). These averages and the approximations in-

volved are discussed in a following section.

B. ONE-~ AND TWO-PHONON DIRECTIONAL FREQUENCY FUNCTIONS

The experimentally determined GK(G) function, in general, contains
contributions from multiphonon events in which two or more phonons are created
and/or annihilated. This 1s in addition to the more important contributions

from events in which a single phonon is either created or annihilated. 1In

order to evaluate the extent to which two phonon contributions may be included

*See the section on QOrientation Averages, this chapter.



in experimental results, the cross-section 1s written in terms of Sjdlander's

A
phonon expansiongl' Equation (2,5) then becomes5'

o0
2 ko O . 72
a%o | g B o emZ(o)b/\dL életﬁé[l +7(t) + z=(t) + .01 >
dnd: k; b 274 2
£300
(2.16)
g o' .
7(t) is given in Eq. (2.6) as a function of G (<'). This may also be
rewritten as
[o0]
e Pt ’ ie't =i’
Z(t) £ f ger S Ble) .6 e /A+ e-i= v (2.17)
~—m <! - -Rc! !
l-e e”> =~ 1

00
where GJB(Q') is the matrix element for the Oth row and Bth column of the
matrix g(et')° This latter form is more convenient for performing the orientation

. 3(e') . g ] are directionally dependent.

1=

sverages where only the terms in [

From Eg. (2.16) the cross-section for an atom, including the two phonon
term, is

4o _ a%o(o) . a%0(1) . 620 () (2.18)
dad= d0de dnde d0de

Since the phonon number in & low temperature target is small phonon
annihilation produces a negligible contribution to the cross-section. Using
Eqg. (2gl7), and performing the time integrations, the contributions for neutron

downscattering events only are therefore

deU 0. k
_ (o) _ M Ef gy < oZ(0) 5 (2.19)
dnde L ks

and



2 =Z(o) ~

) L Mok ek L He) o p

a0 de Wk, om (1oe-5%) - (2.20)
dzc(e) ) SR kf E 7(o) [ ae [*‘5; .,_g(e') . _&)(L o Gle=e') . )]
dnde lm ks 2 (e-c')(1-e-BE")(1-e-Ble-€'))

(2.21)

The orientation averages may now be obtained. Myers has already given the
result for the one phonon term, for both a polycrystalline sample and a stretch-

oriented sampleo12 To obtain the Debye-Waller factors, e“Z(o) is separately

averaged and is replaced by e~ < z(o) >° For a polycrystalline target, the
results are
o
~ 4 -
<k . Gle) .o > = e Z ) = ) (2.22)
O=1
and
2 2
Z(o) > = 2W = f ac £ 62 cten(Be/2) oIy (2.23)
D 2m €
)

For a longitudinally oriented stretched target there are no approximations

in obtaining the results

<Ee . 8le) v x> = K¢ «% Gl(e) (2.24)
and
S 2
<z(o) >, = 2w, = fﬁam ctgh 5€/2) P (e)ae (2.25)
O

where @ = 3 denotes the stretch direction.
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For k aligned perpendicular to the stretch direction, the transverse
. . -Z(o) ~ . .
orientation average < e K. g(e) . k& > 1s approximated by separately

averaging e'Z(O) to obtain

2
<E W) ko = 5 (6 + 6] = hfEl(e)  (2.26)
and:
< Z(o) > = oW, = fde)(/12 < ctgn(Be/2) |GTH(e) G22(€_)](2.27)
Tr. T 2m € g 2

@) —

In the section on Orientation Averages, which follows, this approximation
is shown to be valid when Gll(e) ~ G22(e).

The one phonon directional G-functions are therefore defined as

cl(e) = ¢ (e) (2.28)

11 22

G;(e) = 1/2[6 (e) + " (e)] (2.29)

and the polycrystalline one phonon G-function is defined as

GH(e) = 1/3 G1(e) +2/3 ai(e) = 1/3 [61(e) + 6®2(e) + ¢PI(e)] .
(2.30)
The Debye-Waller factors have been separately averaged, which is equivalent

to replacing the one phonon contribution to the cross-section
n .

with



e < z(o) > < ;E . Gle) . &> (2.32)

The accuracy of this approximation will now be evaluated and the two-phonon

orientation average will also be obtained.

C. ORIENTATION AVERAGES

Preliminary calculations of the directional Debye-~Waller coefficients,

using the approximation that
<) ¥ ige) . o> o~ T ale) . 4 >

indicate that for 90° scattering experiments on polyethylene to a fixed final

energy Ef = 30 millivolts, 2W is approximately given by

A k2

20~ 0.01— = 0.01 [2Ep + €] (2.33)
so that the range of values of 2W is
b6 <2W< 1.3
for
0 <e <70 mev. (2.34)

The values of 2W for polyvinylchloride, which are given in Chapter 6,
are also found to be in approximate agreement with this polyethylene value.

Therefore, expanding around 2W = 1, let



e-2w ~ ex-l
x (1-2w) , e
e e ~ l+x+x /2+
for small x. Then
eX ~ 1+ (1-2w) + (1-§w) = 2 - 2(2w) + (22)
or
2 L L3 5 (o) + (BN (2.36)
€2 2 ) )

This is an excellent approximation with less than 1% error for 2W in the range

of 0.6 to 1.3. Therefore the average can be written as

~ 2
<e B} gle) . x> ~ <R -22(0) + & 2(")][5_ L gle) . s
(2.37)
where
Eé_. Gle) . k= p?{Gll cos?® b sin°o + G22 sin2 b sin®e + G55 cos29

+ 262 cos 4 sin $ sin®6 + 2 GLD cos § cos © sin @ + 2 G770 sin $ sin © cos @}

(2.38)
with © and é as shown in Fig. 2.1.
3
oML
Lo
1 \p’)\l
Fig. 2.1. Momentum transfer vector orientation angles.
In Eq. (2.37), Z(c) is given by:
2 , 00
Jr tgh(Be'/2) ~
z2(o) = ?a'ﬁf der = Sf L Foge)x - (2.39)
o)
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In the longitudinal case, no orientation average is required. However,
using these relations, (2.38) and (2.39), the transverse orientation average,

for © = n/2, may be written

&

<L/ﬂde' ctgh(Be' /2)
€'

)
x [(11(e' Ycos? § + G22(€') sin24 ]

< e-Z(O) :K; . g(e) ° K. >

X [Gll(e')coszé + G22(€|)Sin2¢]

xb/ﬂde" ctgh(pe” /2){Gll(€" )coszé + G22(e" )sinzé][Gll(e)coseﬁ + Gga(e)sinaé] >

e
0

(2.40)
where Gle(e) is calculated to be zero for all values of €. Since the
aligned crystallites have random orientations about the stretch direction axis,

the integration over the angle b is performed and the result is:

=Z(o)
<e - "Tr. 2e T

~ T ,
K . __Cj(‘i) kD> ~ 2 2GI( ) - _i_«l’ém_m_fde, ctghi{?e /2)
o

x (6e ) Bete) + 522(e)] + PR(er) [geth(e) + 3PR(e) 1)

oo (o]

1 f@*m5 2 ' t ctgh(Be' /2) ctgh( Be /2) 11 ll oy D ALl
: 5;(—55——) %!\dengde cten(; Be [2)(g¥ e )" ) igeet ()
* 175 2e))

+ GH(e )6 (") [ (e) + H6%(e) ] + 6P(er )t (") [hatL(e) + $26%2(c)]

+ G22(e')GR2( ") __Gll (e) + _24322(6)

Performing the energy integrations leads to
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2
~ 2 .2aI .2k
(e) « & >p, =~ == wGr(e) ~—E-{(aw

< e72o) x £ e T 11

o)

) Zet(e) + 1622(e))]

+ (EWEE)[%Gll(e) + %GQZ(e)]] + 5%"{(2W11)2[£%G11(e) + %%G22(e)]

+ %(2Wll)(2Wée)[Gll(€) + G22(e)] + (2W22)2[f%Gll(e) + %%G22(e)3}, (2.41)

Assuming that 2Wll ~ 2Wég, which is @ good approximation, for polyethylene,

the average becomes

[gllgg) s Gez(e)]}

Y 5. 2 K2
_K o g(e) ° K > ~ K2 G (€) = - [(2wll) 2

2 "Tr. ~ 2e T

Gl‘l(€2 + G22(€) ]}

2
K™ ¢ 2
+ Pr t(gwjl) (

- 2
or:
: 2Wy1)
~Z(0) ~ . |l2 2 ( 11 2.1
e e - gle) vk, x fge - ERy) Y | WFole). (2.2)
But this is
< e='Z<O) ’z o G'(E) o ‘_K; >Tr e e&:‘ <z(0) > < AK, . g(e) . E—&>“ (20)4.3)

providing that the value of (2Wll) can be replaced by (BWT), which follows

if G22(e) ~ GLl(¢) in.

22¢ _y
G$(€) = olife) ; ¢=(e) (2.4h)
and
~ }42,&2 . ctgh(pe' /2) n1(er
dwT = —E‘;n_—' de €' GT<€ ) . (20)4’5)

O
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The requirements and approximations involved then in replacing

)7

<e 2T ) . k>

by
e= <2(0) 7« ¥ L ale) .k >

for the range of € and n2 of interest here; are that

Gll(e) ~ G22(e), for all €. (2.46)

The first requirement is completely satisfied for polyethylene and for the
second, the discrepancy between 2Wll and 2W22 is less than 2% of the larger value.
The third requirement is not satisfied for all ¢ since the difference between
ot(e) and G°2(¢) is as much as 8% of the larger value at some <.

The two phonon orientation average will now be obtained; assuming again

that the Debye=Waller factor may be separately averaged. Then
< [E; . Gle) . j;]a > = < [ (61! cos®p sirPo + Gggsin?é.sinagc¥
+ 93 cos®e + 2 G2 cos 4 sin ¢ sin2@ + 2 Gl5cos p cos © sin @

+ 2 @) sin $ cos @ sin © ]2 > (2.47)
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In the longitudinal case, the result is

<[

152
e

() . P> = [«2cl(er) xB6I(M)). (2.18)

For the transverse orientation, when 0 = n/2, the average is

2n
é; deé [ k2(GH(e') cos®p + G22(e') sing + 2 G12(e') cos ¢ sin §) ]2
o
(2.49)
but Glg(e) is zero for all €. The result is
<X .gle) . xFo, = (w4 2ot e )ati(e") ¢ F611(e)622(e")
v 2 et (e) + 20N, (250)
Since
I(e) = ¢H(e) + 6*3(e) (2.51)
T 2
then

th%(e,)q%(en) J%i{Gll(el)Gll(en) " G22(€')G22(€") + Gll(e')G22(€”)
+ 62(er )Gt (e, (2.52)

Notice that this is not identical to the two phonon orientation result in

equation (2.50), so that the statement

cae) - klE - G€) L gl ~ Jelenel(e)  (253)
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is valid only if G1i(e)

~ Gag(e), for all €. This is the same requirement
as that for the validity of the separate averaging of the Debye-~Waller factor.
For an unoriented polycrystalline sample, the two-phoron orientation

average must be performed over both 4 and @ angles. Again, if Glg(e) = 0,

the pélycrystalline averagge of

< [% . G(e'")

Cos) LR Lgle) . k] (2.54)
is
< nu[Gll(e')Gll(e”)coéué sinué + o€ )G%2(e") cos?p sin?p sinto

(e )6P5(e") cos®d sin®e cose + 2 GH(e)at3(€") cosdb cos © sindo

+

+ 2 oM )P (em) cos®p sin p cos © sinde + G22(e' )altl(e") cos“4 sin?g sino

+

G*2(e' )G22( ") sinué sinto + G22(e e (") sinzé‘sin2®'c082@

o z
+ 2 Ggg(e')Gl5(s") singé cos p cos © 5in’0 + 2 Ggg(e')G“5(e") sin’$ cos © sin 0

-+

@3(e)a (") cosPh sin®0 cosPe + GP7(e' )G2A(c") sin®h sin®0 cos?e

G53(e')G55(e”) cosug + 2 GBﬁ(e')GlB(e") cos b c0s79 sin O

+

+2 69(e")6?2(e") sin p cosd0 sin 6 + 2 GHI(e' )GIH(e") cos?é sindo cos ©

~

2 GYI(e')G72(e") sin®g sind0 cos 0 + 2 GL(e )P (") 0520 cos b sin ©

+

b 612(e')GR3(") cos 4 sin p cos?e sin“e

+



18
+ 2 62(2)aH (") cos®p sin p sind0 cos © + 2 G2O(e' )GER(M) sin’p cos © sine

2 GEB(E')GBB(EH) sin p cos?0 sin © + L G25(e')G15(€") cos p sin ¢ c0s~0 sin“0] > .

(2.55)

The final result, after integrating over © and é, is

IR ole) o B el o el > = e MBRETHeE () + et (e)e (e

(2.56)
Then the two-phonon unoriented G-function is given by
~LT . DnII 3,11 1T

& (€) o gGT (C> + g\TL ( ) HGTL( ) (2“57)

n

where if <" = (¢ - ¢'), Egs. (2.20), (2.21), and (2.56) may be used to define

the two phonon directional G-functions as

: aB€
() - ( >fd“ e )GH(en) + el (e o)

B e

1
¢ (e-2")(1- e Pe’ Xl-e’B(E-F'))

) oo

[

(2.58)

h) (D

e ) (1P ><1-e“5<€'€')>



II(e) e(l-e'Be) (ﬁg_na) \/ﬁ

GTL 8 2m
o

ger | GHeNE2() 467 ()PP (en)+6P (e )a () 463 )22 (et )

€' (e-¢')(1-e-Pe") (l-e'B(é’e')

If Gll(e) ~ G22(€) for all €, then these equations may be rewritten as

0

€(l—€-ﬁflfh2-K2) b/\d€‘ G%(e') G%(e—e‘)
2w oy ¢ (e-¢' )(1-e-BE" ) (1-e-Ble-€"))

i
H
—
m
p——
1

II(e) e(l—e"Bg) e \/gde' G£K€') Giﬂe-e‘)
' (e-e'

2 2 )(1-eP€ )(1ePLeE ),

e(l;e-BE) ® 2 \/“G%(e‘)Gi(e-e') + Gi(e')G%(e-e')

" S (2.59)

- - , Py d - '
o €'(€-e')(1-e“6€3(l-e Ble-e )) :
These equations are used in evaluating the two-phonon G-functions in this

report. The unoriented two-phonon G-function is approximated by
cl(e) ~ L ofi(e) + % El(e) (2.60)

rather than by Eq. (2.57), since this is more convenient due to its similarity

with the one-phonon unoriented G-function. This step is partially Jjustified

by experimental resultst® in which the sum 1/3 G(e) + 2/3 G(e) from parallel
KH ﬁL

and transverse oriented experiments matches the unoriented results for the

energy region in which two-phonon effects are believed to predominate.

D. INCOHERENT APPROXIMATION FOR COHERENT SCATTERING CROSS-SECTION

The coherent neutron scattering cross-section may be written as15’16:

1
d2ocon . o a ol + (299 -x%%) -1/2[2°gs(0) + 2°g151(0)]
d k_ 'S 5!
Qde i

A ) S . oS
XZ elE'B ...l_. fe_let/ﬁ eZ£s' dt (2'61)
L

=00

|
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where the equilibrium position of the g'thnucleus in the fth unit cell is

Rl + E?s'

, as shown in Fig. 2.2 . 51 is the position of the fth cell relative
to the crystal coordinate system origin at the zeroeth unit cell and EOS
is the position of the s'thatom relative to the origin of the fth unit cell.

The coherent scattering length for the sth nucleus is ag.

/

t
+08 Lag

2

1

Fig. 2.2. Equilibrium position of a nucleus in the fth unit cell.

In the above equation, Z?S'(t) is given by
s

00

— 2 . ] . P
25 () =) e [ e Crorar(€) lose vt | scey
Is' 2(mm  )L/2 ¢ ¢! -Be’ Be'

s g' l-e € -1

=00

(2.62)
This reduces to Z(t) in Eq. (2.6) for the incoherent case, when £ = O and

s = s', since the G-function in Eq. (2.62) is defined as

Tyt . 1
GoSE (e iy 0 gy 5 BV (g) 19 - ooy 2.6
e te) = 5 ) v () v T () (e-ffay(a))  (2.63)
aJ
for € > 0, where
Gosa (_€|) _ GOSOﬁ* (+ ')
is'a! T o Ygs'ar VTE 0
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For k large enough so that the changes in Kk which accompany changes in € are

relatively small, ® can be treated as a continuous variable and the sum

_ z Ng-1,M=1,No-1

ik . R _ .
2d et = ei[mllla + Kzfzb + K3£5C] (2°6H)
]

1.=0,¢

L =0,1_=0

2 5

can be replaced by its average over values of kK. Since

(o]

1 ik (£18) _ ¢
= dey e = (1la)

=00

the average value of each term in the sum
N,-1

Q

etf1h12 .

0

= ]

il

is zero except for the term in which ll 0. Therefore

v ) A £
ik a  _
2: etf1418 = 6021 (2.65)
Sl
or
—
}J cie < RE L g
ol
)
A similar result is obtained for
. os' 08
1K . r - I
Ze_ (x I ls (2.66)
58

Therefore the cross-section Eg. (2.61) may be rewritten as

o]
2 k 0 .o
d“ocoh  ~ Kf o =Zi.(0) 1 “iet/f 795y,
el = ol sSs - — °
dnde K, g © 2k © eos(Wat (2.67)
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which is of the same form as Eq. (2.5) for the incoherent cross=-section.

When k is large and £ = O as required by Eq. (2.65), Eq. (2.63) is

52 () -

) M) 75 (@) Blety(a) (2.68)
aJ

= I

which is the same as Eq. (2.1). Therefore when k is "large,” the coherent
cross-section can be written in terms of the phonon expansion as in Eq. (2.16)
for the incoherent cross=-section. The directional G-functions in the incoherent
approximation for the coherent cross-section can also be defined as they are

in Egs. (2.24) and (2.26).



CHAPTER 3

LATTICE DYNAMICS

The vibrational frequencies and cartesian displacement vectors neces-
sary for the construction of the directional frequency functions may be obtained
from the solutions to the equationg of motion for the system. The usual
method would be to first solve Wilson's GF matrix equations17’18 for the dis=-
placements in internal coordinates followed by a transformation to cartesian
coordinates. However, due to the large number of cartesian eigenvector solu-
tions required in this analysis, a cartesian coordinate dynamical matrix equa=-
tion is first obtained so that only one transformation between coordinate

systems is necessary.

A. DYNAMICAL MATRIX EQUATION

In matrix notation, the potential energy of vibration, V, is given by:
2V = ﬂgg (3.1)

where F 1s a matrix of internal coordinate force constants with matrix elements;

in the harmonic approximation for the potential, given by:

S
fi5 T SRR, ' (3:2)
1J

R is a displacement vector in internal coordinates with components R; which
denote changes in interatomic distances or in the angles between bonds. If

g single crystal containing N unit cells with m atoms per cell is considered,

25



the F matrix and R vector are of order mN x *mN and 3mN, respectively.*
The internal coordinate displacement vector and a cartesian displacement

vector, X, are related through the equation:

| =d
"
Heo
[ >
N
N

where the elements of B are determined by the geometry of the crystal.

In internal coordinates, the kinetic energy is given by:
2T = R G R (3.4)
where

-1 gl (5.5)

!
f
lio
=
lvs]

and M 1s a diagonal matrix with elements equal to the reciprocal masses of

all atoms in the system. Making use of Egs. (3.1) and (3.3), the potential
19,

energy in cartesian coordinates is given by

T gl

N

<
i

P&
lws)
e
o
(ko
o

O\

which may be rewritten as:

where the cartegian coordinate force constant matrix is:

le_,

i

Il
N
(@]

£
-cC

*Neglecting redundant coordinates.
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In cartesian coordinates, the kinetic energy is given by:

(s (5.9)

=
1>

where in analogy with the definition of G in Eq. (3.5) the gc matrix in

cartesian coordinates is defined as:

(3.10)

il
=

I
I

Notice that this is a diagonal matrix.

There is a gystem of normal coordinates in which EC is also a diagonal

matrix. Therefore:
X = L, & (3.11)
where Q is the normal coordinate vector and gc is the transformation matrix.
Then:
2V = gT LLE LQ (3.12)
or:
oV = @Té@ (3.13)
where:
A = LJr L (%.1L4)
= =C =C =C

The kinetic energy may also be written using Egs. (3.9), (3.10), and
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(3.11) as:
.T T -1
2r = Q'L g L & (5.15)
where:
folp -
;-'.c :-qt éc - =E= . (5'16)
Since E is the unit matrix:
T _ .1
L = LG (3.17)
and so finally Eq. (3.14) becomes:
-1 =
2o gc . L A (5.18)
or:
g‘c =c -E-“c = =c§ (3.19)

which is analogous to the Wilson GF equation in internal coordinates. The
matrix A is a diagonal matrix whose elements are the squares of the frequencies
of vibration and__:Ii;C is a matrix of column vectors whose components are the
atomic displacements in cartesian coordinates. To facilitate solutions for

A and:gc, a symmetrical form for 9CE¢ is obtained.EO . Then:

(3.20)

>

where:



¢ - g2 gt® (5.21)
_ -1/2
=C = g’:c -_I;Jc (5°22)

and

1/2 1/2
&% g/

flle»

. (5.23)

The gc matrix contains column vectors with components equal to the cartesian
atomic displacements, each weighted by the square root of the atomic mass.
These are the polarization vectors for which ;I_gc = E, in agreement with
Eq. (3.16).

It is the dynamical matrix Eq.{3s20) which must be solved for the eigen-

frequencies and eigenvectors.

B. CARTESIAN SYMMETRY COORDINATE TRANSFORMATION

The use of the space group symmetry of a crystal makes it possible to
perform a transformation to cartesian symmetry coordinates which block diago-
nalizes the dynamical matrix, ga All symmetry elements in that subgroup of the
space group which leave the phonon wave vector, g = Qoo invariant mey be
utilizedglo (In this report, the wave vector is assumed in each case to be

directed along the molecular chain axes which are parallel to the unit cell ¢

axis.) The symmetry coordinate displacement vector is S, where:

jtn
it
[ R
o<
N
N
N
=
p—
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and U is the matrix of coefficients for the transformation. Then the dynamical

matrix equation becomes:

or.

S pS _ pS
g £VC - Lcj_—\ (5’25>
in cartesian symmetry coordinates, where:
s . I
g -ygy - (5.26)

For convenience 1in the computer calculations, E is written as a pro-
duct of a phase dependent matrix and a diagonal matrix, Q(i), whose elements
are appropriate powers of (-1) required for the symmetry coordinates. The

phase r-ferred to is that between adjacent chemical repeat units. It is:
c =

. = A&
2

when ¢ is the unit cell dimension along the chain axis direction and there
are two chemical repeat units per unit cell, which are related by a glide or

screw fractional translation. Therefore:
U = U(5) U () (3.27)
and

1S = U(s) W) I (5.28)



29

The block diagonalized dynamical matrix may then be written as:
U (da) C(+) U(D T o
3,( c) é'(—) 2( c) (3.29)

¢ -
where:
gy = U gy (1;[ , (3.30)
The last trensformation is performed by using
B° = E_E(i)T (3.31)
so that:
go) = ) gl chgi/gﬂi)T (5.52)
or:
o) = g2l gl/2. (5.53)

The above treatment is adequate when performing a single-chain analysis using

only intramolecular force constants and one-dimensional space group (line group)
In the general case, when intermolecular forces are also included:

symmetry.
sles + 31 (5.34)

-
E——

fidwe

F!

[ Bve

F =
5C

"

where the intermolecular transformation matrix E'is defined by:

(3.35)

<
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and‘E' is the internal coordinate intermolecular force constant matrix. The
result is that when intramolecular and intermolecular forces are both used and
three dimensional space group symmetry is employed, the dynamical matrix equa-

tion to be solved is Eq. (3.25):

[[l@)

[0}
O
1
—

wn
Ji>

where:
¢ - uey gy
as before, but now:
o) - ue) 2 g.cg}z/zg(iﬂ (5.36)
with F  given by Eq. (3.34) so that:

which is written as:

c(x) = l/2Ma+a)gl/2 (3.57)
where:
A = E-ST EB° (5.38)
and:

A = EIST Et EIS . (5059>
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Thege are, respectively, the cartesian intramolecular and intermolecular force

constant matrices.

Since Q(SC) and__Q*cl/2 are both diagonal,_gs may be rewritten as:

cs = gg/gig(&c) A + 4] g(ﬁc)T} gg/e (3.40)
or finally as:
¢® = cMPase) + 4 (8e)] 62 (3.41)
where:
a5y = u(oy) & o)l (3.2)
and:
25 = uoy) & s (5.43)

C. CARTESIAN FORCE CONSTANT MATRICES
The intramoclecular and intermolecular force constant matrices, F and F',
may be transformed to cartesian coordinates as indicated in Egs. (3.38) and

(%3.39). Consider, for example, the intramolecular cartesian force constant

matrix:

s - plry - Prp (5.5

. s
where the matrix elements of B™ are real numbers.



32

~
The F, BS, and BS matrices are partitioned into submatrices, as shown in

Eqs. (3.45), (3.46), and (3.47). Each F and B® submatrix contains (3 h +

no. redundant coordinates) rows, where h is the number of atoms per chemical

repeat unit along a chain axis. The index n labels a chemical repeat unit.

Then:
n-3 n-2 n-1 R,
n-3% N~ o
~
n-2 oo e Ei2,n
n-1{ ... oo o
=n-1,n
F = ~
= Rn ~ En,n-E =n,n-1 =n,n
+1 ~
8 ~ £n+1,n-1 £n+l,n
N,
~
n+2 ~
~ \TF-n+2, n
~
nt3 : ~ <~
n+l

n+1l

gn, n+l

.-F=n+l ,n+l

£n+2 ,ntl

n+2

~
Fo
=n,n+2
gnﬂ., n+2

£n+2 ,nt+2

n+> n+lh
~
h ~
~
F ~
=ntl,nt3 o

~

£n+2 ,nt3 £n+2 , 0t

(3.45)




([Jee}

o R
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n-3 n-2 n-1 X, n+l n+2 n+3 n+l4
n-Y4 . ces \
n-3 . \
n-2 =i-2,n \
SIEN =i-l,n-2 2n-1,n-1 oo Bacl,me

S
n+l \ 201,n

n+2

S
\\ B2, n+l
n+?

(3.16)

~n
n-4 n-3 n-2 n-1 R n+1 n+2 nt+3 nt+h

n/
Xn 2n,n+2 gn,nﬂ =n,n =n,n-1 \
zs
el \ e B e e
NS \
n+2 \ Eo2,n

n+5 TS LRI

(3.47)
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: ~
In Eq. Q5.M7) the notation Qi

L denotes the transpose of the submatrix
=

found in the nth row and (n+l)st column of the BS matrix.
From Eq. (3.4k4), a submatrix in the partitioned A matrix is given by:
~g s
én,m - Z (E‘. )n,ago‘)ﬁ gﬁ,m . (5.48)
ap
This is the submatrix for the negative of cartesian forces on atoms in the nth
chemical repeat unit resulting from unit positive displacements of atoms in the
N
mth unit. In this equation, (@F)n o 1s the submatrix found in thé nth row and
- J
~N
ath column of B®. From Eq. (3.47), this n, Qth submatrix of the transposed Es

matrix is the transpose of the &, nth submatrix of the ES matrix.

Since:

=r,c E‘o,cur - :E'.n,c-r+n (3.49)
and:
n
= F
Eq. (3.48) becomes:
S ~ s
= B® F B .50
éﬁ,m Zé (= )n,Ot =0,B-00 =B,n . (5.50)
0/
Further, since:
s . S
=r,c =o,Cc-I

then if:



the result, for forces on the zeroeth unit, is:

N

A =) () F B (3.51)
Zo,m , =000,y =o,m-y- H7
J

The limits on the indices @ and y are determined by the range of the inter-
nal coordinates and nonzero forces assumed in a given model. Usually these
limits are determined by the internal rotation (torsion) force constant, since
changes in this coordinate affect atoms at the greatest distance from the zeroeth

unit.

D. ©PHASE DEPENDENT MATRIX EQUATIONS
Theéé and:é' submatrices are obtained from the set of internal force con-
stants through transformations which are described by Eq. (3.51). The phase
dependent matrices é(ﬁ) and:é'(S) are then given by Egs. (3.42) and 3.L43).
Using Eq. (3.41), the block diagonalized dynamical matrix gs is then obtained.
There will be NC phase dependent blocks, where Nc is the number of unit cells
along the direction parallel to the chain axes. That is, there are Nc values
of q for - % <g< + % or -1 < @ < m, where the phase between unit cells 6 = qc.
Since the space groups used in this report contain twofold screw-rotation
or mirror-glide elements, there is a further block diagonalization of each
(3m x 3m) phase dependent block into smaller matrices, where m is the number

of atoms in a unit cell. These smaller blocks are identified in terms of the

phase between adjacent chemical repeat units, 6c = 9/2.
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These observations are amplified in the individual sections in which
phase dependent dynamical matrices are discussed for the various molecular

crystals. See for example the section in Chapter L, for polyethylene.



CHAPTER L

SINGLE-CHAIN POLYETHYLENE

An extended transplanar model of the polyethylene chain is used, as

described below.

A. CHAIN STRUCTURE AND COORDINATES

A single chain of polyethylene consists of a planar zig-zag configuration

of CH, chemical repeat units as shown in Fig. 5.1.%2

C

Unit Cell

Fig. 4.1. Polyethylene chain structure,

57
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The interatomic bond lengths and angles are given in Table I,

TABLE I

POLYETHYLENE REPEAT UNIT DIMENSIONS

ro-g = 1,074
ro.o = 1.533%
Oy goo = 11105k
®y-c-g = 1077
Og_c.c = 109°28!
c = 2,54k

The internal coordinates for each chemical repeat unit2u are described

in Table II.

TABLE II

POLYETHYLENE CHEMICAL REPEAT UNIT INTERNAL COORDINATES

Coordinate Atoms Type
rn+l/2 Cp-Cn+1 stretch
riil Cpy-HE stretch
rgg Cn—H% stretch
S, Cp41-Cn-Cp-1  bend
on -, -H bend
o Cp-1-Cn-Hh bend
o Cp-1-Cp-H2 bend
o] Cps1-Cn-Hi bend
aﬁ Cn+l—cn-H§ bend

Tntl/2 Cn-Cn+1 torsion
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A (10 x 9) submatrix of the partitio
change in the internal coordinates of the
displacements in cartesian coordinates fo
Eq. (4.1).

N

C c
e Mne AZgyp BX

n
Arpt1 /o

ArHl
n

ArH2
n

I8,

A,

s _ 1
En,n+1 = Aoy

2

A2

rcd
n

U
Aan

ATn+l/2

Only the row and column labels are shown,
elements, which are obtained in a compute
that employed by Overend and Scherer,25 a
chain polyethylene, the chain-oriented ca
Fig. 4.2 are used.

The equations on pages 55-61 of Wils

B matrix elements, except that a negative

9

ned 2? matrix, which relates the
nth chemical repeat unit to unit

r the (n+l)'st unit, is shown in

H1 H1 H1 H2 H2 H2
n+l ATpyn A%y MXpyy AYpyy MZpgy
10 x 9

(4.1)

The actual intramolecular B matrix
r program using a method similar to
re shown in the Appendix. For single-

rtesian coordinate systems shown in

on's book18 are used to calculate the

sign between (eqp X e25) and




L0

(euB X e52) is changed to a positive sign26 in equation (22). In addition,

the torsion coordinate:

AT = ZAT1/9 (4.2)

i=1
for nontetrahedral geometry is used.26’27
U - S N R
The submatrices, gr,c’ which obey the relation gr’c = gb,c-r as men-

tioned previously, are obtained using Eq. (3.31), which is:

B = ol

N
=

This transformation is effected by simply applying the (%) signs to the matrix
elements of g as required by the symmetry coordinates, which are described

in a following section. These required sign changes may also be viewed in
terms of alternating cartesian coordinate systems which have like orientation
in each CH2 unit relative to the HY and HP atoms., These right-handed co-

ordinate systems are shown in Fig, 4.2.

Fig. 4.2. Repeat unit cartesian coordinate systems for polyethylene chain.
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B. INTRAMOLECULAR FORCE CONSTANTS
In terms of the internal coordinates, one of the 10 x 10 submatrices of

the partitioned 20N x 20N force constant matrix, E; is:

HL 0 4
Broys/p BThyy ATLS) BOnyy B6n1 Adpyy MGGy A0g1 Mofy1 ATnes/p
Arn+1/2

H1
Arn

H2
Arn
Aon

En,n+l - A@n

> >
iy :SQ\N :?QF\J B

=]

Arnsa/o

which again indicates only the row and column labels. The actual matrix ele-
ments are taken from the work of Schachtschneider and Snyder,28 with the ex~
ception of the torsion force constant for which a value of 0.107 mdyne-ﬁ./rad2
was substituted,gu These intramolecular force constant matrix elements are
given in the Appendix.

Each of the 9 x 9 submatrices of the partitioned cartesian coordinate

force constant matrix, A, will have labels as shown in Eq. (kL. L),



42

1
AXn+l AY +l AZn+l AXn+l AYH +1 AZn+l AXn+1 AYH+l AZn+l

@]

AX

[»]

AYS

C

AZ

axit

Nl
AxHe

AT

AZH2
n

(&%)

The submatrix éo is given by Eq. (3.51), where the choice of force constants

PRtes

dictates that:

since torsion coordinate changes in the nth repeat unit affect atoms in units
as far away as (n+2) and torsion coordinate changes in unit (n-2) affect
atoms in unit n.

Other limits on indices are:

-2 <ac< +1

-1 < (m -y -a) < +2

which are dictated by the range of the internal coordinates, and:
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which follows from the choice of internal force constants.

Since:

~
A = A _
’O’m :O,m
and
A = A
=n,m &0, Mm=1

all nonzero submatrices of A near the diagonal ere kmown if [ T and
- J

’éo,i

A - are obtained.
=0,2

C. LINE GROUP SYMMETRY ANALYSIS
An isolated polyethylene molecule in the extended configuration has the

one-dimensional V}, space group symmetry.29 There are eight symmetry elements

in the Vi line group, as indicated in Fig. 4.3, which are defined in Table

ITT.
TABLE IIT
Vy, LINE GROUP SYMMETRY ELEMENTS
Element Description
Tn Pure translation along chain axis of magnitude nc,
ﬁé Rotation about chain axis through angle n, followed by fractional
translation of magnitude c/2 along chain.
3& Mirror reflection in plane normal to C-C-C skeletal plane, fol-
lowed by fractional translation of magnitude 0/2 along chain,
Oy Mirror reflection ih skeletal plane.
Oh Mirror reflection in plane of CH, group.
Co Two~fold rotation about axis bisecting H~C-H angle,
i Inversion operation.

02 Two-fold rotation about axis normal to skeletal plane,
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Fig. 4.3. Single-chain polyethylene symmetry operations.

Of these eight elements, only T, Oy, Eé, and oy leave q, invariant, and
30 C s .
so these four elements form the star group. The multiplication table for

the star group is given in Table IV,

TABLE IV

STAR GROUP MULTIPLICATION TABLE
FOR SINGLE-CHAIN POLYETHYLENE

T oy Co Oy
T T EQ Eé Oy
Oy Ty T oy Cs
Co Co Oy T oy
0y 0, Co a, T

The number of classes in the group, which is equal to the number of irre-
ducible representations, is known if the class to which each element belongs

is determined. Elements in the same class are conjugate. That is, the ele-
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ment R and X R X-1 are in the same class.31 For example, if R is chosen to

be E&, then all conjugate elements are given by:

-1
XlRX:L =EOVE :UV
C.o.Cot =Ta0.,Cp = Cpoy = o
2°v72 T VRVl T oVeRv T v
00t =050 =00Cs =0
VooV AARAR Ve v

So Oy is in a class by itself,

The same is found to be true for E, Eé, and 0,, so there are four irre-
ducible representations. The representations symmetric to Bé are labelled
the A species and those antisymmetric to Eé are labelled the B species.52 The
representations symmetric to oy, are labelled with a subscript one and those
antisymmetric to oy, are given a subscript two. The character tableBO for
these one-dimensional representations of elements in the {qc] subgroup, the

star group, is given in Table V. The character of a matrix operator in any

representation is just the trace of the matrix.

TABLE V

STAR GROUP CHARACTER TABLE
FOR SINGLE-CHAIN POLYETHYLENE

T Ov E; Oy
A oiqd oigqe/2 oiqe/2 1
A, ciad _elde/2 ciqe/2 -1
By oiad _elge/2 _elac/2 1
B, olad oigqe/2 _elge/2 1
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The term d is equal to any multiple of the unit cell dimension c, for

and

Note that the orthogonality relation is obeyed55

) e m) - s,
R

where h = 4, The number of times each irreducible representation occurs in

the reducible representation is5u:

W) %Z DRI R) (4.5)

where X(R) is the character of the reducible representation for the operation
R. The importance of this number, n(y), for the yth representation is that
it also represents the number of symmetry coordinates required for that repre-

sentation.

TABLE VI

REDUCIBLE REPRESENTATION CHARACTERS
FOR SINGLE-CHAIN POLYETHYLENE

Y(E) = 6(atoms) x3 = 18
x(_v) = O(atoms) x3 = 0

x(—é) = O(atoms) x3 = O

x(o.) = 2(atoms) x (1-1+1) = 2
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These results, may be inferred from the following comments. The transla-
tion operation, T, leaves all displacements for the 6 atoms in a unit cell un-
changed,* while o, leaves carbon displacements both in the chain axis direc-
tion (z) and in the x direction unchanged but reverses the sign of the carbon

. R Hl 2
y displacements. The operation 0y exchanges and H atoms so has zero
diagonal elements for the hydrogen atoms. Of course x(o,) = x(Cp) = 0, since
no atoms are left undisturbed by these fractional translations.

Therefore, the number of times each irreducible representation appears

in the reducible representation is found from Egq. (L4.5) to be the following:

nA1) | /b ((1 x18) + (1 x2)) = 5
n®2) = 1 ((1x18) - 1x2)) - b
n(Bl) = 1/h (18+2) = 5

n®2) _ 8- - b

D. CARTESIAN SYMMETRY COORDINATES
In addition to the 5, phase dependent symmetry coordinates referred to
in Chapter 3, which consist of linear combinations of displacements of atoms

in adjacent chemical repeat units, additional symmetry coordinates may be

written. That is, nine local cartesian symmetry coordinates for the nth
chemical repeat unit may be obtained. This is possible because the CH2 unit

itself has internal symmetry due to the o, mirror operation. The local sym-

v

metry coordinate vector is:

S, = gﬁ(c X, . (4.6)

*Congidering a translation T equivalent to E for a single unit cell,
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The components for the yth irreducible representation are given by32:

s < 0) Wy, (1.7)
R

The first five rows in §n for the Al species are symmetric to o, and the

last four rows for the Ao species are antisymmetric to oy. §i is a generating

coordinate, as for example an X, y or z displacement of a hydrogen or carbon

atom,

The results are shown in

Eq. (4.8).

He
n

l
o AX

Vo

AX

1 P
AYE A Y

Je
1
AZE"-pzH

V2

L

J

Antisymmetric

to

These happen to be mutually orthogonal, although in general the prescription

in Eq. (4.7) does not guarantee this,>?



L9
The transformation matrix is given in Eg. (4.9), as follows:

AXS aYS Azl axfl o avHL pgHl a2 ayH2 o soHR

Sam N2 N2
Sy N2 N2

Sg, 182 182
| N2 N2

The screw-translation symmetry coordinates may now be obtained from the

local coordinates, since

Ké_f)(gc) - nz ) (R )R 5. (o) (b.10)
R
for
= T, = zleN-1
R = E_chﬁgg]%_,__,.,céz )

where the phase is defined as &, = qc/2 = 6/2, Then

. v ige/2 » i _
X, (6.) = n[§ﬁ(0v)+elqc/ §n+l(ov)+elqc §n+2(0v) + ... (k,11)
OI’56
2N-1
(4),. 1 . imd ,
1) - 2= ) <o g (o) (h.12)

m=0
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and
oN-1
X__ém(ac) - L Z elmm 10 8,(0y) (k.13)
Jon =

where N is the number of unit cells along the c axis direction. The real and

imaginary parts of these symmetry coordinates may be obtained.57
Re[§é7>(gc)} = T%é [§é7)+§§(7)]
o) (k.1b)
J:m(zéy)(Sc)} - 4 [§§7)-X_§y ]
12
50
/ 2N-1
1/2
Re[KéA)(5c)} = <%) }: cos md, Sploy)
m=0
(k.15)
1/2 2N-1
Im{géA)(gc)} = (%> }: sin md, §m(cv)
m=0
where
SN = the number of chemical repeat units in the chain,
Also
. l/221\1—1
Re{zéB)(ac)} = (ﬁ) }2 cos m(50+ﬁ)§m(ov)
m=0
2 (1.16)
2
Imb_(s(B)(gc)) = <%> Z sin m(6C+n)§m(cv)
m=0

There are now 36 real symmetry coordinates in place of the 18 complex co-

ordinates. The order of these 18 will be altered so that the first nine A
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species coordinates are symmetric to the Co operation, which in reciprocal
space takes +q, into -gc, and the next nine A species coordinates are anti-
symmetric to Co, The same is dore for the 18 real B coordinates, The use-
fulness of doing this will be made clear in the next section. Nine real A
specics phase dependent coordinates, which are symmetric to Cop,

are shown in Eq. (4.17).%

N-1
xéAl)(%) = (I%)l/ggz AXy, cos mb,
m=0
xf1)s,) - <%)1/2 z AZ; sin md,
X§A1>(50) i <1%>1/2 z ﬂ%&r@cos b,
m
(A-) 1/2 azHL 7B
whle) - (3)) Wnt) SR ) stn ue, (4.27)
m
X6A2)(60) = <%>1/22 AYS sin mh,
XéAg)(8c) _ (%)l/ei (Axﬁjgxﬁg) sin 1,
m
XéAQ)(SC) - <%>l/2>j (_Aflriiﬂg_)sin .,
a 2
xéA2>(5C) - (1%)1/2 : _(ﬁém%z_%_g_)cos s,
m

¥Recall that Eq. (3.31) or the alternating coordinate systems are used for the
phase independent transformation, so no (-1)™ terms are shown here for the
x and y displacements,.
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The nine AI coordinates which are antisymmetric to C, may be obtained
from those above by simply replacing all cos mde by sin md, and all sin mdq
by -~cos mBe.

The 18 B coordinates differ from the above coordinates only in a term

m . . .
(-1)" or cos mn which appears in each coordinate, since

cos m(B,+n) cos md, cos mx

sin m(dy+x) sin md, cos mx .

E. PHASE DEPENDENT DYNAMICAL MATRICES
The 9 x 9 submatrices ém n of the intramolecular cartesian force con-
3

stant matrix A may each be factored using the local symmetry coordinate

transformation matrices, one of which is given in Eq. (L4.9). Then

Ay on(oy) = Un(oy)Ay nUn(oy) (4,18)

where now

|
Ay ‘
5x5 |
A (0.) = v | . N
A n O ————p——— (%.19)
| he
Ill- X )—l-

\ /

The translational and screw translational symmetry is also utilized to
block diagonalize the 18N x 18N cartesian force constant matrix A into 9 x 9
blocks, each of which is factored as shown above., By using the complex

symmetry coordinates from Egs., (4.12) and (4.13) the following is obtained.
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B species <::i>

) ///”6C=i(s+l)(n/N)$n

~
-7

\Jl
»
\J

- A species
8.=ts(n/N)

\

~—
»
-

-

-
N .
~N
—————
J/

i
0
-
N
~N
£

B species

o=ts(n/N)in

\ )
(\> b 18 ()
— 5 %5

(k.20)

There are 2N complex (9 x 9) blocks and 0 < s < (N-1)/2, since the Born cyclic

boundary condition requires for

. O
elar _ Jian'c _ g ien' _ el o c18m (L.21)

that the Nth unit cell be in phase with the first, or that

equo _ equc _ e182N -1

for N an even number,
The values shown in Eq. (4.20) for &, in the B species blocks result from
the fact that the B species symmetry coordinates differ from those of the A

species only in a = phase factor. Also see Fig,. h,hg which follows,
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Frequency

B Species A Species|A Species B Species
D p

-2n ‘ -1 0 7 27

PHASE ANGLE (B . )

Fig. 4.4, Dispersion curve branches for
symmetric and anti-symmetric species.
Instead of using complex symmetry coordinates however, real coordinates
such as those given in Eq., (4.17) for the A species are used. Then each

(18 x 18) block for a given &, value becomes a (36 x 36) block as:

18 r— —4 A
Ao A
8- -1-—| —> mo
|
0 | B L.__s_._i,
s 36 (k.o2)
>4
| B!
\ -—
36

where the primed species are anti-symmetric to C, and the unprimed species
are symmetric to Co. A somewhat different complex to real transformation 1is
discussed in Chapter 7 for polyvinylchloride, since PVC lacks the symmetry
operation Cp which simplifies the transformation here 37

The A and A' blocks are identical and the B and B' blocks are also iden-

tical in this case. The proof, which is not difficult, will be given now,
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For the A' species cartesian symmetry coordinates which are antisym-

metric to C2, the phase dependent submatrix of coefficients, Eéfé)(gc) is:
X, (8c)|sin obe
2 (5,) ~cos dbe
&6 sin obe
) sin obg
x x?'(@c) -cos e
Xg (8¢) -cos B

xj‘;' (8¢) -cos obe

X'g (8.) -cos e
A, sin ob,
9

1o 20 30 Ly SQ 6o S7a. 8t S9Ol

(k.23)

where the 18N component screw translational symmetry coordinate vector is

and the symmetry coordinate vector for the zeroeth chemical repeat unit is

) = ) u) el (1.24)

o) =0,Q
(07

which is a nine component vector,

An A' species submatrix on the diagonal of é(5c> is shown by Eq. (3.k42)

to be:
(a") Z (A") (A")
A 5) = U 3)A oy )U k.2
A, () ot e, ot ) (1.25)
G,
A given A (GV) matrix element is multiplied by a factor, the value of which

=0,7

depends on the element's row and column indices, as shown below for the A’

species,
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Column
J = 1:5:%9 J = 2:5)6J7:8
i =1,3,4 1 +sin oP.sin(o+y )8 1 :
i=13,4%9 T sin oB.sin(o+y)o. [ -sin ab.cos (a+y )d,
=0 _
Row a=0
2N-1 2N-1
i=2,5,6,7,8 % j{: -cos ab.sin(a+y)d, % Z;T +cos aBcos(aty )8,
J
a=0 a=0
For large N:
= 1. 1B\ [/ i(o+y)B, ~i(aty)B
1 }2 1 TPt et laty o, ~1laty
= cos ab.cos(aty)d, = = Z (
N C c N 5 5
a=0 0]
2N=-1
_ 1 }; o17B[o1208, 11, "B miR0b, )
LN
a=0
1 iy® . -iy®
= =— oN[e /"+e ] = cos ®
LN e

The other sums are also reduced, to obtain a factor for the A' species

(i,3)th element:

Column
J = 1;3:)"’59 J = 2;596:7)8
i=1,3,4,9 cos 7. sin 78,
Row
i=2,5,6,7,8 -sin 98¢ cos 78,

for a given_éo 7(ov). This is identical to the result for the A species,
=Y
symmetric to Cp, which is given on page 59.
This result, that the A and A' species blocks are identical, is a

simple statement that the dispersion curve (frequency solution for q) is
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the same for +q, as for -g,. Recall that the Co operation in reciprocal
space takes +q, into -q,, but as seen above this does not alter the dy-

namical matrix,

Furthermore, elements in the B species block, A(B)(6

A" 0(Be), differ from
2

those in the A species block only in the n phase term which appears in the
B species cosine or sine arguments, as cos y(®+n) or sin y(&+n).

The significance of these observations is that only the A species
9x9) (5x5) ® (4 x U4), 8. dependent block need be used in the computer
calculations. All B species solutions are obtained by simply allowing &,
which has range 0 < & < /2, to take on values between n/2 and x. This un-
folding of the dispersion curves is shown in Fig. 4.4, See also page 117,
Ref, 31. As already described by Eq. (4.25), each of the phase dependent
éo,o(éc) submatrices is assembled from a sum of cartesian force constant
matrices to which the mass weighting_is then applied by the gi/g submatrices

according to Eg.(3 41) to obtain the phase dependent dynamical submatrix,

An A species phase dependent force constant matrix is

Rl CHIE Zgé?a(gc)éa,a(dv) G 6e))g,m (4.26)

Qs b

where from Eq. (4.17):



58

1 C)/COS Oﬁc \
Al

X, (8c) sin obe

X5 (5c) cos obe

LW (Be) cos b,

ylA)s ) = (L)l/g x Xl ) sin b,

Xg=(8c) sin aB,

X2 (50) sin ob,

Xg=(8.) sin 0B,

x‘g\E(SC)k cos OB, /

(k.27)

Since only diagonal blocks of the block diagonalized A matrix are nonzero,

only m = O is needed, and

(@ 2>o,oé§f3<5c)(§i/ oo = LB (L.28)
where
TN B I (RIS NCR (29
a,Y
since
(E(SC))ﬁa,o = Uy ealde)

and y = B-a. Of course Eq. (4,28) actually represents all 2N diagonal blocks

of Ef, since &, takes on 2N values.
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From

(A) (A)
) u®en (ot 6)
asY
in Eq. (L4.29), one sees that matrix elements of a givelrl._.l_l..O (0,) matrix are
—vJ2

multiplied by a sum of terms involving cos (o) and sin (o). For a given

row and column element Of-éb 7(0V), the A species multiplication factor is:

-~

Column
J = 1,59M59 J = 2,5,6,7’8
2N-1
i=1,3,49 % j{j cos ob cos(ot+y)d L j{: cos o sin(o+y)d
N
O£=O Q
Row
i=2,5,6,7,8 % j{: sin o cos(o+y)d % j{: sin o® sin(a+y)d
0 a

i

1,3%,4,9 S 295969738
For large N, certainly the factor for j=1,3,h, and i 2,5,6,798

Il

I

is identical to the corresponding factor shown previously for the A' species

2,5,6,7,8

on page 56. The j% = 153549 } factor shown above is also the same as
E 6 %J

the i% B i’;’h’g’\J A' species factor shown on page 36, but with opposite
d = LsDshy

sign.

Therefore the result is that the phase terms to be applied to the

A (oy) matrix elements to obtain the A species,.AKA)(Bc), block are:
=0,7 =0,0

Column
J = 1353u39 J = 29526}7L§
1,3,4,9 cos 98, sin 8,

e
1

Row
i=2,5,6,7,8 -sin 98, cos Y.
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Finally then:

{1 =1,3,k4,9
J=1,3,49
A)
a®)y Z (& (o)), . cos 75,
=OJO l,J 7 —0)7 i = 2,5’6’7’8
J = 2:5)637:8

(4) EZ . i=1,3,1,9
A = A 8 3237 L.30
(=o,o)1,J . <:Oﬁ7<o ))i,J S 7P {J = 2,5,6,7,8 (4.50)

(A) _ Z . i= 2;5)6s798
A = -(A e
(Ib,o)i,j (zﬁ:V(UV))i,j SR 7he {j =1,3,4,9

14

for -2 <y < +2. In this way, one (5 x5 ) and one (4 x 4 ) matrix is ob~
tained for each value of &, for O < &, < w. The diagonal gi/g submatrices
are then applied to the (5 x 5) Ay and the (4 x L) A, matrices to obtain
the dynamical matrices as indicated in Eq. (4.28).

The solutions to the block diagonalized dynamical matrix Eq.-(5.25),

gS

>

TS rs
= =

for which each phase dependent diagonal block of 9? is given by Eq. (4.28),

are displayed in the following section.

F. DISPERSION CURVES AND ONE-PHONON FREQUENCY FUNCTIONS
The frequency solutions for single-chain normal polyethylene which were

obtained from Egq. (3.25) are displayed in Fig. 4.5. The labels on branches
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¥ to Vg match the notation of Tasumi, Shimanouchi, and MJLyaLzawaL.ElL

The corresponding frequency solutions for single-chain deuterated
polyethylene are shown in Fig. 4.6. The labels in the latter figure match
those of Tasumi and Krimm for the deuterated crystalline polyethylene re-
sults.uo

These results match the published frequencies well enough to provide
confirmation that the methods used in this analysis are essentially cor-
rect.

The eigenvectors corresponding to these frequency solutions are used to
construct the longitudinal and transverse G-functions for single-chain poly-
ethylene as described by Egs. (2.1), (2.28), and (2.29). These directional
frequency functicns are shown in Figs. 4.7 and 4.8,

The force field will now be augmented by including intermolecular forces

and the modified frequency solutions and eigenvectors will be obtained for

a lattice of extended polyethylene molecules.
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Fig. 4.5. Single-chain polyethylene dispersion curves.
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Deuterated single-chain polyethylene dispersion curves.
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CHAPIER 5

CRYSTALLINE POLYETHYLENE

The following development owes much to the published works in which the
normal mode frequency solutions for crystalline polyethylene are described.59’uo
In this chapter, the methods for calculating both the frequencies and

cartesian polarization vectors required for construction of the directional

frequency functions of crystalline polyethylene are described in some detail.

A. CRYSTAL STRUCTURE AND COORDINATES

The polyethylene unit cell is orthorhombic, with dimensions:

a = 7.155A
b = 4.899
at liquid nitrogen temperature.ul The unit cell contains four CH2 chemical re-

peat units in the two molecular chains, as shown in Fig. 5.1.
The chain setting angle, ©, is assumed to be 48°.23 Tasumi and Krimm have
studied the dependence of the CHo frequencies on this angleuo for the range
38° <6 < 52°.
However, their intermolecular force constants which are used in this analy-
sis are determined for © = L8°.

The CH2 units denoted by dashed lines are those at a distance c/2 above
or below the units shown with full lines. For bookkeeping purposes, the atoms
identified with circled numbers are either in the nth or (n + 1) 'st units
while the uncircled numbers refer to atoms in the lower (n - 1) 'st unit,

looking down the chain axes.

66
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-m+1

Fig. 5.1. Polyethylene crystal structure and
intermolecular "Internal" coordinates.

Twelve intermolecular hydrogen-hydrogen distances are identified. Again,
a circled distance is for the upper of two distances which have identical pro-
jections on the horizontal (a, b) plane. For example, the "internal” inter-
molecular stretching coordinate, Arj, corresponds to relative displacements of
atoms numbered (:i) and (::) along the line Jjoining their centers.

The number twelve is dictated by the choice of intermolecular force field
which limits the range of the forces considered to r £ 5.O§.59,h0

The coordinate system chosen for each CHy chemical reoeat unit is shown also.
Recall that using these alternating cartesian coordinate systems to calculate

the @s matrix elements is equivalent to first calculating B elements

and then obtaining B =B U (i)T from Eq. (3.31).



68

The individual chemical repeat units are identified by using the 1,m,n
indices for locations along the respective a,b,c, axes. The relationship be-

tween these "internal coordinates" and the cartesian coordinates is:

!

from Eq. (3.35), where the only nonzero submatrices of B' related to the "inter-

na coorailnates O e NS cnemica repea unl are.
1" dinat f the (0,0,0) chemical t it

0,0,0 0,0,0 0,0,0
BY»Yo BY»¥o BY»s» ¥
£0,0,0 21,1.0 E101
0,0,0 0,0,0 0,0,0
B-? 2 B 2V By Y
50,2,1 B1,1,1 5),1,1
0,0,0 0,0,0 9,0,0
Bolol1 Bt B’10

and these 12 x 9 submatrices of the B' matrix appear in the O, O, O row as

shown below,

I=-1 = f=+1
m=0 =1 m=2 =-1 m=0 m=1 m=2 | m=-1| m= =1
t
E = D,0,0

[o)e) [e)e) gi— OHP1Ho A OO
%: lofe) g O i o St
Ty L Qo OOP ~HOH A
Fatt—ea—Fa—eait SSENSS a1

The cartesian intermolecular force constants may now be determined.
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B. INTERMOLECULAR FORCE CONSTANTS

The intermolecular forces acting on the hydrogen atoms in the 1,m,nth

CH2 chemical repeat unit are indicated in Fig. (5.2).

Fig. 5.2. Intermolecular forces on hydrogen atoms

in a CH2 unit of crystalline polyethylene.

The force constants chosen are those of Tasumi and Krimm.uo This results

in an "internal coordinate" force constant submatrix:



Z08°-

where:

gt liquid nitrogen temperatures.

crystalline calculations; the intramolecular torsion force constant, F., was
N B [} C | o) 2

taken to be 0.05 mdyne-A /rad” whereas the value 0.107 mdyne-A /rad was used

in the single-chain caiculation.

An intermcleculsar force constant matrix in cartesian coordinates is obtailned

from:

!
)]

1
fo
s
£y,

fl

ff\

f
3

f
L

It is important to also mention that in these

A.
7

AN

AT 4 A r r T
8 g Mg M1 A
)
f2
)
o
g
(5.2)
md/ﬁ




¢ x9 9 x 12 12 x 12 12 x 9
n
A 0,C,0 . Z (B' )0,0,0 F'azﬁy')’ B,a',ﬁ"’yv (5'5)
= l,m.,n = (x;B,'}' :a]’By,,),' :E,m,n @

a,B,75a’JB',7'
But:s

Eua)B)V '
‘Ol',ff\','y

g

|0,0)O - F\yo,O,O LI.
o By © Eal g o (58)

Due to the choice of 12 internal coordinates which "belong' to the (0,0,0)

unit, ail possible intermoiecular forces on hydrogen atoms in unit (0,0,0) are

,0,0,0

given by Z;0,0,0 , and:
0,0,0 o' ,B" "
F! )' S 1 B 2 0
=o' B,y = 0,0,0
for o ,8", »" not equal to zero.
Therefore:
0,0,0 ®1310,0,0 £:0,0,0 £:0,0,0
AtV = B'y¥Yi¥o F'YaVs BrY2YY R
= {,m,n, p: )0,0;0 - 0,0,0 = f,m,n (5.5)

Note that the intermolecular B' submatrices are of order 12 x 9 and the
intermoleculsr F' force constant submstrices are of order 12 x 12, Recall that
the intramolecular B matrix is partitioned into 10 x 9 blocks and the intra-

—

molecular ¥ force constant submatrices are 10 x 10. In both cases of course

o>

the resulting cartesian force constant submatrices of A and A' are of order

9 x 9.

C. SPACE GRCUF SYMMETRY ANALYSIS
The factor group theory analysis of crystalline polyethylene for a, = O,

]
has been publlﬂhedouL The present discussion considers primarily those sym-
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metry operations which leave q, invariant, for all values of 9> when:

/e < o < n/e.

21 271 2
The polyethylene crystal has P(S-— L l)

— 3 space group syuun try, which is

also referred to as P nam symmetry. It is also referred to as Déé space group

symunetry in the Schoenflies notation.

The symbols have the following meanings in the Herman Maugin notationu5:

P - Primitive lattice

2

?% - 2 refers *o the order of the screw-rotation axis in the & dircetion.
Subscript 1 dividecd by 2, or 1/2, refers to the fracticn oi the unit
cell over which the translation occurs. Symbol n refers to a diagonal
glide plane perpendicular to the & uxis with a translatior cf magnitude
(b + ¢),/2,

2,

?f = Symbol 21 refers to a twofold screw-rotation axis in the b direction
with a fractional translation of l/; X b, Symbol a irndicatcg a glide
planc perpcrdicular to the b axis with a fractiocral translation of
maggrnitud. g 2.

2

- - Symbol 2l refers to a twofold scicw-rotation axis along the c¢ ‘iirection

with a Tracticnal translation ci magritude ¢/2. Symbol m rei:is tora
mirror plen. perpendicular to tac c axis.
hose operations in the subgroup of tals space group which leave g, in-
variant are shown in Fig. 5.3 . This subgroup ic referred to as the star

30

group or {qc} wave vector group.
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Fig. 5.3. Star group symmetry operations for crystalline polyethylene.
These operations are identified in Table VII.

TABLE VII

STAR SPACE GROUP ELEMENTS
FOR CRYSTALLINE POLYETHYLENE

T - Translation by an integer multiple of a unit cell dimension.
Gv(ac) - Mirror reflection in an ac plane, followed by a fractional
translation of magnitude a/2 along the a axis direction.
Ev(bc) - Mirror reflection in the bc plane, followed by a glide of

(b/2 + ¢/2) in the be plane.

Cg(c) - Rotation about the c axis through a chain, followed by a glide

of magnitude c¢/2 along the ¢ axis direction.
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In addition to these four elements, the Oy mirror in a CHp plane is also shown

in Fig. 5.3. The latter element is used in obtaining real symmetry coordinates

from the complex symmetry coordinates. This element takes +q, into -q., which
does not alter the frequency solutions. This is seen in the symmetry of the
dispersion curves about Qo = 0.

The number of nonequivalent irreducible representations is equal to the
number of classes in the star group, {qc], while elements in the same class are
conjugate to each other. In an abelian group, every element forms a class by

51

itself and has a one dimensional representation. Keeping this in mind, the

multiplication table is formed and the number of classes is determined.

TABLE VIII

STAR SPACE GROUP MULTIPLICATION TABLE
FOR CRYSTALLINE POLYETHYLENE

I Gy(ac) Sy(be) Calc)

T, T, g (ac) CREYY T,(c)

5 (ac) 5 (ac) T, €, () T (be)

T, (be) G (pe) Cole) T, 3 (ac)
Tale) Tole) 5, (oc) 5, (ac) Te
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Therefore Ty{sc) forms a class by itself. The same is true of T (bc) and

There are therefore four one-dimensional irreducible representations in the
'q.} subgroup of Pnam.

Those irreducible representations (species) which are symmetric to Eg(c)
gre labelled the A species and those which are antisymmetric tokaé(c) are
labeiled the B species. Those symmetric to the Ev(ac) mirror are labelled with
5 subseript 1 and those anti-symmetric to Oy(ac) are labelled with a subscript
2.

The character table for thege representations, when Q, = 9 = 0, is:

TABLE IX

STAR GROUF CHARACTER TABLE
FOR CRYSTALLINE POLYETHYLENE

To y(ac) Gy(be) @é(c)‘
A, cianc +1 + o1ac/2 L oiac/z
Ay eiqnb -1 , eiQC/E + eiqc/2
B. elanc +1 . olac/2 _ oiac/2
4.
B ignle i . olac/2 . olac/2
2

iq nc/2 ind

. ’ t v Ol
1 N
el ne . 10 ¢ % e , where n

In T, above, the character is e

larels the chemical repeat units, n' labels the unit cells, and d = qc/E.

, i o
Note that the character X [C,(c)] in the B representations is melqc/‘ =

2(

+ elchc/< £ ) which is the product of el™ and the character for the A

regresentation. This relationship will be used later to simplify the procedure

for obtalning the dynamicgl matrices in the B representations.
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Note also that the characters for the yth representation obey the orthogonality

5?

relation”:
N ¥~ ot
> )y gy - 4oyt n (5.6)
R

In order to determine the number of symmetry coordinates required for each
representation;, it 1s necessary to know the number of times each irreducible
representation appears in the reducible representation for a symmetry element.

This number is5LL
CO(R) w(r) (5.7)

where X(R) is the character in the reducible representation. x(E) = 36, as
there are 12 atoms in 2 unit cell. and x(T (ac)) = (T (be)) = x(C,(c)) = O,
since these operations ifeave no atom displacements unchanged. The number of

timeg each irreducible representation appears therefore is:

nA) - L6l - o9
nlf2) = 9
nlB) g
n(Bg) 9

This means that each irreducible representation requires 9 symmetry coordinates
and that 9 x 9 dynamical matrices will appear in the block diagonalized dynamical

matrix.
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D. CARTESIAN SYMMETRY COORDINATES

Since there are four one dimensional irreducible representations, each of
which appears nine times in the reducible representation, there must be four
sets of symmetry coordinates. BEach set contains nine components. A given com-

ponent or symmetry coordinate may be obtained from>2:

4

) = ) Wm m (5.8
R

where the sum is taken over all symmetry operations, R, of the subgroup of the

2, 29 2
space group P ?% ?% E;’ which leave the phonon wave vector de invariant. Re-

call that only the phase shifts along the g, axis are being considered here.

By operating on each of the cartesian displacement coordinates of the
zeroeth CH2 repeat unit atoms and applying the appropriate character, a set

of symmetry coordinates may be obtained. The symmetry operations are:
R = E, C, (c), 5(ac), T (be); Ca(c), T (ac) To(c)
I A~ > Ty > Ty R-AREE R A AR

which includes all products of the four elements of the {q.} group and the
translational subgroup of the space group. In this way, the first nine co-
ordinates, which are labelled the Al species to indicate that they are sym-

metric to both the Eé(c) and the EV(ac) operations, are found to be:

2N, -1,2N,-1,2N -1

n_ c ind
(-1)" dagyy, e ©

[€2]
}—1
l,_l
~
—
(o4
0
~
1l
=

fmn

) " m+n ind,
S, 1 (3.) = 1 (-1) BbG, . €
fmn



RCRA SR

séAl) (5.)
e (ng
551 (5c)
A) .

85~ \Oe)
) 5
SéA'_i_) L)
D;Al> (Sc>

wruialization T

v ounits in the cryastal.

the number of unit cells

1
T\l>
|

imn

actor is 7
N_.
abc

in the a,

1f now the characters for the

whick

ere

tcliowing:

S§A2>(E‘\ -
sé 2)(2,6) =
S§A2)(5C> =
SﬁAE)(TC) -

2N
a

b, and c directionz.

2N 2N wore N N N
D o’ a’ v’

=)

is the naiber of

C

arz rosp.ctively

A species are us2(, the nine cooriinates

\ m+n i -
TES (-1) af o et
|
Inn
R ?—‘ / I - - Lg
i ’/'_,J \-l) LL mr -
Jrin
— '
g X (-l)m nat et
ls Lion
Lmn
U mtn 3l
7]21 (-1) La?
) i

. ! . - = N
sylanetric to dg\c) but entisymmetric to Jy\ue, are found to bz the



(A,) E: Hl ind
- 6 = o=
S5 2" (%) n) (1) Ablmn ¢
Imn
(Ag) \ m 1 S
) - - H in
S¢ (%) 712;( 1) A o ©
Imn
(As) ) \ mtn 32 ind
sv2) (5) - T]Z(,l) sall e
Imn
| . o
séAz)(ac) nZ(ul)n Mo, e1nd,
Imnn
N | 2 .
séAa)(aC) = nZiJ(-l)m Acgmn 115, , (5.10)
. [mn

The nine B, species coordinates which are asntisymmetric to Eé(c), but symmetric

to G (ac) are:

(By) (5 ) - Ez c  oind
SL 17 (8¢) L Aa'JZmn ee
[mn
B N m ind
sg 1) (83s) = T]Z, (-1)" abfy, e
lmn
ﬂ(BL) . \" I" n c in6
53 (SC) = 7 (~1) Aclmn et™™e
Imn
S(B]L) (3 ) = \ AaHL eind.
N c L "fmn
Imn
B, mo B g
Sé Vo (5) = ) (-1) wfl  einde
Imn
— 1
(,) H™ g
s¢ 1 (%.) = 71211 (-1)" ACymn eind,
Imn
S(Bl) (38) = A H2 eind
7 c " almn ©
{mn
(B,) £ i
88‘1 (8,) = n, (-1)™ Moy etc
Imn
(B-) \ ' n 2 .
89 L (60) = (-1) Ac?mn einde (5.11)

lmn
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The nine B, species coordinates which are antisymmetric to both 65(0) and

o (an) are:

ﬂ.B T / )

Dg 2><60) = n>, le)m'Aa%mn einde
fmn

(B.) N ind

35 2 (5C) S Bbypy €7 C
[iike]

03 >(6C) : Tl}J (-1) A"lZmn He
fmn

(B2) N7 ym HT ind

20,0 Y (o

a c ’ fmn
{mn

; D | }

LB H™

a% /(Sc) = leJ Ab mn etnbe
Imn

(Ba), \ ' . _mtn 1 ind

oé ;>K69) = Tl}; (-1) C%mn et
fmn

. — 2

,W\Bn),.a v Z RN N ind

APolis )y 2T pa 2
Imn

o / ) LI
frn
A\ i +1

P2l ) ”Z (-3)777 aef, etnbe (5-12)

fma

Notice that each term in the sum for & given Bl symmetry coordinate differs

from the corresponding term in an A] ccoordingte only by a factor et . (ml)nq

Each By symmetry coordinate also differs from the corresponding A, coordinate by
this factor. This relationship will be used subsegquently to good advantage.
Now the real and imaginary parts of the thirty-six complex ccordinates

7

e
may be obtained. ' In vector notaticn:



o= 2 s )+ s (s )]

c Jé = c = C

Re{§ﬂ7>(5
mis (5,1 = 2 508, - §(7>(6c)*] (5.13)
in which case:

Re{g(V)(é b= J2 Tl}_ einde  5(7) cos nd

—[mn
Imn
Imik<7)(5c)} = 2 r1§z sind. 5(7) gin nd, (5.14)
- ; “Imn
Imn
faor
7 Alﬁ Aq

For the B specieg coordinates:

ReLSQBj)(ac)} N2 nzz_ e-imdeg(A3) cog (&, + n)n
= “ | {mn ¢
Imn
B — ‘
ImeL J)(5C)} = A2 T]> o100, S<Aj)sin (8, + m)n (5.15)
- L fmn
fmn

where J = 1,2,

There are now (2 x 3%0) real symmetry coordinates in place of the original
3h complex coordinates. Further use of the crystal symmetry may be made by
utilizing the horizontal mirror plane 0 which passes through the CH, repeat
vnits. Theorder of the Al and A2 coordinates (36 in number) is rearranged so
that the first nine are A; coordinates symmetric to 0y, the second nine are A2
coordinates symmetric to Oy the third nine are Al coordinates antisymmetric

Fo 9y and the 1ast nine are A, coordinates antisymmetric to Oy The same re-

4rraangement is performed for the 36 B species coordinates.



Use of these seventy-two real phase dependent coordinates makes it possible
to obtain the block diagonalized real phase dependent dynamical matrix so that,

for each 50 value, the following set of 9 x 9 submatrices ig obtained:

72 Real

2
N 31 . (5.16)

The primed matrices are those which have coordinates antisymmetric to Oy.

The real symmetry coordinates which make this factorization possible are:

sihil(s ) - V2 nz [(-1)"] saS_ cos nd¢

1 c fmn
fmn
Y, : . .
SgAl/(BC) SENE) lei) [(~1)mn] ap§ . cos ndg,
J
lmn
A \ ' c .
S% 1>(6C) V2 leij ey $in ndg
fmn
(A.) fr aynq a1
Sy L (8. = N2 (=1 o ‘ o}
N (%) J: yl [(-1)"] Aal%n cos no,
Imn
H

m+n

52 1)(8,) = V2 r,}j (-] abyt cos nd,



[€2]
O™
>4
—
p—
—
(o4
(@]
—
H

H
J2 nz Acﬂr]r_m sin nd,

fmn
A \ " 2
S( 1)(60) = A2 nz’ [(-1)"] safl” cos nd
7 Imn ¢
Imn
0 2
A +n-
Sé l)(SC) = 2 nZ [(~1)™1] Ablgmn cos nd,
Imn
AL, W :
3(9 L7(8s) = J2 nz be, o sin nd, . (5.17)
mn

The terms shown in brackets [] are diagonal elements of [U(Al> (+) Ymn, where:

= Imn

s1)(s) - e ) i) (e x

a3 described in chapter 3.

The A, species coordinates are:

\ m+n c
S%_AE)(SC) = 2 nZ(-«l) Aa‘lmn cos nd,
Imn
slho) sy = 2 VD) e 8
2~ \Te/ T N - gmn CO% %
Imn
A \ ' ,
8(5 2)(5C) = 2 nZ(-—l)m Acfmrl sin ndc,
fmn
(A,) ~ \" m+n |, HL
sy 2'(8,) = NE nZ(wl) ba,  COS nd,
Imn
(AQ> \' n Hl
85 = (8.) = J2 nZ(—l) B, - cos nd,
lmn
— 1
A~ . H .
8(6 :.‘)(BC) = W2 nZ(ml)m ACypn Sin O,
Imn
— )
VAL + H
;-:x(? c)(BC) = 2 nZ (-1)mH bagyy cos nd,
Imn
(Aﬂ) \ an. H2
svi2/(8.) = V2 1) A 5
8 ( c) T]Z (-1) blmn cos no,
Imn
(AQ) , N m 2
ol o N H.— .
Sg “ (8,) = N2 nZJ (-1) Ac,  sin nd, (5.18)

Imn ,
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The Ai and Aé symmetry coordinates, which are antisymmetric to the Qh
mirror, are cbtained from Egs. (5.17) and (5.18) by simply replacing cos nd,

by sin nd, and by replacing sin nd, by - cos nd,.

E. PHASE DEPENDENT DYNAMICAL MATRICES

The transformation of the cartesian coordinate force constant matrix,:é,
to real space group symmetry coordinates results in a block diagonal matrix for
each SC value as shown in the previous section. According to Eq. (3.42), a

given (9 x 9)‘A1 species block is obtained from:

(A1)0,0,0 U(AgOOC; A(Al)g§é' . Eé)))@ By
4 (®Jo,o,0 apya gyt = o CToBy 7 A="el/000
}(é\\) 000 A Al) 000 U(A%OOO
= \6(_') = Q' =0, 1 1 = ( C)Oé'B' '
OéBy;Oﬁ‘f:“y' Oﬁe')’ )5 'B;)"?’ Y
A)0Q0 . 0,0,0
- ) g0 Ak s )0 (59)
Oﬂ”B"’y” ap c OO')’ B 4 0,0,'y +y
since:
(X” _ (.X' - a
" = B - B
" .
A A
and:
0.0,0 _ 49,0,0
:(X” +OC,6” + B,v 711 + y :O_«;O,)’” + y

which is real and independent of o' + o and B" + B for g, = q, = 0.
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As in the single-chain polyethylene analysis, the matrix elements of a

0,0 .
o n matrix are multiplied by a sum of terms as shown below, since

By

the transformation submatrix is:

) 0
given éjﬁ

S 1) cosyd,
S Al) cosyd,
A) .

1 sinyd.
Al) cosyd,
(4,)000

(50) = ()2 g

l) cosyd
00y N gpbe ? ¢

siny®,
cosyd,

cosyd,

iny®
c ¢ HL H1 H1 2 Hp St %
Aa AD Ac Aa Ab Ac ba Ab Ac
00y OOy 0G0y 00y 0057 00y 00y 00y Q0y

(5.20)

Recall that the (-1)® or (-1)""" terms in the symmetry coordinates are
introduced into the analysis by selecting coordinate systems for the different
CH2 units appropriately as shown in Fig. 5.1. This is effectively accomplished
by changing the signs of E' matrix elements in a corresponding manner to obtain

the E's matrix elements.

According to Eq. (5.19) and (5.20), a matrix element in a given row and

000

column of éj” n n i1s multiplied by a factor shown below:

By
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Column of AOHOBI(?
= 1,2,L|-,5,7, J = 5)6)9
. 1 1
i = 1,2,4,5,7,8 ﬁ_z cosyd, cos(y+y")d, N——Zcosyﬁc sin(y+y")3,
Row of y ¢ ¥
0,0,0
:auBn 1 1 1 . . 1
i = 3,6,9 T/ siny®, cos(y+y")0, TS/ slnyﬁc sin(y+y" )%,
Y 7

Although the row-column indices here are different than in the single-chain

polyethylene case, the sums are nearly the same and the results for the factors

are:
Column
Jj = 1,2,4,5,7,8 J = 5)6)9
i = 1.2,4,5,7,8 cos y Oc sin y O,
Row
i = 3.6,9 ~sin y"®, cos 7" 9
Therefore the matrix elements of A(5 ) required to obtain the dynamical sub-
(A,
matrix, Gl/o Awl)O 0,0 Gl/2 C_( ), are:
0,0,0 = .
i =1J1,2,45,7,8
i = 11245,7,8
(4y) o (ay)
- o) i = 5;6;9
(:. é88)1;J % (é ggg)i) €08 7% for J = 5;6:9
Q.
’ (5.21)
A =
(A( 872)0)1 j oo Z (A(A %O) sin ¥y  ; for < ”{]%32:”:5:7:8
= P = = 4
000 & e b J 5,6:9  (5.22)
A A =
(A( éég)l = ~(é( c))o) sin y8, ; for {5’6’9
2d ics! By 2 i o= 11,2,45,7,8
(5.23)

As was true for the single chain, the A; and A'l species (9 x 9) blocks are

identical and the A2 and A'2 species (9 X 9) blocks are identical. As was also
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true for the single chain, B speciles blocks differ from the A species blocks
only in the factor cos yn. Therefore only two (9 x 9) matrices need be obtained
(Al and A, species) for each &, value. By again allowing 3, to take on values,

n/2 < 50 < m, the By and By species frequency solutions are obtained.

¥, DISPERSION CURVES AND POLARIZATION VECTORS
Only the low frequency solutions for normal crystalline polyethylene are

displayed in Fig. 5.4 as a function of the phase shift, ©,, between adjacent

c?
chemical repeat units. The corresponding dispersion relations for deuterated
polyethylene are given in Fig. 5.5.

The higher frequency solutions which were obtained differ in no essential
respect from the published results,59’uo

In Figs. 5.6 and 5.7 the squares of the hydrogen and carbon polarization

vectors for normal crystalline polyethylene are plotted vs. d, for the v9 and v5

branches. For these curves:

2 2
YTHL 4 oPHL - 720 4 Ppp
(Ho)® = L) a2 b
2 2 2
Hy? 1.2 2
(7e) = = (7GHL + yghz)
2 1 2 2
(ygb) =5 {(yv¢" + xg }
o 2
Chz C
(ro) = :YC

In addition, the polarization vectors for deuterated crystalline polyethylene
are displayed wvs. éc in the Appendix.
It is important to point out that the required normalization for the

polarization vectors, which is indicated in Eq. (2,5), is such that the sum
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on s 1s taken over gll atoms in a unit cell. However, in the computer cal-
culations the eigenvector solutions to the equations of motion are obtained from
the (9 x 9) Al and A2 species and the Bl and B2 specles dynamical matrices. For
each of these four dynamical matrices the eigenvectors are normalized to unity.
Instead of obtaining the eigenvectors from one 36 x 36 matrix at each g value so
that the total sum of squares for 36 polarization vectors is 1, the sum of squares
from four nine component vectors is 4 at each g value. Therefore, the computed
polarization vectors shown in the Appendix for deuterated crystalline polyethylene
must be adjusted by a factor of l/h to obtain the desired normalization. The
polarization vectors shown in Figs. 5.6 and 5.7 are already renormalized

in this way.

G. ONE-PHONON FREQUENCY FUNCTIONS

The transverse and longitudinal one-phonon hydrogen frequency functions
arc shown in Figs. 5.8 and 5.9 , respectively, for normal crystalline poly-
etnylene. In Figs. 5.10 and 5.11 , the transverse and longitudinal G-functions
are shown for a deuterium atom in deuterated crystalline polyethylene. The
"incoherent approximation” is invoked in plotting the frequency functions for
deuterated polyethylene in this way, since (CDE)n scatters neutrons primarily
in coherent events. In addition to the arguments presented in Chapter 2 to
Justify this approximation, this approach is further justified by the very close

similarity between experimental frequency spectra obtained for normal and deuterate.

polyethylene°9
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H. TWO-PHONO. FREQUENCY FUNCTIONS

The tempercture dependent two-phonon transversc and longitudinal hydrogen
frequency functions for normal crystalline poly.thylene are shown in Figs. 5.12.
and 5.13 , respectively. Only the energy range from zero to O.l ev is shown.

II

These functions arc obtained from the relations fou G%I(e) and G7 (e) in Eq.

(2.59).

I. DIRECTIONAL DEBYE-WALZtR FACTORS AND WEIGHTED FREqULNCY FUNCTIONS

The tronsverse and lorgitudinal Debye=Waller coefficients ere first cal-
culated using Egs. (2.545) and (2.25), respectively. In those calculations,
the frequency spectra are given a quadratic frequency Gepercence below .006 eV,
in accord with specific hcat requirements5o and ii. order to gucrantee a finite
Debye=Waller cozfficient and ..on-zero cross-sectior.. Trc normal polyethylene
results for QW/KE , on tke tcmperature range from 0°K to 600°K, are shown in
Fig. 5.1k.

For the specicl case when neutrons are scattered thrcugh 20° with =n initial
and final neutron er.rgy of .030 eV, the transverse ard longitudinal Debye=-Waller
factors for normal polyethylenc are as shown in Fig. 5.15 , for the same tempera-
ture range. The ratios of e”awL/eQEWT are given in Fig. .16 . Lli.sc are the
calculated ratios between the longitudinal and transversc elastic peat magnitudes,
each of which is giver by Eq. (2.19).

The relative macnitudes of the transverse one- and two=-phonon contributions,
as a function of tempcrature, are seen quite clearly in I'ig. 5.17 . At tne

higher temperatures, for example, the height of the .022 eV peax relative to
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the two-phonon .O4L eV peak is decreased considerably.

The longitudinal Debye-Waller weighted one-~ and two-phonon frequency functions
are shown in Fig. 5.18 . The scale of Fig. 5.18 is expanded relative to that
used for the transverse functions in Fig. 5.17, yet the temperature variations
are less dramatic.

For deuterated polyethylene, the Debye-Waller coefficients at 93°K are

calculated to be:

02
20 /67 = 0166 A

02
2Wp/k> = L0206 A :

°n
oWy /62 0205 A~
oW, /K~ 025% A=
2Wp 253 ,

The cne- and two-phonon directional frequency functicns for deuterated
crystalline polyethylene are shown in Figs. 5.19 and 5.20. These functions
are also weighted by the Debye-Waller factors, which are calculated for

Ef = ,0%0 ev. and QS = /2.
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Fig. 5.19. Sum of transverse one- and two-phonon frequency functions
for deutersted crystalline polyethylene weighted by the Debye-Waller
factor (Ef = .030 eV; 6, = n/2, T = 93°K).
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deuterated crystalline polyethylene weighted by the Debye-Waller factor
(Ep = .030 eV; 64 = n/2, T = 93°K).



CHAPTER 6

POLYVINYLCHLORIDE

A. MOLECULAR STRUCTURE AND COORDINATES

The crystalline polyvinylchloride chain consists of (CH2CHCL) units joined
to form a planar zig-zag structure with chlorine atoms in adjacent repeat units
located on opposite sides of this plane.m*’u5 This syndiotactic conformation
requires two chemical repeat units along the chain direction per unit cell, as

shown in Fig. 6.1.

Unit Cell

Fig. 6.1. Syndiotactic polyvinylchloride chain
structure and internal coordinates.

108
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Polyvinylchloride crystallizes with orthorhombic unit cells of dimension
a =10.6 + .1i and b = 5.4 + .lﬁ, each containing 4 molecular chains. 46  How-
ever this analysis considers only an isolated chain, on the assumption that the
intermolecular forces are significantly weaker than the intramolecular forces.

L6

The unit cell dimension along the chain is ¢ = 5.l§ and the interatomic bond

lengths and angles are as given in Table X.

TABLE X

POLYVINYICHLORIDE REPEAT UNIT DIMENSIONS™D

T o = 1.0934
T = 1.54A
rC-CL; = 1.798A
Angles = 109° 28'

These are the same as Schachtschneider and Snyders' polyethylene dimension528
except for the carbon-chlorine bond distance. Using Opaskar's notation, the

internal coordinates for each chemical repeat unit are described in Table XI.

One of the 20 x 18 submatrices of the partitioned ES matrix is shown in
Eq. (6.1).

Only the row and column labels are shown, to ald in interpreting the computer
output matrices in which the actual ES matrix elements are displayed. These
matrices are given in the Appendix. The calculation of these elements proceeds
as described previously, using B® =B U (iﬂ‘ where in this case the equivalent
alternating cartesian coordinate systems are as shown in Fig. 6.2. DNotice that

these are not right-handed systems.
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TABLE XTI

POLYVINYLCHLOKRIDE CHEMICAL REPEAT UNIT INLIERNAL CUOXUIMATES

Ry Cln - C2n Stretel:
a1 ¢l, - Ciy Strateh
I‘5 ?ln - HBn | ?trftuH
wy a1 - C1, - C2, send
°1 3 = Cln - Cln L-1d
= CL, - Ci, - 02n=1 k_na
by H3, - Cl -C2 B.nd
=, Cﬂn - Cln - CEn Eaur?
o5 B3, = Cly - €2 F nd
T CLy, - CEn rorsicr
32 v, = Clpyy Stretch
T u2n - Hln tretel
ro ey = H2r Strotcl:
> ¢L, -C2, - Cl Serd
8, N, - 02, - H2, Dend
71 Cln - C2n - Hln Bend
12 Clu - C2n - H2n Bend
7' Cl,+1 - C2y - H1, Rend
7'o Cip+y - C2, = H2p Zind

T C2., = Clp lorsion
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Cl (1 ,Cl .C1 .Cy 3 G5 402 L2 ,C2 HL Hl Ml H2 H2 _mp
Kol Yoi1 Zoey Xph n+lZn+l XH n+1 2031 Xur1 Yor1 Zov1 Xnv1 Yon Zng X ni1 Zn+1“

A;ég = En, n+l

ATE
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Hln+l
H2n+1
n+1
H2n
Hl,
X n
Hln_l
Hgn-l
n-1

Fig. 6.2. Polyvinylchloride repeat unit coordinate systems.

As was true also in the polyethylene calculations, the torsion coordinate:26’27

AT AT

i/9

i gl

is used:



B. INTRAMOLECULAR FORCE CONSTAN.'S

With the exception of the diagonal torsion fowrce constant, all internal
coordinate constants are taken from Opaskar's work°“5 His set of force constants
is a modified version of Schachtschneicer an? sSnyders' coupilation for the
saturatzd hydrocarbons, containing in aadition s.v.ral ncwly determined force
constants.

The diagonal torsion force constant, F_ = Q0 mayna =z/rad2, has also been
included in this aralysis. This value is closci. after assuming that the torsion
force constant for polyvinylchloride should not b. gicatly difforent from that
of polyctiylene.

The arrays of internsl coordinate force constant matrix eloments are given
in the Apoendix. One of these submatrices is labellod F2, which is go,f , Tor
forces on the zerocth chemical roepeat unit from internal coordinate displacements

in unit /-1). The other submatrix is labelled F3, which is for forces on

ioo)

v

atoms in the zerocth chemical repecat unit froa displaccuments of atoms in tnis

unit. Of course, forces on thc zeroeth unit due to displacements in urit (+l)
A _

arc given by F T Displacemecnts of atoms in cclls beyoud n = +1 arc assum d in
=V

this 1aodel to produce zero forece on atoms in the zerocto unit,

For each chemical repeat unit (GHEChCZ) ccertaining six atous, a 20 x 20
internual coordinat. force constant submatrix is utilizcd, with row and coluan
labels for the internal coordirates as indicat.d in Eg. (G.3).

The cartesian force constant matrices ar. obtaincd by again using Eg.

(3.51), which is:
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oW
_ S

éO,m - Z (—B'-O,OC) EO,y -lé-o,m-y-a .
a,y

The limits on the indices is this case however are:

Only the A and A. T

2.0 A, 7 submatrices must be determined, since all others
=0, =0,

are then known from:

~
Bo,m = 4o,m
and:
én,m - éo,m-n
C.

LINE GROUP SYMMETRY ANALYSIS

The extended syndiotactic polyvinylchloride chain has one-dimensional space

group Co. symmetry.lm There are four elements in the group as shown in Fig. 6.3.

These operations are described in Table XII.

C1
H
5 H
v C C2
H
ol
H
oy, C l
c4
H
A
H

Fig. 6.3. Single-chain polyvinylchloride symmetry operations.
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(6.3)
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TAPLE XIT

POLYVINYICHIORIDE LINE GROUP SYMu/ilY Lo EITS

Elemeit Degceriptiorn
T, pure translation along the ceain exis of
magnitude nc.
C twofold rotation about an axis tirough o ChHs, urit
2 S 2 ’
perpendicular to the chnin axis.
Ty mirror reflection in the skelctal plaze Jollowed by a
. . . - / .
fractional translation of magnituc. ¢,2 along the chain.
/ =)
% mirrcr reflection in the hori:zontal Hlane tarough e HSC

group.

Only the operations Tn and E} leave the mognitude i Zivoction of I
wichunged in reciprocal space. The operations Cp arnd 4 tail: +ge 1nto =q.
Since the dispersicn curves are symmetric about 3§ = 0, *¥.os. tlem.nts could
also be used in writing symmetry coordinates for block .I: goielizilg the dynamical
matrices. However only tho {qc} star group elemerts are uscd hore since the
correct oricntations for the repeat unit cartusian cooriirat. srstens are J4a-
pencert upon having subgroup cleuwerts which sai. the cocrcin vt syst.om oi oie

repeat unit into thlat of the wliiacent unit so tuat:

L.,
=1, C

as requirs=d.
The maltiplication table for thls sul group of the s»ace [roan is voug

gixple. It is:
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TABLE XIII

C2v STAR LINE GROUP MUITIPLICATION TABLE

Oy
Ty

al
al HH

There are two irreducible representations, one of which is symmetric to
the glide operation, 0, and one of which is anti-symmetric to 6;1 These are
respectively labelled the A and B species. The character table for the {qc}

star group is given in Table XIV.

TABLE XIV

02V STAR LINE GROUP CHARACTER TABLE

T Ty
A 1 eiqc/2
B 1 —eige/2

Note that the above species notation differs from that of Opaskar, where
the A species in his work is symmetric to the C, operation and the B species is

anti-symmetric to C2. Each irreducible representation appears 18 times in the

reducible representation since:

7)) = %sz §(7)(R) X(R)

R

and:

n(8) = 1/o(1x 36 + e19¢/2 x 0} - 18

B) - 1/2(1x 36 -e19/2 50} = 18 .
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As a consequence, there are 18 cartesian symmetry coordinates for each species.

D. CARIESIAN SYMMETRY COORDINATES

The 10 components of the cartesian symmetry coordinate vector:

for the yth irreducible rcpresentation, are obtained from:

S 2 Y )

1 L) 1
R
Th. results are stown in Eg. (6.4) for the A species, where n = l/(BNC)lfeg
2N-1
(a) _ ;ﬂ ind_ Cl
Sl : n /. e d AXL
=0
S (4) = 7 }: (-1)% ¢ind, AYCl
2 n
n
A \' ind Cl
55( ) = % AZ.
n
5,(8) = X S ok
n
N \ .
s (&) - 4 2 (-1)n e1n% pyC1
> ) n
n
/ AN
s () = ) eind Yg
Y:]
() _ \' in®  _H3
87 = }J e ¢ AXn
n
y \ n ips
sa(A) = Z(-l) 0 AYI}I?
n
s (b)) = \" ind , H3
9 ) 1 e c AZn

:3._.
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}_J
o)
o4
=
Q
o

1 - ¢
g (&) . ind, ,,C2
10 n e c AZn

(A) - ind H1
815 T] (S C AXI’I

ind H1
e c AYn

E
<

SlB(A) = 7 eiHSC Azgl
(A ind H2
S1¢ ) . 1 e e &
SIY(A) = 1 (_l)n eil’lgc AYH2
n
n
2N-1
n=0

for d, = qC/2.

For the B species, each term in the above coordinates is multiplied by

Unlike the case for polyethylene, for which real symmetry coordinates could
be written’! due to the combined presence of the Eé symmetry operation and an
operation which takes +q into -q,, this is not possible for polyvinylchloride.
The line group for PVC does not include the Eé operation. This is evident from
the fact that the molecule has a front and a back, which are defined by the

positions of the chlorine atoms.
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E. PHASE DEPENDENT DYNAMICAL MATRICES
The A and B species symmetry coordinates make it possible to block diagonalize
the dynamical matrix C to obtain CS. There are N/2 (18 x 18) A species blocks
for the N/2 values of 8, where 0 < 8. < /2 and there are N/2 (18 x 18) B species
blocks for the N/2 values of &, where n/2 < 8¢ < n. The N(18 x 18)A and B species
blocks for -r £ & < O are identical to the N blocks for 0 < 8¢ < x. However,
in this case, all 18 x 18 phase dependent dynamical submatrices are complex valued.
To obtain real matrices in this case, the complex dynamical matrix equation,
ESECS = LCSQ’ is first rewritten in row eigenvector form since the computer
programs used for these calculations supply a row eigenvector for each branch j

rather than a column eigenvector. It is then partitioned into real and imaginary

submatrices. The complex matrix equation is then:

R

Na N,
It = Al (6.5)
The jth row is:
~rI NS 2 A8
. C° = ] (6.6)
A i X3
which in real form is:
s | ~s g
I ~s lhﬁ = 3 ZRI 21
-‘CI lCR
~ s ™S
S _ A8 _ _
where gR = gR and 91 gI'

Therefore the real dynamical matrix is a symmetric matrix.

From Eq. (6.7),
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and:

M5 TS LIS ES L o s
ZrsR R Y 7 %521
which added together becomes:
~ LV ~ NN
S.:.8S\nS s (S5, 8
<1R+IZI)QR + I(ZR+IZI)§IS =
or
~ ~ ~ ~ > ~
S+i~+S)(CS+icS) = (S
(rizf)(ericy) = oy

This agrees with Eq. (6.6), as required.

The preceding arguments, in terms of CS, are extended to obtain the real

(36 x 3%6) submatrix é(A) (%a)-

,0

complex matrix:

_ (A (A) 5 y*
éé?%(SC) - E: EO,£63) éO,y gO,yigc)

Q,y

since:

The complex transformation matrix is:

cos B¢ + 1 sin de

18

18

For a diagonal block, Eq. (3.42) leads to the

C

cos b, + i sin ad,

(6.10)
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so that elements in a given AO y matrix are multiplied by a factor:
-

2N-1
. -
= > [cos a® + 1 sin ad.1{cos (O+y)& = 1 sin(a+y)8] (6.11)
20 Lo
=0
which i.:
2N=-1
o
N / tcos a8 cos (0+y)d + sin ad sin (a+y)8] + i(sin ad cos (Q+y)d-cosadsin(a+v)d]
e
(6.12)
LT
2N-1
L [cos y® - i sin yD] 6.13;
5t Z Y 701 (6.13;
=0
whicn bocomes:
L x 2N [cos 78 - i sin y8¢] (6.1L4)
2N
80 Thut:
ééT%(Sc) = 21} [cos ¥® - i sin 78] éO,y .6.15)
Y
= é0,0 + éO,l (cos ® - i sin B) + éo)i(cos & + i sin d)
(6.106)
walc' is:
_ — . —_ - '] 13 NS
fo,0(%) = oo * [ho ) * 80 T)cos Bc + 1[4y 7 - gg ;] sin O]
(6.17)

l-en th- .xpanded rezl matrix is:
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+ —_ o) _ _ . 6
A(A)(6 ) éo.:o[éo,l éo,l](}os c [‘éo’léo’l]s‘ln c (6 8)
) . 1 ' - 1
00 \[éo,l'éo,1331n Sc léofo[éo,l+éo,1]cos Bc

The real dynamical submatrix CS (5C) is obtained finally from Eq. (3.41) where

20,0

the intermolecular A'(%.) matrix is a zero matrix.

F. DISPERSION CURVES AND POLARIZATION VECTORS

The frequency solutions for the isolated syndiotactic polyvinylchloride
chain, obtained in this study, are displayed in Fig. 6.4. (See also
Ref. 45.) Due to the (36 x 36) expanded real form of the dynamical matrix
equation, 18 degenerate pairs of frequency solutions are obtained at each 6c
value .

The squares of the real and imaginary components of the complex eigenvectors,
as indicated in Eq. (6.7), are combined to yield the squared polarization
vectors, which are given in the Appendix as a function of dc. Note that these
vector terms are squared values unlike the case for deuterated crystalline

polyethylene where the polarization vectors themselves are shown.

G. ONE-PHONON FREQUENCY FUNCTIONS

The directional amplitude weighted frequency functions for polyvinylchloride
are given in Figs. 6.5 to 6.12. The labelling of the atoms, H, B, CL, Hz, C,
02, matches that shown in Figs. 6.1 and 6.2. These spectra are also given
the quadratic frequency dependence below .006 eV, in order to calculate the

Debye-Waller coefficients.
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H. DIRECTIONAL DEBYE-WALLER COEFFICIENTS
The values of the hydrogen atom Debye-Waller coefficients for poly-

vinylchloride are obtained from Egs. (2.45) and (2.25) using the frequency

functions in Figs. 6.5 to 6.9. The results are shown in Table XV.

TABLE XV

POLYVINYLCHLORIDE DIRECTIONAL DEBYE-WALLER COEFFICIENTS

Transverse Longitudinal
1 H2 o 1 2 0
2wé7,€2 or H2) | g3sk2 2W£7K2 or BS) _ opf2
) 0 p)
— 2 _ 9
2W¥/K2 = .0224 W/ 2 = .022A°

Approximately 50% of the values for the transverse coefficients and 10%
of the values for the longitudinal coefficients are contributed by modes below

.006 eV.



CHAPTER 7

POLYTETRAF LUOROETHYLENL

As mentioned in chapter I, the modest goal for this material is to simply
obtain the dispersion curves. This is only one step ieyond the results of
Krimm and LianguT in that the same planar approximstion Is made for the true
helical structure and the same diagonal force coustarts are utilized. However,
it is felt that these approximate results might be uscetul to experimentalists
attempting to meacure the actual dispersion curve ircquencics by ccherent neutron
scattering technigues. A more realistic calculatior will b= reyulred when
experimental data become available.

In this first approximation, since intermolecular forces arc relatively
weak, a single chain calculation is performed. The further assumption
that the helical configuration may be replaced by a planar zig=-zag structure
is also made., Since the rotation angle about the chain axis between any two
adjacent CFo chemical repeat units is 145t/13 and it may be assumed also that
the intermolecular forces are not long range forces, this is a reasonable
first approach for obtaining the dispersion curves.

For the more complete details, one should consult Ref. L7. Only the

essentigl points are reviewed here.

A, MOLECULAR STRUCTURE AND COORDINATES
The unit cell for polytetrafluorcethylene has been reported by Bunn and
HowellsLL8 to be pseudo-hexagonal below 19°C and hexagonal above this temperature.

There is one helical chain per unit cell, which contains 13 CFp groups below
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19°C and 15 CF2 groups above this temperature.

In the planar approximation, the problem becomes identical to that for
single-chain polyethylene, except for the magnitudes of the molecular dimensions,
atomic masses, and force constants.

In this case, the chain dimensions are those given in Table XVI.

TABLE XVI

PLANAR TEFLION REPEAT UNIT DIMENSIONS

c = 2.51ﬁ
rop = 1.354
ro_. = Ll.54A
O ooe = 109° 28
Op_op = L09° 28
W_o_o 109° 28

The internal intramolecular coordinates used here match those for single-
chain polyethylene given in chapter 4, as do the repeat unit cartesian coordinate

systems.

B. INTRAMOLECULAR FORCE CONSTANTS

The force constants which are used in this calculation are the
diagonal terms in EO,O' (See Eq. (L4.3).) These are given in units of 107
dynes/cm or millidynes /E‘M7 However the B matrix elements used in this report18
require bending and torsion force constants in units of millidyne -,&/ra,d.2
Therefore, the force constants used here are those given in Eq. (7.1), which

follows.
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Ar Ar AO 10 L
CcC ~C-F C-F CCC FCF CCF CCF CCF CCF

AI‘C "F 5 ’57

Arp _p 557

e .685

AQ, 1.80k4
=0,0

ey 1.295

AxéCF 1.29

Iy

AT L__ O.éffj

(7.1)

where these vaiues are obtained from the published values as shown below.

foo = 3:46 millidyne/A
fap = 5.37 millidyne/&
Boce * rgc = 0.289 x (1.54)° = 0.685 millidyne -A

o]

1.804 millidyne -A

ﬁFCF X rop = 5,37 x (1.35)2

Prop X Top X Tog = 04623 x 1,35 x 1,54 = 1,295 millidyne -A
TX 18y = 0.026 x (1,54)° = 0,062 millidyne -A

It is interesting to observe that the torsion force constant which is
used here 1s nearly identical to that which was finaily used for the crystal-
line polyethylene torsion force constant (0.06) in order to match experimental

results for the polyethylene torsion frequency.
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The cartesian force constant matrices, which are not diagonal, are then

obtained by using Eq. (3.48). Since only F, o is nonzero:
J

S S
F B .
=O,m. )0,0 =O)O =O;m

oS
I
Tookd

C. DISPERSION CURVES

The frequency solutions to the dynamical matrix equation for polytetrafluoro-

ethylene are displayed in Fig. 7.1.
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CHAPTER 8

CONCLUSIONS AND DISCUSSION

In this work, the directional frequency functions for normal and deuterated
polyethylene, and polyvinylchloride have been calculated and used to obtain the
directional Debye-Waller coefficients. For a third polymer, polytetrafluoro-
ethylene (Teflon), the dispersion curves have been obtained using a planar ap-
proximation for the true helical molecular structure. In these analyses, the
incoherent approximation has been used for the coherent scattering cross-sections
of deuterated polyethylene and polyvinylchloride.

To obtain the dynamical matrix equations for the frequencies and cartesian
polarization vectors, force constant matrices in internal coordinates were first
transformed to a cartesian coordinate system and then to a system of cartesian
symmetry coordinates.

The polyethylene calculations were first performed for an isolated molecule
and then extended to a lattice of such molecules, where intermolecular forces

and space group symmetry were considered.

A. POLYETHYLENE

The low frequency dispersion curves shown in Figs. 5.4 and 5.5 for crystal-
line normal and deuterated polyethylene both indicate a crossover between the
Vs and vy branches between 5C = 0 and 60 = ,1lx.

The finite number of frequency values in this 60 region are connected in

this way so that there are no discontinuities in the corresponding eigenvector
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solutions when plotted as functions of 5c. This polarization vector continuity
can be seen in Figs. 5.6 and 5.7, where the squares of the vector magnitudes
are plotted for the transverse and longitudinal directions. The requirement
that the flat dispersion curve branch near 150 cm—l for 60 < .lx be labelled
Vg is particularly evident in Fig. 5.7 where the carbon motions are shown. This
same requirement is seen in the vg and ng curves near 5c = .1lx, in Fig. 5.6.
Fig. 5.8, for the transverse one-phonon frequency function of crystalline
polyethylene shows great similarity with the corresponding single-chain function
in Fig. 4.8. Although the transverse single-chain calculation results in an
overestimation of the G-function values below .010 eV, the main features of
the spectrum are predicted as well in the single-chain anaylsis as in the
analysis for the crystalline lattice. This is not surprising since the inter-
molecular forces primarily affect the lower vibrational frequencies where
y < 200 cm"l. Therefore the transverse G-function obtained from the single-chain
analysis is quite satisfactory, except for use in calculations of the Debye-Wal-
ler coefficient, where the low frequency contributions are heavily weighted by
the cotgh (e/2kT) term as shown in Eq. (2.27). At higher temperatures, this
qualification is no longer necessary since the cotgh (€/2kT) term in the Debye-
Waller integrand gives increased weight to the higher frequency modes. The
same comments apply in comparing the single-chain longitudinal G-function in
Fig. 4.7 with the crystalline longitudinal function in Fig. 5.9. At liquid
nitrogen temperature approximately 10% of the longitudinal and transverse

Debye-Waller coefficients is contributed by modes below .006 eV. At this

temperature, modes below .080 eV provide approximately 40% of the contribution
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to 2Wy, and approximately 60% of the contribution to 2Wyp -

The two-phonon G-function values shown in Fig. 5.12 and 5.1% for crystal-
line polyethylene are not greatly changed by increasing the temperature from
2°K to 102°K. However, greater increases in temperature produce a relatively
greater increase in the calculated two-phonon contribution. This same tempera-
ture relationship is also seen in the Debye-Waller coefficients in Fig. 5.1k,
where there is little difference between the 0°K and 100°K coefficients but there
is a greater change withtemperature above 100°K. Since polyethylene becomes
increasingly amorphous above the glass transition temperature near LOO°K, the
results in Fig. 5.1k, 5.15, and 5.16 for temperatures above 4OO°K, are expected
to be only approximately correct. For example, the transverse coefficient in
Fig. 5.14 is probably less than the true value in the high temperature region
where "free" rotations of molecular segments occur. From Fig. 5.16, the ratio
between the elastic peak magnitudes for the longitudinal and transverse orienta-
tions is 1.16 at 100°K and 1.6L4 at room temperature, for a neutron energy of
Ei = .030 eV, and a scattering angle of Qs = /2.

The crystalline polyethylene, Debye-Waller factor weighted, one- and two-
phonon frequency spectra are shown in Figs. 5.17 and 5.18 for the various tempera-
tures from 2°K to 302°K. Due to the decrease of the Debye-Waller factors with
temperature as seen in Fig. 5.15, the one-phonon peak at .022 eV is depressed
with increasing temperature. This Debye-Waller temperature effect of course
also applies to the two-phonon contribution near .OLL eV, but this two-phonon
term is itself temperature dependent, increasing with temperature as seen in

Eq. (2.59) where B = l/kt. Therefore, the amplitudes of the one- and two-phonon
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peaks become more nearly alike at the higher temperatures. This relationship

can also be observed by comparing the room temperature neutron scattering measure-
ments of Donovanu’ll to the nitrogen temperature measurements of Myers5’l2 for
polycrystalline polyethylene.

The calculated normal polyethylene directional frequency functions are com-
pared to the experimental frequency functions in Figs. 8.1, 8.2, and 8.3 which
follow. These functions show qualitative agreement only.

Several features in the above G-functions do show reasonable similarity
however. From the data, note: (a) the peak near .024 eV, and (b) the shoulder
at about .0Ll7 eV, (c) the broad maximum near .O4O eV, and (d) the very broad
peak near .065 eV in Fig. 8.2. These events correlate well with known features
in the calculations. Relative to the above data these are, respectively:

(a) the (v9) maximum frequency cutoff [the (v5) intercept, v;(O), occurs very
near this cutoff and would not be experimentally resolved], (b) one of the
intercepts at O or n phase angle for the crystalline mode vg, most probably
V;(O) from the relative response of longitudinal and transverse magnitudes,

(c) the broad two-phonon maximum near .0k eV, which correlates approximately
with the experimental choice of .040 eV, and (d) the frequency limits for both
crystalline branches of Vs which occur indistinguishably close together at
.068 eV in the longitudinal data. With regard to (d), no attempt has been

made to adjust the internal coordinate intramolecular force constant528 to
effect a better match with the experimental choice of .C65 eV. In addition to
these events, the results give some evidence to confirm the calculated dis-

continuities near .0l% eV, associated with vb(n), and near .009 eV, associated

5

with v;'(n) .
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It may be said that the agreement between the calculated and experimental
results in Figs. 8.1 to 8.3 is as good as should be expected at this stage of
refinement. The theoretical analysis is of course based on an idealized model
for polyethylene, i.e., a perfect, harmonic crystal. The forces, particularly
the torsional forces, are not harmonic and the carbou chains do exhibit tolding.
Some work has been done on the latter effect,u9 but little has been done oun
anharmonic effects and these should be particularly significant for the torsicnal
modes below .025 eV. ZFinally, the phonon wave vector has been restricted in
the calculation to lie along the chaln axis. This epproximation should be

evaluated.

B. POLYVINYLCHLORIDE

In Fig. 6,4, the dispersion curves for polyviny.chloride are shown.
Except for the addition of the two lower frequency tcrsion branches V17 and
V18 and the crossover shown for the le and Vi) branches near 6c = L40°, these
results match Opaskar's quite wel.;‘_au5 An interesting point is that the intro-
duction of the two torsion force constants of 0.05 mdync ~ﬁ/rad2y vhich were
not included in Opaskar's analysis, causcs the V15 and vyg branches to now
have nonzero frequencies of 91 em™t and b1 cm”l, respoctively, at 8, = O.

The le(O) and V17<ﬂ) frequencies should be exactly zero but are not due
to a slight discrepancy in obtalning the cartesian coordinate force constants,
when double-precision matrix multiplication methods aure not utilized in the
interest of saving computer time. This discrepancy, which is not important,

results in a small nonzero force on an atom and a small nonzero frequency for

a pure translation or rotation of the entire molecule. The comparison of the
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calculated polyvinylchloride frequency functions with measured values must swait

the results of experiments which are now in progress.

C. POLYTETRAFLUCROETHYLENE
Bach branch of the Teflon dispersion curves in Fig. 7.1 is labeled ac-

cording to the direction of motion of the modes relative to the chzin axis.
For example, the branches fur 0 < & < n/2 include three longitudinelly
polarized and 6 transversely polarized branches. The branch labels referrved
to, for identification purposes only, are those of the C(llr/13) helical cuein

: . . SR Ty ¢ S : . . .
modes described by Lieng end Krimm. ! A more realistic calculation, in which
the actual helical structure snd a more complete force field are ircluded, is

certainly desirable before an attempt is made to calcula®te the G-functiois.
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APPENDIX

I. POLYETHYLENE

Intramolecular Internal Coordinate to Cartesian Coordinate
Transformation Submatrices, gi m» Tor Chain-Oriented Coordinate
Systems. ’

The row and column labels are given in Eq. (4.1), page 39
of the text.

Internal Coordinate Intramolecular Force Constant Sub-
matrices, En n
The row and column labels are given in Eq. (L4.3), page 4l

of the text.

Intramolecular Internal Coordinate to Cartesian Coordinate
Transformation Submatrices, Bi m’ for Crystal-Oriented Coordinate

=
Cystems.

Teuterated Crystalline Polyethylene Frequency ard Polari-
zatior Vector Solutions.

The phase angle varies from &, = O to = in increments of
7/10.

The eigenvector components, for crystal-oriented carte-
»ian coordinate systems, are displayed beneath each frequency
colution. The j indices label dispersion curve branches.

The format for the eigenvector components matches that
used in Zg. (5.20), page 85 of the text, for the matrix col-
umns.

Frequencies are given in units of em™t

152

Page

153

154

155

156-166



~.000000
-.000000
-.000000
-.512474
-.000000

$266172

«266172
-.000000
-.000000

.000000

556179
~+573572
=.573572
1.024948
1.474659
-.088674
-.088674
-.088674
-.088674

-NON000

« 559179
-.+000000
-.000000
-e512474
-.000000
-.000000
-.000000

266172

266172

-.000000

.000000
« 000000
. 000000
+000000
000000
000000
.000000
. 000000
. 000000

000000

-.000000
-.000000
-.000000

.0000C0
-.000000
-« 563082

563082
-.000000
-. (00000

—.225321

000000
R191858
~.81G6155
000000
-.000000
-.826297
826207
- 826297
826297

D9RBLT

000000
-+ 000000
-.000000

. 000000
-.000000
-.000000
-.000000
-+563082

563052

-.098867

. 000000
000000
000000
.000000
.000000
.000000
.000000
000000
000000

«225331

.000000
+£00000
000000
-.279961
.000000
.189920
«189920
000000
. 000000

-.000000

-.R229047
. 000000
000000

-.000000
.000000

-.989270

-.989270
988270
989270

. 000000

«829047
000000
.000000
«379961
000000
000000
000000
-.189920
-.189920

. 000000

« 000000
000000
000000
.000000
000000
.000000
000000
. 000000
.000000

» 000000
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B2 SUBMATRIX

-.0C0000

-.000000

-.000000

-.000000

-.000000

-.000000

+000000

-.000000

-.300000

-.000000

-.000000

-.000000

-.000000

-.000000

-.000000

~-.000000

-.000000

=.000000

-.000000

-.000000

B3 SUBMATRIX

000000
«573572
000000
000000
-.737329
354845
000000
354846
. 000000

-.231504

000000

~.819155

000000

000000

-.526598

263215

.000000

263215

.000000

-+162099

84 SUBMATRIX

~.000000  -.000000
-.000000  -.000000
-.000000  -.000000
-.000000  -.000000
-.000000  -.000000
-.000000  -.000000
-.000000  -.000000
~.000000  -.000000
-.000000  -.000000
231504 162099
85 SUBMATRIX
.000000 000000
000000 .000000
000000 .000000
000000 .000000
.000000 .000000
000000 000000
.000000 .000000
.000000 .000000
.000000 .000000
.000000 .000000

S
B _
= 0,L

+«000000
. 000000
000000
000000
.000000
«000000
.000000
000000
000000

. 000000
A
= go°

.000000

.000000
000000

000000

+000000
799350
.000000
-.799350
000000

-.156146
5
;ésart

.000000
» 000000
000000
«000000
000000
000000
.000000
000000
.000000

-¢156146

3
;;152

000000
.000000
000000
000000
«000000
+000000
000000
000000
+000000

. 000000

~.000000
~.000000
~-.000000
-.000000
-.000000
-.000000
-.000000
-.000000
-.000000

-.000000

. 000000
. 000000
«573572
. 000000
-.737329
. 000000
« 354846
+« 000000
«354846

.231504

~+ 000000
-.000000
-.000000
-.000000
-.000000
-+000000
-.000000
-.000000
-.000000

-+231504

+ 000000
. 000000
+ 000000
+000000
. 0000060
+000000
+000000
000000
+000000

« 000000

-.000000
-.000000
-.000000
-.000000
~+.000000
-.000000
-.000000
-.000000
-~.000000

-.000000

. 000000
.000000
.819155
. 000000
526598
.000000
-.263215
000000
—+263215

-.162099

-.000000
-.000000
-+ 000000
-.000000
-.000000
-.000000
~+000000
-.000000
-.000000

162099

« 000000
.000000
.000000
000000
. 000000
000000
« 000000
«000000
+000000

+000000

.000000
.000000
000000
000000
.000000
.000000
.000000
.000000
.000000

+000000

.000000
. 000000
.000000
000000
000000
000000
«799350
.000000
«799350

+156146

«000000
000000
.000000
.000000
+000000
.000000
+000000
. 000000
. 000000

156146

. 000000
« 000000
«000000
.000000
. 000000
.000000
000000
. 000000
«000000

+000000



000000
.000000
«.000000
000000
+000000
000000
«000000
-000000
000000

000000

064000
+000000
.000000
«351000
+.000000
+261000

+261000

.004000

004000

000000

4.427000

«000000

+000000

+351000

«000000

-.004000

-.004000

261000

261000

000000

.000000
.000000
000000
- 000000
000000
+000000
.000000
«000000
. 000000

000000

000000
. 000000
+ 000000
. 000000
.000000
- 000000
. 000000
.000000
.000000

000000

- 000000
4.546000
«016000
-000000
000000
000000
.000000
. 000000
- 000000

000000

.000000
«000000
000000
« 000000
000000
.000000
+.000000
000000
«000000

- 000000

000000
000000
000000
000000
000000
000000
000000
.000000
000000

.000000

. 000000
.016000
4.546000
000000
000000
.000000
.000000
.000000
« 000000

000000

F4 SUBMATRIX

. 000000
« 000000
+000000
« 000000
« 000000
. 000000
« 000000
. 000000
+ 000000

« 000000

.000000
000000
.000000
+000000
.000000
+000000
+ 000000
+000000
000000

. 000000

F2Z SUBMATRIX

. 000000
. 000000
. 000000
«093000
+ 000000
-.058000

058000

1

+ 000000

000000

000000

. 000000
000000
.000000
.000000
000000
.000000
.000000
«000000
000000

. 000000

F3 SUBMATRIX

351000
000000
.000000
+901000
000000
~.124000
-.124000
-.124000
-.124000

000000

.000000
« 000000
.000000
+ 000000
+550000
000000
. 000000
.000000
. 000000

+000000

54

=0z

)

+000000
«000000
.000000
+000000
+000000
+000000
000000
+000000
000000

000000

= P)J?

000000
000000
«000000
000000
000000
.002000
-.002000
-.001000
001000

000000

= o
_9'

-.004000
+000000
.000000

-.124000
.000000
666000

-+016000
.023000
.000000

+000000

000000
+000000
- 000000
+000000
-000000
+000000
«000000
- 000000
.000000

«000000

.000000
000000
-.000000
000000
+000000
-.002000
002000
001000
-.001000

000000

-+004000
000000
.000000

~+124000
-000000

-.016000
«666000
.000000
023000

000000

.000000
«000000
- 000000
000000
+000000
-«002000
-+003000
000000
.000000

000000

.000000
.000000
-000000
-.058000
+000000
106000
-+024000
+002000
- 002000

000000

+261000
«000000
« 000000
~+124000
000000
».023000
.000000
666000
-.016000

+000000

«000000
. 000000
+.000000
+000000
000000
-+003000
-. 002000
+000000
«000000

«.000000

000000
000000
.000000
-.058000
«000000
-.024000
106000
-.002000
.002000

«000000

« 261000
+000000
.000000
-+ 124000
000000
.000000
023000
~.016000
+666000

«000000

« 000000
. 000000
. 000000
000000
.000000
«000000
.000000
+000000
000000

.000000

000000
000000
.000000
.000000
-000000
.000000
000000
.000000
.000000

»000000

«000000
.000000
.000000
«000000
.000000
« 000000
«000000
.000000
.000000

107000
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B2 SUBMATRIX 56 -

= o).t
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 .000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 .000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 000000
-.362411  -.402488  -.364556  ~-.000000  -.000000 .000000  -.000000  -.000000 .000000
-.000000  -.000000 .000000  -.000000  ~.000000 .000000  -.000000  -.000000 .000000

.602325  -.162247 .191043  -.000000  -.000000 .000000  -.000000  -.000000 .000000
-.224334 582066 .191043  -.000000  -.000000 .000000  -.000000  ~.000000 000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 .000000
~.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 .000000

174424  ~.157056 .000006  -.000000  -.000000 .000000  -.000000  -.000000 .000000

B3 SUBMATRIX _@jo
=%

374715 .416153  ~-.828496 .000000 000000 .000000 .000000 .000000 000000
-.995400 .095802 000000 .995400  -.095802  -.000000 +000000 000000 .000000

.199343  -.979930 000000 . 000000 000000 .000000  -.199343 .979930  -.000000
-.724821  -.804976  ~-.000000 . 000000 000000 000000 000000 .000000 .000000
1.005416  1.116643 .000000  -.089600  ~.930276  -.000000 -.915816  <-.186368  ~.000000

.559719 -.606396 1.012269 . 042606 <444148 .821226 .000000 .000000 .000000
-.661614 .493274 1.012274 . 000000 . 000000 .000000 437281 .088792 .821231

559719 -.606396 1.012269 . 042606 .444148  -.821226 .000000 .000000 000000
-.661614 .493274  1.012274 .000000 000000 000000 .437281 .088792  -.821231
-.082275 .074070  -.000006  -.027815  =-.289004  =-.157747 .284514 .057878 .157753

5
84 SUBMATRIX 5,
]

374715 +416153 .828496  -.000000  —.000000 .000000  -.000000  -.000000 . 000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 +000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  ~-.000000 .000000
-.362411  -.402488 +364556  -.000000  ~-.000000 .000000  -.000000  -.000000 .000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  ~-.000000  -.000000 +000000
-.000000  -.000000 .000000  =-.000000  -.000000 .000000  -.000000  -.000000 .000000
-.000000  -.000000 .000000  -.000000  -.000000 .000000  -.000000  -.000000 .000000

4602325  -.162247  -.191043  -.000000  -.000000 .000000  -.000000  -.000000 .000000
-.224334 .582066  -.191043  -.000000  -.000000 .000000  ~.000000  ~.000000 .000000

.082275  -.074070  -.000006 .027815 +289004 J157747  -.284514  -.057878 .157753

B5 SUBMATRIX <
=92

.000000 000000 000000 000000 000000 .000000 .000000 +000000 .200000

.000000 000000 000000 000000 000000 .000000 .000000 000000 000000

000000 000000 000000 .000000 .000000 .000000 .000000 000000 .000000

.000000 .000000 000000 . 000000 .000000 .000000 .000000 .000000 +000000

.000000 . 000000 .000000 000000 000000 000000 .000000 000000 000000

.000000 000000 .000000 000000 000000 .000000 .000000 .000000 .000000

.000000 .000000 .000000 000000 000000 000000 000000 .000000 .000000

000000 .000000 .000000 . 000000 000000 .000000 000000 000000 .000000

.000000 000000 000000 . 000000 .000000 000000 000000 000000 000000

174424 -157056 -000000 « 000000 000000 000000 .000000 000000 -.000000



EigenVecToR

DELC =
c
547434
DELC =
+588432
DELC =
.000000
DELC =
-+308561
DELC =
-.358459
DELC =
000000
DELC =
-.004361
DELC =
361028
DELC =
000000
DELC =
549626
DELC =
585201
DELC =
000000
DELC =
-.310313
DELC =
+056489
DELC =
000000
DELC =
355900
DELC =
+359584
DELC =

+000000

U

.000000,
45¢
464094
+»000000,
675242
+.000000,
. 000000
000000,
+314755
.000000,
323641
. 000000,
. 000000
+000000,
.082719
.000000,
«343524
+000000,
000000
«000000,
470874
000000,
670058
.000000,
000000
000000,
«316462
000000,
« 097444
+ 000000,
+000000
000000,
»320132
»000000,
«342302
+000000,

+ 000000

Act
-.000000

. 000000

+865342

-.000000

=. 000000

» 000009

-.000000

« 000000

-.501182

000000

.000000

« 868342

+000000

~. 000000

.008235

« 000000

« 000000

-+495898
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FREQ = 997.603951,
oL

+365324 «399312
FREQ = 1094.754761,
«299143 -.083029
FREQ = . 00000C0,
. 000000 » 000000
FREQ = 2132, 675598,
651512 ~.063182
FREQ = 142.945490,
-.099435 616034
FREQ = 792.973564,
000000 000000
FREQ = 1032.205185,
055773 « 664110
FREQ = 2207.879791,
~+582740 - 095516
FREQ = 913.943954,
« 000000 .000000
FREQ = 999.334702,
+360247 +356553
FREQ = 1093.102142,
«295865 -.122371
FREQ = 53.880099,
.000000 « 000000
FREQ = 2128,322968,
. 650785 ~.063834
FREQ = 1047.939346,
+095387 686737
FREQ = 789.504189,
«000000 « 000000
FREQ = 108.936782,
+098846 -.610780
FREQ = 2211.227386,
-+583349 095710
FREQ = 918,757133,

« 000000 «000000

ARZD¢
-.000000

+000000

«354389

-.000000

-.000000

707118

-.000000

000000

.611876

.000000

000000

+ 348935

000000

-.000000

« 700409

.000000

000000

«622633

4aP?
-.245331

-.100996

+ 000000

-+117899

-+613158

. 000000

« 716069

-.164300

. 000000

=+283746

-.141563

+ 000000

—+119452

686889

« 000000

+ 622041

-+162566

« 000000

1
'z
44%°
-.363089

2
+302018
3
« 000000
4
+602793
5
037617
6
000000
7
+190343
8
«613145
9
+000000
10
~.372516
11
293274
12
.000000
13
601409
14
186523
15
000000
16
-.033058
17
614528
18

+000000

D2
-+ 000000

000000

«354389

-.000000

~+000000

-+.707095

~. 000000

000000

611903

+ 000000

« 000000

+352459

-000000

-+ 000000

=+ 113694

. 000000

+ 000000

+605321



DELC =
525744
DELC =
570988
DELC =
-.042409
DELC =
-.+305310
DELC =
-+361811
DELC =
-.128414
DELC =
Olelle
DELC =
360018
DELC =
~.159008
DELC =
528875
DELC =
«562225
DELC =
-.018400
DELC =
-+306995
DELC =
+09020¢
DELC =
-.124111
DELC =
«361171
DELC =
«358609
DELC =

-.164387

+314159,
—e452732
+314159,
649540
«314159,
-.019729
«314159,
-«312310
+314159,
+328828
«314159,
.110905
«314159,
111444

«314159,

«341770

314159,

«156845
314159,
-.461193
+314159,
639829
«314159,
-.041818
«314159,
-.313940
«314159,
.128108
+314159,
. 109664
«314159,
-+323045
«314159,
-.340588
«314159,

-.169753

-.015250

-.085295

«844931

.001223

=« 029504

-.002685

-.070908

000049

-+522185

-.008791

-.085343

«848266

.001170

-.075875

+006209

~.024118

.000079

~+516435
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FREQ = 1000.781464,

+352104 +387050
FREQ = 1090.275833,
«285366 —.126474
FREQ = 205.822094,
-.013765 026602
FREQ = 2130.786255,
«652260 ~.061983
FREQ = 145, 614998,
-.101649 611115
FREQ = 780.580505,
-.080187 -.126229
FREQ = 1032.478943,
064884 + 652934
FREQ = 2206.584595,
=« 584403 «094815
FREQ = 912.478851,
-.080351 ~.070280
FREQ = 1001.703423,
«347054 + 335776
FREQ = 1089.793564,
«277498 -.177636
FREQ = 213,128660,
-.007553 -.013503
FREQ = 2126.495178,
« 651560 -+ 062600
FREQG = 1047.289902,
111310 673686
FREQ = 777.999229,
-.076497 -+ 124849
FREQ = 113.779606,
101441 -+ 606735
FREQ = 2209.895599,
-.585011 094953
FREQ = 916.009216,

-.084795 ~.070812

+203955

.154250

«377692

-.009350

«024500

+ 682805

.061350

009813

566733

192419

+ 156004

+369461

-.008967

030795

«678624

-.050889

009767

«574975

=.227042

« 147575

015632

~.117374

-.609231

116182

+ 705759

.163289

-.056858

-.275835

~«.195988

023728

.118703

+ 669598

«110325

617770

~+161749

-.050138

1
~.351813
2
«279170
3
-.007097
4
+604986
5
. 040767
6
.088490
7
202100
8
+613344
9
-.075536
10
-364415
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-.010411
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«603737
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»196665
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. 085357
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-.035581
17
«614622
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~.079751

—.166408

154461

«374247

-.009421

-+«053631

-.679181

«095159

-.010658

+578764

~.168563

157112

375427

-.008733

090380

-+686370

« 026477

-+011240

«570771



DELC =
.511316
DELC =
- 473447
DELC =
-.092457
DELC =
-.296319
DELC =
-.376375
DELC =
-.222892
DELC =
.051416
DELC =
.35703¢0
DELC =
-.310802
DELC =
.480835
DELC =
L487902
DELC =
-.080403
DELC =
-.297793
DELC =
.144386
DELC =
-.220633
DELC =
.375762
DELC =
355747
DELC =

-+313560

«628318,
«563308
628318,
+430948
.628318,
-.088624
628318,
~+305594
628318,
» 342106
628318,
«192234
.628318,
«146850
628318,
-+336771
628318,
-.326733
+628318,
~4436514
628318,
547941
628318,
-.101644
+628318,
-+307036
+628318,
163375
«628318,
191493

+628318,

«335070
«628318,

+335682
628318,

-+341024

-.167773

030922

« 771063

000431

-.008983

-.008977

-+221093

«000040

-.572113

~. 006752

-+ 154586

« 774011

+000294

-.229411

001041

~+011113

.000107

-+ 569367

FREQ =
.242268
FREQ =
-.319248
FREQ =
-.033820
FREQ =
.654200
FREQ =
-.109842
FREQ =
-.138747
FREQ =
.078875
FREQ =
-.589172
FREQ =
-.160010
FREQ =
.315739
FREQ =
.223401
FREQ =
-.031521
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.653528
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.108858
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1081.
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~.247802
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-+348819
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289717,
597770
463982,
~e234977
457535,
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859772,
. 092786
476860,
-.172308
389977,
.283270
659546,
—.317846
383827,
-.008945
493164,

-.059155

1046.570511,

« 609737
680359,
—+233655
002691,
~+ 594460
055817,

«092757
300591,

-.163681

|

+280585

357959

«442911

+016953

070778

«621667

+187135

.018628

«412108

«332836

262114

433883

016171

+250190

«622857

086498

.018556

416687

-.277712

196197

-.001376

~«115913

~+597480

+216290

+ 646393

~+160396

-.153721

~+260481

-+332551

« 014865

—«116593

« 594290

.207814

+ 605885

=+159425

- 137344

1
«209407
2
«330019
3
-.028226
4
.611039
5
049732
6
«154853
7
«206751
8
«613924
9
~e164219
10
-¢344916
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194127
12
-.032033
13
610196
14
.195930
15
151065
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-«044171
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614871
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-.169572

270718

+300068

«436878

-.017294

-.085820

-.617728

.250085

-.020103

«440010

~.317288

264331

+439926

-.015941

«237116

~e622692

068145

=+021245

+431975



DELC =
«+408980
DELC =
«417241
DELC =
»418983
DELC =
-.283564
DELC =
-.401034
DELC =
~2274451
DELC =
-.017381
DELC =
352261
DELC =
~.20529%
DELC =
435374
DELC =
+413509
DELC =
-.391109
VELC =
=.284679
DELC =
071926
DELC =
~.280663
DELC =
4012753
DELC =
»351226
DELC =

-.192680

«942478,
~.412384
2942478,
.437043
.942418,
.452981
«942478,
-4296274
942478,
+365333
542478,
«245707
«542478,
.019414
£942478,
-.329212
+942478,
-.208243
«942478,
- 391677
942478,
467411
+942478,
-.437370
942478,
-.297521
+942478,
» 062007
2942478,
243742
942478,
-.355682
.942478,
—-+328200
« 942478,

-.225440

-. 022229

~.272727

+558847

-.003719

-. 005667

-.015694

-.478171

-.000030

«619577

. 010468

571855

«219055

-.003979

-.490383

-+ 005685

-.008450

.000081

619913

159

FREQ = 1011.664482,

.276123 .280700
FREQ = 1076.830292,
« 184546 ~.346828
FREQ = 913.407898,
+223303 +303050
FREQ = 2118.262634,
« 656510 -.053753
FREQ = 158.728916,
-.123883 572470
FREQ = 701.836998,
-.171796 -+327058
FREQ = 1052.,548828,
039309 512742
FREQ = 2197.154938,
~+596491 « 089655
FREQ = 477.377529,
-.081125 -.023590
FREQ = 1009.217667,
+284699 .233184
FREQ = 914.384033,
.219270 .278276
FREQ = 1080.435974,
-.161356 429707
FREQ = 2114.550995,
«655753 —+054155
FREQ = 1060.477615,
+084379 . 487952
FREQ = 702.3766%,
-.172756 -+326449
FREQ = 139.740850,
»122015 =+571435
FREQ = 2200.144836,
-.597272 « 089360
FREQ = 479.121616,

-.078947 -.037631

459804

«363180

-.102339

-.021613

+ 109958

«539698

+303919

+025540

«517056

« 425645

-.110584

-.305121

-.020426

«378640

545860

~.125478

025477

505327

~+186758

~¢383623

+279878

.113817

-.575121

+ 304147

«527930

~+155995

-.018815

-.231021

«259615

438173

—+113492

+472106

+293893

«583724

-+155925

-.007018

1
-.312764
2
«126960
3
244523
4
«619658
5
065719
6
+200099
7
+120940
8
614783
9
-.073134
10
~+311707
11
«250147
12
-.120165
13
619482
14
123676
15
195962
16
-.059309
17
+615145
18

-.080311

~+ 425459

+333154

-¢129037

-.022512

-«124210

~.551142

«347102

-.027323

«500423

— 435654

-.125696

-.312310

~.020564

«351768

-.550121

«104765

-.028968

.508189



DELC =

«361307

DELC =

+410872

DELC =

-.008591

nELC =

~.269487

DELC =

~+340767

DELC =

-.287793

DELC =

437441

DLLC =

346155

DELC =

- 342247

DLLC =

396541

DELC =

404410

DELC =

-.0NERE?

OtLe =

=.270108

DELC =

=+307852

DELC =

~.304264

DELC =

«43867E

DELC =

« 345507

DELC =

-.227199

1.256637,
-.369793
1.256637,
.450128
1.256637,
-.011714
1.256637,
-.236488
1.256637,
-.337902
1.256637,
.279020
1.256637,
-.398341
1.256637,
-.319968
1.256637,
-.354034
1.256637,
-.334971
1.256637,
J454088
1.256637,
-, 00NGygy
1.256637,
-.287643
1.25¢637,
-.352251
1.256637,
274989
1.256637,
-.385828
1.256637,
-.318452
1.254637,

-.373340

-.003258

« 433451

«TTT7132

-.011290

.074336

-.016576

.003826

-.000104

« 449702

010464

«446771

L 766078

-.011694

«111791

-.010206

- 007746

000964

«447896

160

FREQ = 1016.824532,

0242428 .238180
FREQ = 906.547028,
«224831 «352077
FREQ = 1114.472656,
—a 026141 -.204912
FREQ = 2110.288300,
658154 -. 048129
FREQ = 1075.785873,
-+124094 +556837
FREQ = 6514822311,
-.183995 —.408240
FREQ = 159.950380,
.144538 -.532263
FREQ = 2190.127747,
—.605668 .085784
FREQ = 4814544056,
-.140891 -.087274
FREQ = 1007.707710,
257201 .198085
FREQ = 910,831186,
£217331 .326400
FREQ = 1116.404633,
-.026069 -.231911
FREQ = 2107.147919,
.657088 ~.048415
FREQ = 1079.670853,
-.104308 573447
FREQ = 6524413956,
-.190583 -.408678
FREQ = 149,265955,
141698 -+ 534487
FREQ = 2192.811707,
—. 606770 .085137
FREQ = 479.538918,

-«136821 -. 096508

+497213

225747

-+390550

-.022977

-.233525

«452315

-« 146914

029847

+516878

.512403

+218504

-.394748

-.021422

~.207726

«457098

-.162094

.029829

«504143

-.153634

«324058

~+199266

-.111478

« 592302

« 3839003

+539270

-.150595

-.060100

-.187889

«319682

—.229094

-.109901

574381

+376268

+ 548505

-.151691

-.050797

1
-.278351
2
254403
3
-.048557
4
1629386
5
-.036660
6
.231331
7
~.089404
8
.615657
9
-.132023
10
-.268919
i1
1262929
12
-.047642
13
. 630098
14
-.052884
15
226612
16
-.082030
17
.615177
18

-.141191

-.518552

213272

-398232

-.024657

~.178905

~+478652

+159281

-.031627

+488812

-.504850

«220517

~+384709

-.022262

-+230348

~.475910

137919

-.033668

+498293



DELC =
. 442235
DELC =
-.280513
DELC =
073043
DELC =
-.25€159
OELC =
—e293769
DELC =
.318032
DELC =
485321
DELC =
2339390
DELC =
341497
DELC =
426471
DELC =
~e299797
VELC =

. 068167

~e2K511)
DELC =

«347045
DELC =

486830
DELC =

3392409
DELC =

«339336

1.570796,
+471298
1.570796,
+283069
1.570796,
079447
1.570796,
-.278050
1.570796,
-.291255
1.570796,
-.318796
1.570796,
~.438143
1.57079¢,
~+309%41
1.570796,
373675
1.570796,
<4B84986
1.570796,
282574
1.570756,
.080085
1.570796,
~+279284
1.570796,
-.308061
1570796,
—.286442
1.570736,
=+4251038
1.570796,
-+308794
1.570796,

-384064

~+339096

-.009858

+867528

-.020662

«130063

. 000626

.001622

-.000094

« 339065

~. 338002

-.009919

«865506

-.021178

137733

002291

-.007574

. 000145

. 342161

161

FREQ = 413.388908,

182231 «147165
FREQ = 604,712837,
-.184980 ~.484659
FREQ = 1195.137024,
024557 -.161321
FREQ = 2102.869934,
658331 —.042473
FREQ = 1079.756912,
-.096451 « 583047
FREQ = 1004.022598,
+210689 « 201106
FREQ = 151.342007,
.171585 -e474546
FREQ = 2182.539734,
-.615973 081617
FREQ = 891.810211,
+189772 «321522
FREQ = 408.336830,
«177454 153274
FREQ = 603.906479,
-+194503 ~+485063
FREQ = 1195.352020,
.024866 —.164941
FREQ = 2100.463379,
« 656669 -.042680
FREQ = 1080.946915,
-.080260 «601039
FREQ = 1001.051987,
222733 « 156488
FREQ = 149.893726,
«167754 =+480629
FREQ = 2184.824951,
~.617623 » 080549
FREQ = 896.601334,

.182196 «298270

—+440132

«373538

-+299148

~.021471

-+237192

+«554090

-.177270

«031144

+425596

-.434443

+368013

-.304135

-.019660

~.191591

577749

-.190287

.031195

418638

105756

469705

~.161359

-+109266

610684

=+120443

+ 488038

~+144753

«289208

« 096379

« 456770

-.168222

-.106334

600488

~+155544

«497341

-.147182

«297784

1
.181015
2
+247026
3
.006764
4
.639113
5
-.012563
6
-.238513
7
-.119944
8
.616177
9
.215857
10
.187541
11
.243984
12
.006983
13
.640888
14
-.027112
15
-.230526
16
~.112656
17
.614614
18

+224041

-.418076

-.388328

~+305856

-.023965

-+182631

=+577910

-184021

-.0326986

«421929

-.424830

-.391736

-+301942

~.021357

-.223889

-+.558817

163790

—«034969

«428933



DELC =
«542991
DELC =
492762
DELC =
093464
DELC =
—e244754
DELC =
—+263449
DELC =
269717
DELC =
~.262025
DELC =
332740
DELC =
2268662
NELC =
537779
DELC =
«489936
DELC =
089843
DELC =
-.333184
DELC =
~e241434
DELC =
«289691
DELC =
—.275¥Zl
DELC =
-.244110
DELC =

«272360

1.884955,
=+474792
1.884955,
+ 554151
1.884955,
102375
1.884955,
-.271815
1.884955,
—.266278
1.884955,
—.265863
1.884955,
.259356
1.884955,
-.300012
1.884955,
.290285
1.884955,
- 472568
1.884955,
+553408
1.884955,
.102388
1.884955,
+298591
1.884955,
-.281899
1.884955,
-+239734
1.884955,
265670
1.884955,
-.273304
1.884955,

«297596

-.002911

=.274847

+903358

-.028624

134131

-.000963

-.002867

000045

.299291

-.005923

-.274924

+903689

-.000362

135592

-+ 003650

-.008217

-.029167

.297338

162

FREQ = 130. 332090,

+203572 —+401149
FREQ = 306.859070,
2201469 .191011
FREQ =
- 043709 -+126408
FREQ = 20964657013,
656867 -+037354
FREQ = 1084.929001,
-. 076905 610378
FREQ = 992.075516,
175656 +160266
FREQ. = 5664519226,
-.179691 =+554477
FREQ = 2175.155182,
~e 626607 077596
FREQ = 877.436981,
+151293 «271120
FREQ = 138.881344,
.196698 -.412275
FREQ = 300.275230,
«200969 192374
FREQ = 1263.315582,
« 045035 ~+125611
FREQ = 2176.979706,
+629036 -.076078
FREQ = 1083.168060,
-.067321 621771
FREQ = 989.985344,
«183742 «116293
FREQ = 563.150703,
-.188638
FREQ =  2095.064087,
4654326 -.037532
FREQ =

«145558 «250216

-.554360

___880.247253, _

1263.681915,

1

~.193592 .425912  -.152252 187890
= 2
-.342286 <141604 216153  -.336975
e = 3
-.251477  -.129090 029792 -.256994
= 4 o
-.017995  -.107470 648232 -.021078
= 5
-.204801 629229 .001357  -,159213
= 6 B —
<601818  -.095022  -.197792  -.624253
= 7
.296195 .538661 .247871  -.291560
= 8
.029367  -.139018 616032 -.030575
= 9
537657 236417 170130 532608
= 10
-.199333 .430568  ~,150059 176457
= 11
-.348234 . 136606 216187 -.337725
= 12 B
-.253504  -.130788 1030386  -.254344
= 13
-.029483 .142825  -.613196 032858
= 14 .
-.160985 .622812  -.010117  -,197007
= 15 e
.621852  -.126857  -,192190  -.609572
= 16 S
279843 529669 4247927 =,300717
B = v
-.016113  -.103239  .651192  -.018543
— = 18
531674 251497 .176786 536534



DELC =
«621135
DELC =
488491

DELC =

«091910.

DELC =
—+326910
DELC =
-+.248050
DELC =
.21368¢
DELC =
—.237130Q
NELC =
-.235511
DELC =
203260
DELC =
569304
DELC =
~.547635%
DELC =
. 08907¢C
bELC =
~.327949
BGELC =
-.23203¢
DELC =
«225642
DELC =
-.237325
DELC =
-.234278
DELC =

211045

24199114,
-«476519
2.199114,
632785
20199114,
100777
2.199114,
«291048
24199114,
~.256544
24199114,
-+.209006
24199114,
+223810
24199114,
-.267643
24199114,
215464
2.199114,
557767
2.199114,
+557157
2.199114,
«100607
2.199114,
«289238
2.199114,
269245
2.199114,
-.189478
24199114,
+235135
2.199114,
-.269507
2.199114,

«219940

~.016644

—223942

«920057

-+000254

124434

-.004141

. 001627

-.031482

294232

4225202

~.010853

.921093

-.000623

«123363

-.008072

-. 007027

-.031%49

« 290516

163

FREQ = 97.789557,

» 243431 —e314527
FREQ = 190.154552,
.198826 « 235766
FREQ = 1307.104034,
+048183 -.102168
FREQ = 21684662537,
636614 =.074103
FREQ = 1091.041275,
-.066000 «629724
FREQ = 977.074600,
»136676 118592
FREQ = 540.046822,
-.170429 —+609166
FREQ = 2091.778595,
654313 -.033183
FREG = 865.292030,
«115767 216233
FREQ = 183.439222,
«230466 + 195081
FREQ = 116.630153,
-.209549 «352891
FREQ = 1306.554947,
+ 049770 -.099952
FREQ = 2170.019440,
+639989 -.072153
FREQ = 1086.445755,
-.062814 634812
FREQ = 976.446892,
141456 +080954
FREQ = 533.863037,
~.175872 -+ 608739
FREQ = 2090.968231,
«650701 -.033375
FREQ = 865.126381,

»112308 +198548

-.193992

—.242368

-.231688

-.024772

-«165027

«639032

.217587

-.013539

«605152

~.277153

«165162

-.231758

-.024921

-.129678

«650825

« 194635

-.011819

.602629

+370673

+ 154705

-.105883

» 133905

+ 641595

-.072614

. 589791

-.106259

.182932

« 192429

—+345735

-.105387

.138988

£ 639017

-.097642

« 587417

-+100925

«199731

1
-.170703
2
.249599
3
037069
4
-.615183
5
.007055
6
-.154449
7
.240128
8
+656417
9
.127620
10
220705
11
.202924
12
037699
13
-.610978
14
-.000495
15
-.150653
16
.242448
17
.660602
18
.132368

+«156483

-+265923

~+236361

+025610

-.131666

-+663628

~.201712

-.016732

«591243

~e242427

-.181995

~e234147

«027650

-+162346

~.656316

-.212419

~+014559

591673



DELC =
. 781362
DELC =
.283138
DELC =
«074578
DELC =
-.322420
DELC =
~e24344]
DELC =
+ 140665
DELC =
-.214891
DELC =
-.228765
DELC =
-+149090
DELC =
«834074
DELC =
-.057584
DELC =
072412
DELC =
~.323977
JELC =
-+231699
DELC =
149392
DELC =
-.198278
DELC =
~.226810
DELC =

-.155048

2.513273,
~e279541
2.513273,
787327
2.513273,
.081761 .
2.513273,
+283894
2.513273,
~+256253
2.513273,
146192
2.513273,
.190279
2.513273,
-.264950
2.513273,
«145768
2.513273,
059736
2.513273,
.828588
24513273,
. 081474
2.513273,
.281668
2.513273,
—.266211
2.513273,
.148389
2.513273,
«204909
2.513273,
-.267208
2.513273,

+132748

-.062599

-.154736

+930579

-.000373

« 100431

+308666

+ 003646

-+026959

007713

-.122912

-+ 114759

+931830

-.000718

-098361

+304654

~.005908

-.027283

012133

16k

FREQ = 51.836852,

«315033 ~.165261
FREQ = 98.540828,
+115720 «316009
FREQ = 1326.728043,
.040858 -.077143
FREQ = 2163.621521,
644891 ~e 071424
FREQ = 1097.521652,
~. 061600 « 643474
FREQ = 854.882103,
.080708 +154953
FREQ = 5244275421,
-.161433 —+645553
FREQ = 2088,171814,
«651638 ~.030196
FREQ = 962.194542,
-.093851 -. 077804
FREQ = 107.587630,
«335077 -.011940
FREQ = 68,362881,
-.019643 +370543
FREQ = 1326.155029,
«042249 -.074640
FREQ = 2164.573151,
649212 ~.069115
FREQ = 1090.584213,
-.063388 « 643838
FREQ = 851.733841,
079201 «141827
FREQ = 515.946922,
-.161179 -.643511
FREQ = 2088.004669,
« 646952 -.030423
FREQ = 963.253090,

-.096222 -. 050335

-.190026

—«110440

-.228888

-.017870

-.118885

+649010

.141867

-.008866

-+665906

~+230144

-.026739

=227459

-.018005

~.094643

+651551

.118727

-.007546

~+668302

« 360609

- 082565

~+080543

129874

« 650687

«127970

«621581

-.105632

+ 049986

«344015

-.077186

-+079163

«135987

«+651255

«142472

«626201

-.099478

« 066942

1
-.105839
2
4314600
3
.032623
4
-.613953
5
007910
6
.087112
7
230010
8
663195
9
.106951
10
.025089
11
.327903
12
.033094
13
-.608469
14
.003714
15
090015
16
.233631
17
668496
18

104560

. 059189

-.211577

~+232840

.018378

-.097675

«622787

~.124133

-.011529

+695869

~.035827

-.212308

-.230988

+01991¢

-.118837

«619307

-.133304

~.009952

+695957



DELC =
.816984
DELC =
.257784
DELC =
042520
DELC =
-.319600
DELC =
~.244733
DELC =
.076848
DELC =
-.201375
DELC =
-.224418
DELC =
.073601
DELC =
857676
DELC =
-.115675
DELC =
.041287
DELC =
-.321512
DELC =
-.235317
DELC =
.079471
DELC =
-.169431
DELC =
-.222021
DELC =

-.079039

2.827432,
~«261302
24827432,
821732
2.827432,
« 046601
24827432,
2279278
2.827432,
-.260225
2827432,
-.075351
24827432,
.166953
2.827432,
—+263249
2 ~waz,
012
2+827432,
. 109425
2.827432,
«B49648
2.827432,
« 046350
2.827432,
276730
2.827432,
-+268332
2.827432,
.076228
2.827432,
184773
2.827432,
-+265904
2.827432,

. 068822

-.037362

-.083305

«938208

-.000276

+ 057999

-.010687

002987

-.015508

.328179

-.071247

-.058588

939431

-.000490

056339

«324475

-.003714

~.015668

+015584

165

FREQ = « 000000,
«333611 -.113149
FREQ = 76.,218102,
+10474] +319032
FREQ = 1331.327957,
023517 -.043335
FREQ = 21604436218,
«650367 -. 069748
FREQ = 1102,953796,
-«061074 «652784
FREQ = 951.135406,
« 047846 «038392
FREQ = 516.400757,
-.155769 ~.665922
FREQ = 2085.886597,
«649712 -.028445
FREQ = 8464797813,
042357 . 082529
FREQ = 101.816755,
«348999 055558
FREQ = . 000000,
-.046196 «352246
FREQ = 1330.801895,
024338 -.041598
FREQ = 2161.112091,
«655399 -.067201
FREQ = 1094.456726,
-+ 065917 .650233
FREQ = 841.382629,
+041992 « 075427
FREQ = 506.881020,
=+149758 -.660837
FREQ = 2086.139801,
«644218 ~.028706
FREQ = 953.572533,
-.048710 -.023819

-.103272

~«051642

~+233832

-.009350

-.063557

+682393

.070033

-.004346

676225

-.122861

-.004265

-.231198

-.009430

-.051290

«683494

+055020

-.003628

—.677133

+ 340784

«104072

-.04533%

«127295

« 657445

-.025717

637387

~«105411

«067129

« 324437

-.055940

-«044192

«134076

« 659960

075696

«647670

-.098759

034280

1
-.105379
2
+335546
3
.018967
4
—+«612890
5
+006602
6
-.054978
7
221976
8
«667790
9
2045018
10
+039538
11
+345901
12
019204
13
-.606475
14
.004578
15
+046379
16
«226751
17
«673886
18
.053818

029324

-«111905

-.237194

.009584

-.053388

~. 717771

-.058392

-.005866

«639355

-.023157

-.110803

-235629

+010413

~.064053

632528

-.063917

-+.005041

«723361



166

DELC = 3.141590, FREQ = « 000000, J = 1

. 787953 -.364522 -+ 000000 +323280 ~. 137407 -.000001 «316799 -.150005 « 000000
DELC = 3.141590, FREQ = 84,951834, J = 2

»358371 £ 791752 -.000001 +145955 +304075 -.000000 + 156990 «326019 -.000001
DELC = 3.141590, FREQ = 1331.270828, J = 3

.000000 « 000000 941330 . 000000 -+ 000000 —+237075 -.000000 +000000 -+240193
DELC = 3.141590, FREQ = 2159. 348022, J = 4

-.318639 .277684 -. 000000 +652282 -. 069179 ~-.000000 « 126407 ~.612474 « 000000
DELC = 3.141590, FREQ = 1105.162888, J = 5

—.246171 —+262589 » 000000 -.061415 656335 -.000000 660202 005735 -+000000
DELC = 3.141590, FREQ = 947.031326, J = 6

.000001 -.000001 -.011872 « 000000 + 000000 688010 -.000000 -.000000 -.725604
DELC = 34141590, FREQ = 514.065903, J = 7

-.19718C 158516 .000000 -.153988 ~e 672547 .000001 « 641906 .218899 -.000000
DELC = 3.141590, FREQ = 2085.093597, J = 8

-.222911 ~+262799 -+ 000000 - 649023 -.027875 -.000000 -.105371 669429 -.000000
DELC = 3.141590, FREQ = 843.547813, J = 9

+000001 «000001 337278 - 000000 » 000001 685885 + 000001 «000000 +«644830
DELC = 3.141590, FREQ = 110. 360845, J = 10

844576 «222291 -.000001 «345295 «117478 =.000001 311651 .084393 -.000000
DELC = 3.141590, FREQ = . 000000, J = 11

-.231782 .836580 -.000000 -.094576 +334117 .000000 -.083120 «344852 =.000001
DELC = 3.141590, FREQ = 1330.777542, J = 12

+000000 . 000000 «942489 . 000000 -. 000000 -+233926 -+ 000000 000000 —.238734
DELC = 3.,141590, FREQ = 2159.926178, Jd = 13

-.320677 «275015 -+ 000000 «657579 -.066549 -.000000 «133419 -.605717 +000000
DELC = 3.141590, FREQ = 1096.112518, Jd = 14

~e237446 -.270034 + 000000 -.067276 652780 ~.000000 + 663350 004463 ~.000000
NDELC = 3,141590, FREQ = 837.262680, J = 15

.000001 . 000001 «333805 . 000000 +000001 «695134 « 000001 .000000 636682
DELC = 3.141590, FREQ = 504.180912, J = 16

-.158739 178037 -+ 000000 -.145427 ~e 665749 » 000000 « 654537 224311 -+.000000
DELC = 3.141590, FREQ = 2085.492920, J = 17

-.220355 —+265465 -.000000 643227 -.028149 -.000000 -.098553 675815 -.000000
DELC = 3.141590, FREQ = 950.006073, J = 18

-.000001 . 000001 .017016 -.000000 -+ 000000 = 679756 + 000000 +000000 733241
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Page
ITI. POLYVINYLCHLORIDE

Internal Coordinate to Cartesian Coordinate Transformation

Submatrices, Ei ? for Chain-Oriented Cartesian Coordinate Sys-

tems. ’ 168-169
The row and column labels are given in Eq. (6.1), page 111

of the text.

Internal Coordinate Intramolecular Force Constant Sub-

rices .
mat » B n

The format is given in Eq. (6.3), page 115 of the text.

170

Frequencies in em™d ana Squares of Polarization Vector Com-

ponents for &, = O to 180° in 20° Increments. 171-180
The cartesian elgenvector components are displayed be-

neath each frequency solution where the dispersion curve

branches are labelled by the j indices.
The format for the cartesian components matches that for the

columns:in Eg. (6.1), page 111 of the text.
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E.J
£2 SUBMATRIX ._é-,[

40000 =000 0000 .0000 =.0000 4000 . +0000_=,0000 40000 ,0COC =,00C0 _,0000 20000 =.€00Q . +0COC . +CCCE =o€CCC 0000
%0000 =,0000 ,0000 0000 =, 0000 +CCOC _.C000.-,0000 ,0000 .000C =000 _.CCCE  o0000 =.C00C .0COC. .CCCC -oCCCC . 20000
20000 -.C000 0000 0000 =.000C .0000 L0000 -.0000 .DOOO’ <0000 -,200C  L0QCCC ,LCOCC -,CO0C ..CCOC LCOCC -.COCC ,00C0
0000 =,0000 0000 0800 =,0000  ,0G00 _.£000 =,0000 ,0000 ~,5302  (00CC -.374§ ,0CCC =4COCC 0000 o CCCC . CCCC  +CO00
40000 40000 _.0000_.0000.=,0060 0000, 0000 =,0000 40000 40000 =2000C _,0C08 0000 =sC0CC _oCCCC. 00C0 -+CCCC  -00CO
20000 =40700° 0000 L0000 =,00€C _,1000 .C000 =,0000 40000 2651 =,5627 ,1€74 ,GOCC =.C000 ,CCCC .CCCC =,CCCC L0000
20000 =,0000_ L9000 __,0009 =, 00CO. +0000. .000Q =,0000 0000 2651 5622 .1674 _,C000_=.COCO_ oCCCC __oLCCC =aCO00 . 40000
.00CC -, 0000 43080 __,0000 =, COCC _,0COC _.C000 -.0000 _.00CO 0006 =.000C _,0CCC_ .COCC =.C000 o€00C  oCCCC ~oCCCC  oC000
.0000 40000 ,000C. ,0000 =,0000 0000 ,CC00 =,0000 40000 0000 -,00C__.0000 .CCQC =,CCCC oCCO0  .CCCO -.CCCC 1000
0800 -,0000 .CG0C 0000 =,€000 0000 _.0000 =.0000_,0000 =.0000 2256 .0CCC .COCC =-CCCC oCCO0 ,COCO =4CCCC 4 COCO
10000 =,0000 _,0000 _, €000 =,0000 - +0000__.6£00 =20009 40000 _.000C =,000C 0000 _oCOCE =aCCCC _ .CCOC  oCOCO =+CCCC  2C000
.0000 -.0000 L0000 0000 =.CrOC ,00Q L0000 =,0000 o00CQ 40000 =,0008 ,0CEC _.CCCE =4C0CC “oCCCC LCCCC =oCCCC 2000
40000 =,0000 40000 0090 -,0000. 40C00 _.000C =,0070 .0700 _,0000 =,00CC__.0CCC (000 =+€000 _.000C .CCCO <.CCCC  +00CO
.0C0C 40000 .,0000_ 0000 ~.0060 0050 .C000 =.0000 0000 .000C =,000C _,0CCC .000C =.CCCO  .CCOC  oC0CO -oCCCC 0000
0000 ~.0000 0000 ,C000 =,0000 ,0COC .COQQ -,0000 ,0000 ,000C =,0000 .0C0C _.CCCC =,CCCC  oCO00_ L6CCC =aCCCC _.COCO
»0C0_=,€000_ ,900C _ .0000 =.0900 _ ,0000 €00 =.0000 L0000 _.000C =.000C _ oCCOC__ ,€C0C =oCCCC o CC00  .COCC -aCCCC  +00CO
I.oooo'—.oodo L000C _.0000 =.0000° 0000 0000 =20000 2000 .000C =.000C_ ,0C00 .002¢ =.CCCC  <00CC  +COCO -.CCCC  +00CO
40000 -,0000 0000 _,0C00 =,0000 0000 ,C000 -,0000 0000 ,000C =,000C. ,0CC 40000 -,CCCC LCCOC_ o CCCE =.CCCE . 0000
.0900 -, 0000 _,0000_ 0000 =,/000¢_ .0G0C ,0000 =,0000 _,0000__,0000 =,00CC _,0CCC ,COOC =.€000 .0COC o CCCC -.CCEC L0000
-0000 -.0000 .0000 .0000 -.0100 .0000 _.000 =,0000__.0000 ,0000 =.600C .0CCC .COCO -=.{CCT_ L0000 .0GEQ -.CCCC " oC000

5

23 SUBMATRIX B, .

=)
-.5776 .r00D -.B165 0000 _.0000 0000 _.C000_ .0000 .0000 L5774 -.00CC .8165 .000C .COC0 .CCCC 0000 .COGC +0000
JST74 165 L7000 ~,57T4 -.8165 -,0C0C  ,E000 L0000 .0000 ,000C _.000C ,0CCC .0GGC .C000 L0000 .00CC .0CCO _ .0000
57742, R165 L0000 0000 L0000 000 -,5774 8165 -.0000 .000C .0000_ .0C0C .COCC _.COCC  .0000 .00CC__.COCC .C000
L.06C4  .R000 =,0000 .00 .000N L0000 .CO00_ 0000  .0000 =.5302 =.0000 3745 _,0CCO_ .COCO .COQ0  .CO00 _.CCCO  .0000
S1.2011 =.2971 0000 L4541 -, 3211 -,0000 L7470 L5283 -.00€0_ .0000 .0000 0000 ,0000 .COCC .CCOC .COCC .COGO 0000
—.0380_=,722% = ,6£9C =, 2271 L1405  .4R16 .0000 .0000__.0000 _.000C -.00CC _.0COC .COCC _.COCC .CCCC _.COCC _,CO0C _.C000
L1094 L8764 -.5797 L0070 LPOCC L0000 —.3736_-,264C_ 7923 ,0COC ,0CCC 0000 .00€C _.C000 0000 .00CO  .COCO .0000
S0 -, 722R k90 -.2271 L1605 -.4F16  .CO00. ,0000 .0000 L2651 _.5623 -.1€74 .00CC .COCC 0000 .000C .CCCC 0000
JI0B4 L A264__,8797 00000000 _L0C00 =.373h =.2660 =.7923 .265] =.5622 =.1674 .CCCC_ .COCO_ .CO00 +0CCC _.€CCC_ .0000
-.0807 <0305 7634 -,1290__, 0983 .0983  .2287  .1617 =.1617 _.0000 =.0935 -.0C00 .2287 1617 -.1€17 -.2287 1617 .1617
L00C0  LAIPG L0RND L0000 L0000 L.00D0_ 20000 L0000  .N000 5774  .000C -.8165 .0000 .COCC .C000 0060  .0COC L0000
.00C0_.0000 L9000 .000Q__.0000 ,0C00_ .0000 L0000 .0000 -.5774 8165 .CC0Q 5774 —.ELES —.CCCC _.0000 .C000 0000
.00CE .0DO0 _.CO00  .0000__,00C0__,0000 0000 _.0000 _.0000 =,5774 -.8165 .0COC .CCCC o000 _.CCO0 _o5774 .E1€5 -.0000
5202 —,C000 -=.3749 L0000 .0000 .0CO0 .C000 .0000 _.0000-1.0604 _.000C -.0CCO_ .00CC _.C000 0000 .00CC ,CCCC _.C000
_.00CC__.1000 L0000 L0000 0000 ,0000  ,COD0 0000 0000 1.494C —.000C .0CCO -.7470 -+5263 -.CCC0 -.7470 L5263 -.0000
-.2651 .5623 L1874 ,0000 .0000 .0COC .0000 .0COC .0000 -.1084 -.8264 -.9797 .2736 .264C .7923 .00CC L.COCC .CCOO
-.2651 -.5623 1874 ,C000__.60CC .0CO0  ,CODO  .0COC _.D000 -.1084 8264 -.97S7 .C000 .COCE .CCOO  .3736 -.264C  ,1923
0000 _.0000__.0000 _.0000 _.0000 _.0C00 _.0000 _,0000 _.0000 -.1084 -.8264 .97ST .3736 .7640 -.7523 .CCCC _.COCC _.0000
.0000 .0100__.0000_ 0000 0000 .0C00__.0000 .00QY .0000 -.1084 .8264 .9797 .00C0 .COCO .0000 .3736 -,264C -.7923
-.0000. .7296 -.0000 0009 _ .00CC_ ,0000 _.0000_.0000 .0000 ~.0000 .0935 -,0CCC -.2287 -.1617 -.1€17 .2267 -,1617 1617




P# SURMATRIX 2 ¢

.0000 =.0000 L0000 20000 =.0000  CCCC. . .C000_ = 0000 400CC .000Q =,000C ~,0COC ,CC0C =,(0CC .000C  .CCCC -.CCCC .C000
20000 -.0000 0000 ,00Q0 =,n000 .OC\CC €000 _=,0000 .')05') £000C -,00CC _.0000. ,CCCC -.COCC -.0C00 . -,CO,CCJ:-'CQCC 1.+£C00
L0000 __cr\(;o‘ cogn L0000 -,0000 _,2000 _,0090 -.0000 L0700 ,000¢ -,000C _,€CCC £0CC0 =,C0CC _L.CQCO

EQQ,C__LL:‘.C‘O L000C.. 40000 =, 0000 40000 ,000C =.000C L0000 LCCCC -.CCCC .COCO
.0000_,?,.,O,Q”Q;QQV‘_Q_-;J‘EQC,:_Q?QCO 000 L0000 =, 0000 00,0000 -.0000_.000 ¢ .CCCO -.C000  ,00CO
L0000 =,0000 L 400C ,0000 -, £OCC L £0E0 £0NQ -.0000 L0700 .0QNC =.000f LCFEC LECCC -,€000 _oCCCC WCCCC = 20000 00000
200CC. =000 _ 000G (0009 S0 0000 L0999 -, 0000 7,000,000, =, ABCC ., CCNO +C0CO_ .CCCO .CCCC -.CCCC ..COCO
20000 _-%C000 ~ 2000 L0007 ;-0”"0 LCORC LN000 _=,0000 L0000 0,000 -.0090  LCC0C . .CCCC =+C00C__.0C60 _ .CCCC_-.CCCC _-‘9000
,dobo - 0NN0. L8000 L CANN =, IR0 L0000 L0300 -,7097 ~ ,A7¢0D  L,0070C =,009C  L0€00 .CCCC -,CCCC  LCCOC  .0CCC .-,COCC .0CCO
000022606 0000 LECOA SLON0N  LACAN LA0NY <, ARAC L eNE0_ L0RIC =.0000 | LCCCC JCCCC -.€0CC L CCOC  .COCE -.C00C .0000
WSTT4__ LPIN0 . LR1ES  JOOCM =, 0000 00D R =, 0000 -_GiQQ,~LQQC£;a,0CQf -,CC”Q,N-O;O,QQ._:.;C,CCL,;,C,CCQ -£0C0 _-.CCCO v~0000
LONCE =,M90G - 3000 0000 =, AOCO L ACEN. 46020 =,0000 L0306 _,030¢ -,000C  ,0C0C .CCCC -,0000 ,CCOC .CCCC -.CCCC. _.COC0
.000C =, 0000 LFA60 = 0AAR L3N0 L PRRD =.0007 L ANC)  LAR06 =.0000 _ LCCRC _ WCOBC -ufGEC .COCC  .CCCC =.CCCC »COCO
5302 .:rqoo,u L00RA S.0000 003N 017 =, 000N L ANEN L0000 =,000C_ .GCCC_.CCCC <aC0GC o £COC L CLCC =oLECC  +COCC
L0000 = FO0N L 0ACC  LGAAN —,NNEA ACTALeNN0 =, AR L0380 0007 =.000C  L0C6C  LCCCC -,C6CC  LCCOC  .CCCC - .COCC _.coco
L0000, =a 000 LABAL 000N £, 080N 1000, 0900 - L0100 L0000 =4 0010 ,0CCC 400CQ_=.CCCC _ .CCCT oCCCC -.COCC _.0CCO
L0000 =000, INADACNE =, PARR SO0 L0000 =,0000 L1300 .N00C -.0000  JNCO0 _ 4000C =aCCCC_ o CCOC o CCCC =oCCCC 00000
Zu 2651 —.5A23 = 1874 0000 —,N00C Acen Lcoon '—.nmn L0000 ,000C -,000¢ .n’c.ﬂc .000C -,€0CC  .COCC  .C€CCC -,CCCC ,0000
2FEL L5427~ 1974 L6001 -,00CC LSCEN L0900 =,0000 42700 _4A0IC .000C _.0CCC _CCCC =.C00C . CCOC. +CCCC =.CCCC 40000
,,,,o,s_g_z;.ﬂcjc,s,,— *635_—,,_1_330‘“.3.9»11 -.0683 2287 L1617 ,1A17 _ ,Nr00 -,229¢ -,0C0C .CCCC -,CCCC .COCO  .CECC -.CCCC - .£0C0
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F2 SUBMATR IX

+0000_.0000

«0009
.00CC

CCCC

L£0C0_,0006

20000 w£CN0 L0090 ,N000 0000 , 0000 _(NOOO_.0000 53000

0000 0000 ,7300

<0000

000

.000_+0000_,0000 ,0000 L 0OAC 40GAN ,£000_

20020

cec

20CCC LCCOC

L0CEC (CCEC 40000 4COCE ,000C .

.0 0£C_.cecc

+CCQC
+£000
2CCCC

.00c0

»0000

2000C

0000 0000 .. C000 ,09C0 ,COCC ,QCLA LCCCO ,00CC ,0000 ,C00Q

#0000 W N000_ L NAS

2000 ,000C ,0000 ,CCC0 L0000 NNOO " ,4170

0000

«00€C=-.0110

£CCCC LCCCC L00CC LCCCC LCCCC

+C0CC_.CCCC .£O0CC-,052C-.C52C .

L0000, .Q0CC L0000 0000 L AD0C L0000 erQC";ﬂﬂOCﬂ;QQQQMLQQQQ,AQQQQ*£QQQQ ;CCCSD}CQ§Q4LLLQL4ﬁcéC .0CCC_.CCCC .

L0000 ,00A) ACAN ., 0000 G200 L0000 LCC00 L0008 ,0000 ,075¢C

2CCOC -

20CC0 ,C24C

+Ccce
«CCLO

2£0CC L COCC oCCEC LCTCL L C3TC_aCLCe

«000¢
Hebige

20000

£00070_,0000_,0000_,0007 ,ACNC LAC0A 1000 ,ﬁOOQ‘.OCﬂQV[12RC

L0009 _,N0NY L 0ANA LAN0Y L0000 L0000 LCAND_,AP00__N000_ 7000

_«faoce

0000

20000

«00C0=,C52C
+£CCC L0000,

+00CC CCCC

+C0CC. ,CCLC 400CC-.CCEC ,127C
+00CC .CCLO .00CC +00CC CCCLC

££CCC .CCCO_LCCCC .CO00 ,COCC

.Ccce
scCcce

+CCCC

<0000

20000

LCC0T LI07) 00NN L0000 L0900 L,NC00RL. L. Ca%e ,0000 L0700 L079C

LN00N LOCCE LCANN ANMY  N0NC L0000 L G000 L0000 090N ,AN0C

—+N0C0.

+0C00

#0000 _.CCCC

40000 L0000 LACN0 L0200 LANNR L0r2Y L0000 L0000 .CO00_,0000

LONTA 000D LAND0 00N YNA0 L0000, 0000 L, 0000, NI0C L,NCOC

£2000

«CCCC LCCCC LCOCC ;CCCC .CCCC

«£CCO

L0000 .0COC. 400CE oCCCC +COCC -4 COCE oCCEC 4CCOO

2CCCC _LCCCC

£CCCC L,CCCC LCOCC ,00CC o€CCC

L0CC0

££0CC

.cocc
.000¢

£0090

L0000 ,000) 0930 L 0CCT LA0NC LNOAC LFON) ,A0NA L0000 000K

LONCDLA0CT L AN0N L0090 N00CT L O0FE L6000 00CC L0700 .ACnC

0000

20N0C o C

£00CC 40CCC .CCCC .CCCO ,000C 400CC LCCCL

L0C0D L2000 ,NNAN ,N000 ,A0NC L9000 L,FCRA L,0RCN ,AAND ,0C0C L,000C L0000 L0CCC +CCCC .CCCC ,00C0 ,00CC LCOCC

+CCCC . CCOL 0CCC .CCCO

«Cccc
. CCCC

.0000_.000C .

£0000_, 0000 0007 _, 500N 0700 0007 ,1COR LCNON 0000 000D . 00CO_.0060 L0CrO .C00C

L0000 1,000 L000C LAY LB0R0 L0000 L0000 ,0CCH_+0000 L0000 . CC

+£C€CO_.€0CC_.00QCC .CCCC

+0CCC L CCLC L,CCCC oCCCC

<CCC

L0009 ,7000 1, 0000 000G L,0ANC L1000 ,0rd0 L,NC0C LNA0N ,100C ,0009 CCCC L,0C0C L6CCC LCCCO 0CCC .CCCC LCCaC

$ 000N _L.ANNA W N000 L0003 L0000 LN0N0

00,0002 ,0000 .00CC

.CCCO

.£0CC_.CCCO

«€0CC _.CCCO .00CC LCCCC LCCCC

+CCCO

0000 L0079 ,N000 L0900 ,NN0C ,0C0% L,CNRCO L,20C0 LCD00 L0000 ,0C8N0 LCCCC .000C +COCC LCCCC 0000 .00CC L€0CC

+0CCC

Wh23C
£ 730032
.rece
4170-
.009¢
L0070

0750

JOT5C

.328C
L0090
L1010
.N0c0
.neoe
L41TC
.onec
.228C
L3280
Lo7ec
L075¢

AN

_ F3 SUPMATRIX

ik

LTROC D000 L A1T0 000D 0000 3760 G050 . 3280 0000 L1010

L0000 .CO00 .417C .C00C 2760 ,326C .CISC LCTSC

.CCCC

L3RG L000N=,2200 3230 LBA0C ,AC00 L R500 L0000 L0009 .0C0C

.0N00 .08CE .0CCC .COCC .CCCO .000C .0CCC LCCCC

.CCCO

S00004KLAD L0000 ,ON0D L A0NE L0608 LOCAE .NN0C L9000 .0NCC

.0C00 ,CCCC .CcCcC .CcCcC LCCCO .00CC .C00C .COCC

.CCCO

L2200 L000NT, 130D S00DD L A0N0-,020N0 L 000N-, 2310 L0000 J000C

L7329 ,N000 LARAD L8670 L0000 LORSE .0R20_,D900 .000C

+0000_.00€0

N70C

orce

.00CC_L0RCEC

.CCCC=.C520-.C52C ,00CC .COCC

«CCOG

.00CC LCCCC .COCC .00CC .CCCC

.CCCC

JRESA L,N0M0 000 (00N L,080C ,NERG L, PCNC L00NC L000C L0CCC

.70C0 LCCCC

.0C0C .CCCC ,C€O0CC .CQCC .CCCC

.CCCO

LACED LAMAN- L0310 L08C) LA0NE A0, PCN0 LDNOD 0000 L0000
SEEALANNG ,NNNN L SDAC L EORC LANDN LSRN L, 0N0E L0900 L0000

LOOAM LDRNDZ 210 (ORSD L0000 L INNE L0000 L ARRE L0000 L0000

.0C0C

NG00

.£0CC .CCCO .00CC ,00CC .CCCC

.CCCO

.0CCC .€24C

.CCCC. €370 .07CC .CCLC ,CO00

.CCco

0009

.0000-.052C

,CC00 ,127C-.CC5C ,0000. .CCCC

.CCCO

.CCNC

.0C0C_L0Cre

,00CC_,CCCC .06CC ,00CC .CCaC

.CCCC

Y T Voo B Yo VoA L L BN Ta T L B oo b B o oL AT T In A X e PR Lef o]

LARM LANRR LA0NG L0047 LA0AC LOCAT LPND0 L0030 LONNCALIRTC L0C0D L0000 L417C

AN ,AnNn  nen

WADAR LO0RC_ L0000 AEC0 L0000 L0000 000045540

.CCCC .C750 .07SC .328C .328C

«CCCC

.0CEC .CCOC

.00CC_.CCCO .COCC .QCCC .€OCC

.0CCO

ARERLANPA ARAD  ANDE (AG0C L0000 L0000 L N00C ,0000 L0000

220404

<5540 LCCCC

.C0CC .CCCO .C0CC .CCCC .COCC

.0C00

LOARA LANAI=ITIN L ANND L A0N0 L ACAD L FP4N=, 0520 L0000 L4170 L0000

.000¢

LO0CC1,1200

.0€0C-,C210-,0310-.0321C~.C31C

.CCCC

LN0CC L0C0C

.55CC ,CCCO .O0CCC ,0OCC .CCOC

.CCCC

LOCER ,00RD 000G L AR0Y L0000 LINNC L0000 L 00RO L0000 L0000

LCCNA L ON0N=NEDD 0N NN0C  N0en L0370 L1270 L0000 L0790

2070

.06C0-.021C

.C00C L€5€0-.021C ,C13C .CCCC

.CCCO

L0OPN LAPAN-,AEDA  0CQ0 L0000 000 W37070=, 0650 _LCC0C._.0T79C

LANCS AN, 000N L ANNY L A0NC L0000 0000 L N0ND L0000 .328C

.0000

.CNC0-.021C

.000C-.C210 .€56C ,0CCC .C130

L0000

.0CC0-,021C

.0CCO .C130 .00CO .656C-.C21C

.0CC0
.CCCO

L0000 L0000 (AN0Q (ACRC L0000 LO00C L C00N L0000 L0000 L3280

alolo]o]

.000C-,031C

.0CCC .CCCO .013C-.C210 .€56C

.ccco

LCCRN LNN0A nann  a00e 0000, 0C00 LCC00 L0000 .N20O L0000

1]
.0000_,00CC .CCCC .60CC .CCCC .C00C .0CCC .CCCC

.CéCC




0585

«0s2C

<0460,

«GC00

«CCaU

V1478

0282

0008

soL12

L0Co3

W0e27

«GCoo

.0COC

.0313

vkLl
»G0Cl

viec
.3041

velC

Jhlen

JLLe
Ll

DELC

OELC
SO

weld

1416

2783
[N

JCoag

Sl

«2b4z

LR

.000000,

2770 .00C4

200000C, .

«294Z2 L0005
.000CC0,
«C33C 7349
«COCIC0,y
. C0CL L0000
SO0000C,
LLTOU Lo
L00G6O08,

e 2490 W051e

cauloun,

SLQ0e L5023
PROIVIVISES IV IN

SUCCL L0007

LU0
LI064 L0162
LOUSR IO,
SO0 Loee
LE30DG0,
L0011 L0001
LTI
LCOLE LD0CC
LO0T0GL
L0001 L0001
LO0GING,
LU0 000
LUCI0T,
LCOCS L0ULL
LC0DI0G,

£J0NC L00CC

.2803

+2892

0007

2624

1646

. 00CC

U011

00723

S COUL

«9203

«0000

. 000C

«00C0

17l

FREQ = 000000, J.= 1 _

0085 _.0000 ,0083 .0985 .0000 .0978 0081 .odoo -0080 .0084 .0000 .0084
FREQ = 10.782683, N 2

.0074  .0000 _,0077 . 40000 20075 .0000 .0076 .0079 _.0000 ,0080
FREQ = 40.783369, 3

2Glel 40120  ,000C _.0467 _.0000 -0039 .0000 L0023 .0039 .0000 .0015
FREQ = 90,647484, d = o 4 o
£C02C  .CO00  .0436 .0000 .2397 .1479 .0166 ,ossé .0122 L0158 ,0538 .0121
FREQG = 318.744640, 4= S

«C0C0 L0000 .00C5 L0000 3140 41393 .0435  .0983 0087 .0449 .0979 .0095
FREQ = 346,505070, 4 = _6 .
<0261 L0130 9000 L1847 .C00l1 .0000 ,0149  .0000 .0210 .0135 .0001 .0206
FrREQ = 6354249420, J = _ T

+0011 .016& .00CC .0095 .0000 ,0000 ,0041 .0006  .0450 ,0045 L0007 .0459
FREQ = 6529.755760, . J = 8 i

£C00N L0000 .1575 L0000 2148 40241 .2572 .0442 40000 42559 .0446 .0000
FReQ = 1967.801300, J 9. .
$0131 Q078 L0054 . .3606_ .0029 .0202 .0031 .0075 .1308 .0120 .0073 L0079
FREQ = 1088.,146673, Jd= 10

+0C43 L0014 L0145 0923 .0065 .0521 .0062 .0021 .1662 .0000 .0018 .3102
FREQ = 1171.993027, J.= 11

«3525 2767 L0004 L0000 L0001 .000L .0004 .0001 L1593 _.0001 ,.0001 L1338
FREQ = 1189.495431, J = . 12

«00J2 L0004 L55C2  ,0005 .1010 .1364 .0373 .0003 .0641 ,.0353 ,0006 .0705
FREQ =  1321.556519, Jo=o 13 —_—
.¢63l L0613 ,000C .0186 .0000 .0000 .0039 .0001 L2635 L0037 .0001 .2580
FREQ = 1426,702667, Jd = 14

.C020 L0000 2108 .0003 40090  .289C .0031 .0000 .1108 .0046 .0000 .1129
FREQ =  1454,781876, B} Jdo= 15

«0DV0  ,0009 _.0000 ,0317 L0000 ,0QQ0 .2873 ,1842 0004 2867 ,1842 ,0006
FREQ = 2855.486053, . . __ = 16

+0010 .0012 .0000. .0639 _.0000 .Q000 .1619 ,3050 .0000 .1619 3050 ,0000
EREQ = .. ..2927.124908, J = 17

20000 0000  .0002  .0000 .1119 .0000  .1408..3031 .0000 .1408 ,3031 .0000
FREQ = 29844324524, J_= 18

#2014 46058 20000 .0007 .0000 .0000 .0001 ,0006 .000) .0001 .0006 .0001
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_ DELC = 4349066, FREQ = 8.051599, d = 1

-1832  .00CO0 .0008 _.5617 ,0003 .0241 .0150 .0000 .0004 .1826 ,0000 .0006 -0153 .0000 .0003 .0153 .0000 .0003
o DELC = 4349066, FREQ = 40,190042, J = 2

+0465 .C486 .0004 .0B0B .7294 .0067 _.0l6l .0120 L0002 ,0472 L0001l .0001 .0042 .0000 .0017 .0038 .0000 .0020
DELC = 2349066, . FREQ = 57.235491, J = 3

+0C41  .C013 _.0296 .0130 .0063..8125 .0003 .0001 .0000 .0028 ,0599 .0299 0036 0130 ,0030 0043 ,0130 .0028
DELC =» 349066, _FREQ = 126.970289, J = 4

+0021  .C066  .2674 .0023 L0001 .0002 _.C008 _,0002 .0597 .0004 .2150 .2714 .0146 .0482 .0244 .0l43 .0482 0242

ELC = 349066, FREQ = 325,212990, 4= 5 '

<0087 .CQ66 . .11l8 L0029 .0008 .1537  ,0019 ,0001 ,0001 0141 .2639 L1707 .0374 ,0825 L0114 L0388  .0822 .0122
DELC = .3490¢6, _FREQ = 347.996250, J = 6

£0533 . .2883 L0002 ,2422  .0488 _.0004 ,0238 ,0126 .0015 .,1737 .0148 .0023 .0210 .0090 ,0199 .0196 .0091 .0195
DELC = 2345060, FREQ = 633.642563, J = 7

1446 .4215 .COO1 0949 .1394 .0000 .0010 .0191. .0004 .0091 .0036 .001l .0074 .0011 +0435 0078 0012 20442
L DELC = .+ 349066, FREQ = 833,392937, J = 8

<0C55 .0067 L0004 .COCO .0003 0016 L0006  ,0007 +1565  .0014  .2104  .0251 .2510 .0429 .0020 .2495 .0434 .0023

VELC = £ 349066, FREQ =  1056,581940, J = 9 -

22825 .CC55.. .0942 .0005 .0035 ,000l .0106 .0075 .0029 L3507 L0013 .0I20 .0052 .0065 1272 .0118 .0062 _.0673
DELC = + 349066, FREQ = . 1095.884628, Jd = 10

<1215 .0024 230l .CO0L .0007 .0004 .0061 ,0024_ 40253 0938 0137 L0671 .0070 ,0026 .1627 .0030 .0024 .2423
DELC = £ 349066, FREQ = 1170.366119, Jd = 11

«C283  .C.84 .CCGC 40004 .0095 .0000 .3251 .2533 .0426 .0009 .0072 .007L .0035 .0001 .1546 ,0031 .0001 .1360
VELC = 349066, FREQ = . 1193,757462, 4= 12

.0145 .CCCL_ .0006. .00C0 . .0007 _.0004 +0257 .0215 .5008 .0079 .0891 .1218 .0328 .0007 .0752 .0312 .0010 .0760
VELC = +349066, FREQ = _ 1320,108170, J = 13

.0C13  .1ls5 .0002 .001L ,000l .0000 2704 .0626_ .0003 .0186 ,0006 0006 0041 .0001 .2615 .0040 .0001 .2561
DELC = +349066, FREQ =  1426.406143, J = 14

.0C04 .C003 .2578 ,0C00 ,000C_ .0003 .0000 .000G .2081 ,0003 .0085 42900 .0032 .0002 L1119 .0047 .0002 1140
DELC = +349066, ____FREQ = 1454.,593292, J = 15

.0219 .00li .0003 L0001 .0001 .000C L0000 .0008 ,0006 .0322 .0000° .0003 ,2868 .1843 .0004 .2862 .1842 0005
UELC = 349066, FREQ = 28_55.454742. J = 16

.0C00 .0CCO  ,0000 L0000 .000C .0000 .0010 .0011 .0000 .0638 .0000 .0000 .1619 .3050 .0000 .1619 3050 _.0000
DELC = £3490€6, FREQ = 2927.107849, J = 17

.0000 .0000 __,0000_ .0000  .0000 .000C .0001 ,0002 .0003 .0000 .1118 .0000 .1408 .3030 .0000 .1408 .3030 .0000
DELL = 4349046, FREQ =  2984.306854, J = 18

.0312 _,€550 .0000 .00G0 _.000C .00CO .3013 .6057 .000C .0007 .0001L L0000 .0002 .0007 .000l .0002 .0007 .0001
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3 DELC = 698132, FREQ = 23.529515,. : 4= B
21192 0040 .0020 5896 _.0598 .0764 .0066 .0010 .0008 .1176 .0002 .0014 0098 .0000 .0010 .0098 .0000 .0010
DELC = 698132, EREQ = 40.676315, gz 2 :
20899 .0451 0017 _.C125 6571 0491 .0218 .0109 .0008 .0899 .Q000 L0010 L0080 .0002 .0021 .0077 0002 .0021
DELC_ = 698132, . FREQ = 62.253693," J= 3 ‘ '
0111 .0135 ,0010 0653 .0205 .6761 .0005 ,0008 .004C  .0091 <1272 0024 <0073 .0259 .0010 .0075 .0259 ..0010
- DELC = 698132,  FREQ = 196.157688, 4= 4
0231 40237 ,1682_.0016 _.0000 30961 .0058 .0005 .0467 .0104 .2564 .1730 ,0L183 .0581 .0209 .0184 .0580 .0208
DELC = 698132, FREQ = 35].826778, J = 5 ‘
L0537 2594 L0271 _.2265_ ,0451 .0053 .0226 .0115 .0085 1857 0082 0056 .0231 .0098 .0149 .0257 <0096 0173
__DELC = ,698132, . ... FREQ = 356,501324y g = 3
20CI7 .0045 .2062 ,0045 0002 .0949. .0002 .0004 .0066 0052 <1609 .2810 ,0345 ,0607 .0240 0319 .0606 +0219
DELC = .698132, _ FREQ = 629.540115, __ . J 7
1369 .4030__ ,0004 _.0978 _.2016 .0002 ' ,0008_ .OLT9 +0009 0076 .0130 .0045 .O0151 .0022 .0398 .0154 .0023 .0405
DELC_ = .698132, FREQ =  843.337112, 4= 8
-0217  .0222__.0014 .0000 .0007 .0008 .0027 .0026 .1531 0071 (1982 .0290 423420396 .0067_,2321 .0401 .0078
... DELC = ..698132,  _  FREQ = 1037.065231, J=_ 9
22551 .Clel .0952 0006 .0044 .0000 .0089 .0090 .0020 .3703 .0043 .0038 .0100 0059 .1125 .0163 .0054 .0B03
_DELC. = . .698132,  FREQ.=_ 11064164978, B 4= 10
1441 _,0037_.2392_ .0000 _.0006 +0006 +0055 .0036 0466 <0552  +0255 +0907 . 010l 0021 .1580 .0062 0020 .2063
.698132, FREQ = 1167.317200, 4= 11
0004 .0085 0000 .2957_ .2274 ,0778. 0045 0115 .0089 .0058  .0002 1580 .0055 .0002 21476
. DELL = _.698132, __ . FREQ = __ 1203.849716, J= 12
.0342__.COCL  .0002 ,0000  .0011 .0003 .0497 .0402 L4474 .0206 .0732 .1024 .0269 .0014 .0896 .0259 .00Ll6 0851
i L .698132,  FREQ = 1315.903290, 4= 13
20013 21130 .0006 0010 .0001 .0000 .2767 .0664 0014 <0187 .0023 .0024: .0047 _.0001 .2560 _.0046 L0001 L2506
DELC = .698132, FREQ = 1425.322021, 4= 14
.0006  .0011 .2547 .0000 .0001 .0003 .0001 .0000 ..2005 .0002 0070 .2929 .0035 .0006 1153 .0006 1174

DELC = 2698132, FREQ = ' 1454.048950, J = 15

DELC = 698132, FREQ = - 2855.369812, R Jd = 16

<0000 .0000 .0000 .0000 .000C .0000 .0009 .0010 .0000 .0637 .0000 .0000 <1620 .3051 0000 .1620 <3051 .0000
DELC = 698132, FREQ = 2927.062317, Jd = 17 :
20000 1407  .3028 0000

0000 _.0000 ,0000 .0000 .0000 .0000 .0005 ,0007 .0003 .0000 .1l116 .0000 .1406 .3028

DELC = 698132, "FREQ = 2984;261627‘. . Jd = i 18

<0000
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DELC = 1,047198, FREQ = 30.018087, 4= 1
20066 0373 .0002 .4144 4911 0289 .0007 .0084 .0000 .0063 .0020  .0002 .0008 .0000 .0012 .0008 .0000 .pol2
DELC = 1047198, FREQ = 53.026761, 4= 2
<0654 0000 .0037 ,0008 .0853 .6546_ ,0129 .0009 .0000_ .0668 _.0598 .0011 .0097 .0137 .0008 .0098 .0137 .0008
DELC = 1.047198, FREQ = 62.692419, 4= 3
21215 .C472 .0029 2713 1633 .080C '.0109 .0043 .0097 1138 .1045 .0039 .0124 .0174 - .0037 0122 0174 0036
LDELC =" 1.047198, FREQ = 228.475094, J = 4 _
20682 0384 .0503 .0003 0004 .1956 .0148__.0006 40226 0399  .2951 .0672 .0227 0661 .0144 0229 .0660 .0145
DELC = 1.047198, FREQ = 358.495075, 4= 5
$0725 2270 .0049__ .2063 _.0355 ,0000.. ,0167_ 0110 .0090  .1490 _.0553  .0058 .0476 .0419 .0139 0476 .0418 0142
. DELC. = 1047198, ' FREQ = _424,086063, 9= 6
10059 .C002 /3317 .C031 .0043 .0388 .0008 ,000L' .037S 0415 ,0346 .3621 .0l60 ,0185 .0352 .0l60 .0183 .0350
o BELC. = 1.047198, _FREQ =__  624.666939, g = 7
21289 .3786 ,0019 1016 _.2037 .0004 .0006 _.0163 _.0007 _+0049 0254 0117 0227 .0031 0365  .0229 .0031 ' .0370
DELC = 1.047198, EREQ = 857.223938, 4= 8
\0497__.C369_ .0048 .0000 .0009 .0006 .0066_ .0047._.1428 .0216  .1795 0393 2102 ,0350 0110 2072 0357 .0134
DELG = 1.047198, FREQ = _1017.309120, 4= 9
12298 G281 .0977 0006 0055 .0000 .0071 .0118 .0052 .3800 .0138 ,0014 0183 ,0056 ,0937 ,0255 .0050 ,0709
L DELC= . 1.047198, _FREQ = 1114.016968, = ' 10
1145100702389 0000  .0006 .0006 .0029 .0069_,0731_.0214 0372 ,1103 .0146 0013 1471 . .0100 0013 1814
DELC = 1047158, FREQ = 1164.082306y J = 11
\0082. 403220068 _.0003 _,007S. .0000__.2712 ,2051 .0876 .0080 _.0104  ,0050 .0059_ .0004 1753 .0059 .0004 »1693
 DELC = 1047198, FREQ=  1216.838654, g= 12 _
0483 ,COl6  .0043_ .00l 0011 .0001 .0666 .0499 4120 .0278 .0606 L0875  +0226 0020 .0984  ,022] ,0021 0931
UELC = 1.06471984.___ FREQ = __1309.363861s 4= ‘13
+0C12.1036 _.0008_ .0010 _,0002 ,0000. +2855 0723 .0048 0190 0046  .0055 .0054 0001 2479 0054 0001 2426
DELC = 10047198, EREQ = 1422,892883, - 14
2009 .0022 2485 .0000 .0002° .0003 .0001 .0000 1903 _,0002 0051 2976 .0036 .0009 ..1208' .0051 .0010 1227
DELC = 1.047198, FREQ = 1453.198608, J= 15 B ‘
.0007 .0020 ,0001 0061 _.0000__.0000 .0007 .0042 .0357 .0002 .0016 .2843 .185] .000] -.2834  .1850 .0003
DELC = 1.047198, FREQ = 2855.239471, 4= 16
+0000 0000 _.0000 .0000 .000C .0000 .0008 .0009 ,0000 .0636 0000 .0000 .1622 .3052 .0000 .1622 3052 _.0000
DELC = 1.047198, FREQ = . 2926.993408, 4= 17
-0001 .0000 .0000 .0000 0000 0000 .0010 .0015 .0002 .0000 .1114 .0000 .1405 .3024 .0000 _.1405 3024 ~+0000
DELC = 1.047198, FREQ =  2984.192332, J= 18
20309 .C590 .0000  .DO0O .0000 0000 3008 6047 .0000. .0005 .0005 .0000 .0004 .0013 ..000] . 0004 0013 .0001
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__DELC = 14396263, EREQ = 27,138902, J = 1
»0003 L0518 .0000 ..3110 .5936 .0211...0022_ .0106 ,0001 ,0003 .0053 ,0000 .0006 .0000 .0012 .0005 0000 .0012
DELC = 1396263, EREQ = 48,971233, 4= 2
20004 _,0276__.0002 _.1163__.0002. ,5941 +0020 »0004. .+0033_ ,0008__.1751 _.0000 ' ,0068 .0322 .0008 .0069 ,0322 .0008
DELC = 1.396263, .. .FREQ = 87.414615,. R 3
21474 .C369  .0098 .2799 1462 1415 .0l141 ,0037 ,0089 .1397 0263 .0053 .0ll4 0031 .0047 .0L13 .0031 0046
A DELC. = 1.396263, FREQ =  239.553902, = 4
=1212_.0313  .0112 0036 0041 .2245 .0230 ,0003 .0077 .0716 .2702 .0363__.0236 0605 .0134 0238 .0604 .0134
DELC = 1.396263, FREQ = 367.180813, J = 5
<0714 .2013 0057 .1764 .0248 0005 .0149 .0103 .0112 .1470 _,0654 0112 0619 .0555 .0124. .0620 .0555 .0126
o __DELC = 1.396263, _ _ FREQ = 501.205795, J = 6 .
+0C18 .01C8 3326 .0079 .0142 .0l6l .0000. .0006 0666 .0678 .0046 .3347 0183 .0105 .0423 .0183 .0104 .0422
_DELC. = 13962634 FREQ =  621,234978, = .71
59 0093 1030 .1996 .0009 .0006 ,0143 .000C .0009 .0383 .0287 .0255 .0029 20373 .0257._.0029  .0378
DELC = 1.396263, FREQ = 872,724686, J = 8
0902 .0429. 0166 ,00C0. .0006 .0004 .0130 0062 +1173 .0501 .1546 .0639 .1807 .0295 .0120 .1761 .0305 .0156
,,,,,,,,, _DELC = 1.396263, FREQ =  1002.517670, 3= 9
21898 .0476 1091 .0006 0067 _.000C .0042 .0l64 .0189_ .3606 .0304 .0028 .0312 ' .0060 .0746 .0400 .0051 <0559
o DELC = 1.396263, FREQ =  1118.454651, J = 10 e -
1472 0141 .2240 ,0001 .0010 0006 0004 .0153 .1028 .0043 .0476 1236 .0201 .0007 1280 .0147 .0009 +1547
DELC = 1.396263, FREQ = 1160.974)21, 4= 11 .
40024 .0310.0245 .0003 .00T1 <0000 22399 L1759 +0828 +0086 __.0069 .0010 .0047 _.0006 .2072 0049 .0006 2015
DELC = 1.396263, . FREQ.=  1231.122711, _ R 12 o
.0558 0063 0147 0002  .00GS .0001 0915 ,0601 .3804 .0262 0516 ,0763 .0198 .0023 .0978 .0197 .0023 _.0942
_DELC = 1.396263, FREQ = 1301.292618, 13 o
+0C08  .C895 0004 .0008  .0004 0000, .2912 .0782  .0149 .0L99 .0065 .0109 .0058 ,0002 .2395 .0059 .0001 .2349
DELC = 1.396263, FREQ = _ 1418.310654, J= 14
20013 0034 ,239C _.0001 .0003 .0003 .0002 0000 .1796 0002 .0032 .3035 ,0032 .0011 .1288 ,0045 0011 .1303
DELC = 1.396263, FREQ = 1452,127441, J = 15
+0128 ,0005 .0023 ,0001 - ,0001 ,000C .CO00 0006 ‘0055 .0383 .0002 L0018 .2833 .1861 .0001 .2825 1860 .000l
DELC = 1.396263, FREQ =  2855.078339, J = 16
+0CC0_ .00C0 .000C .0000 .000Q .0000 .0006 .0007 .0000  ,0633 .0000 .0000 .1624 .3052 .0000 .1624 .3052 .0000
DELG = 1:396263, EREQ = 2926,908569, J= 17
20001 .0000 .0060 0000 ,000C .0000  .00l7 .0025  .0002 ' .0000 .1111 .0000  .1403 .3019 .0000 1403  .3019 .0000
DELC = 1.396263, FREQ = 2984.107880, J = 18 ,
20307 .C590 .000C .0000 .000C .0000 3005 .6039 .000C .0004 0008 0000 0005 0017 .000L 0005 20017 0001
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DELC = 1.745329, FREQ = 22,355015, J = 1

<0000 .0672 .0000 .2442 .6283 .0280 .0022 .0119 0002 .0000 ,0138 .0000 .0007 L0003 .00l ,0007 .0003 20011
DELC = 1.745329, FREQ = 39,812308, 4= 2
0000 .0456 20000 .2282 L0010 .4207 .0024 .0007 .0033 ,0000 .2118 .0000 ,0064 .036] .0009 .0064 .0361 .0009

DELC = 1,745329, FREQ = 110.993520, J = 3

+0870 .0413 ,LO0}10 .2363 L1032 .3562 ,0068 ,0032 .0086 ,0840 .0317 .0037 20067 ,0030 ,0039 .0066 .0031 .0038

DELC = 1.745329, FREQ = 2504549265, J = . 4

£1725 .C115 L0012 L0365 0177 1812 0285 .0000 .0013 .0901 2328 0295 0261 .0567 .0158 .0263 .0565 .0158

DELC = 12745329, FREQ = 379,411369, J = -]

20860 ,1822 .0075 .1359 .0131 .0024 .0160 .0095 0134 .1618 .0600 .0188 .0725 .0610 L0130 .0727 .0610 .0132

DELC _1.745329, . . FREQ = 557.795677,_ __ _ . J = 6

20017 .0632 ,2558 .0260 .0511 .0082 .0004 .0029 .0873 .1165 .0013 .2255 L0339  .0105 .0359 .0338 ,.0103 .0359

__DELC = . . 1.745329, .. FREQ = 6220260521, e J = 7

21368  ,2762 .0408 .C910 ,1685 .0020 .00ll .0109_ .0071 .0060 .0451 .0738 ,0182 .0013 .0507 L0183 .0013 .0510

DELC = 1.745329, FREQ = 890.293915, Jd = 8

1298 .04C6 _.0457  .CO01  .0003 .0003 .0204_ .0071 .0721 _.0813 .1269 .1139 .1483 ,0233 L0095 .1420 .0246 .0137

o 1.745329, ... FREQ = 997.641861, e J = 9

el361 L0714 .1294 ,0004 L0073 .00CC .00J2 .0227 .0503 .3087 .0505 L0054 ,046Q L0070 ,0582 L0571 .0058 .0424

1.745329, ... .FREQ = 1118.482681, 10

_.+0001 ,9017 .0005 ,0014 ,.0303 .13C2 .0025 .0557 .1309 ,0259 ,0006 .1029 .0199 .0008 .1275

1,745329, FREQ = 1158,353683, J = 11

_+0001  .0057 .0001  +1944 1351 _.0696 0055 031 _ .0003  .0028 .0006 .2514 .0031 .0005 .2405

1.745329, - .. .FREQ = 1245.339050, J.= 12
0004 .0009 . 21498 0  .3328 L0172 .047 064 9 0786 .0192 .0 0777
745329, _.....FREQ = 1293.325867, _ Jd = 13

.0C01 ,0678 .0003 .0006 .0007 .0000 L2721 .0761 .0482 .0219 .0062 .0223 .0048 .0003 .2379 L0050 .0003 ,.2355

DELC = 1. 745329, FREQ = 1410,693222, J = 16
.0C19  .0046  .2227 ,0001 _.0004 .0003 o002 .0000 .1695 .0002 .0016 3101 .0026 0009 .1402 20033 .0009 .1408

DELC = 12745329, FREQ = 1450.964279, J = 15

DELC = 1.745329, FREQ = 2854,905731, J. = 16
.0000 ,0000 .0000 _.0000 .0000 .0000 .0004. .0005 .000F .0631 ,0000 .0000 .1626 . . el 6 '] 00
DEIC = 1.745329, FREQ = 29264818115, i, Jd = ‘ 17

0001 .,000] ,0000 ,0000 ,0Q0C .000QQ
DELC = 1.745329, FREQ = 2984.,017792, . . d = 18
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‘DELC = FREQ = 16.550159; J = 1
20000 .09C8 .0000 20376 _.0016 .0134 .0004 .0000 0342 . .0000 .0007 .0015 .0009 .G007 .0015 .0009
_DEIC = EREQ = 29.672337, 4= 2
.0000 0536 .0000 $2545 0036 .0006 0023 ,0000 .2341 .0000 .0061 .0383 0006 .0062 .0383 _.0006
__DELC = FREQ = 123.844499, J = 3
L0360 .0380 ,0093 .5940 0020 _.0024 .0063 0397 .0331 20017 ,0030 L0031 0020 ,0030 0031 .0020
. DEIC = FREQ = 2674475544, i J.= 4
21528 .0001 .0000 L1104 .0397..0989 ,0283 .0007_.0000 L0753 +2063 .0264 _.0314 .0605 .0186 ,0318 L0603  .0185
DEIC = EREQ = 398.086720, L= 5

12157 Jleal 20102 L0840 .0030._.0057 . .0203

_.0084 —+0161 1859  .0424 0317 .0775 .0578 .0180 L0776 L0578 .0181

DELC = FREQ = _ 580.385475, J= 6

L0051 " . 1549 1445 .0047 0010 .0066 0806 L1571 L0164 .0977 0528 0111 0167 .0527. 0109 ,0L70

o DEIC = . o _ _FREQ.=___ 626.470596, J = 7

L1643 L 17C3 L0786 _,0649. 1105 <0036 0034 .0063 .0338 ,062] .0382 +1073 ,0091_,0005__.0687 ' .0090 .0005 _,0687
DELC = EREQ = 914,296265, 4= 8

£1403  .0414 .0815. .0001- ,0003  ,0003. .0266 ;0091 .0273 .0813 1079 .1810__ .1232 _.0180 .0118 .1148 .0195 .0LS0

e DEIC = FREQ =  1003.691696, I R 9 =

L0EB5 _,C865 L1627 +0000_ 0001 .0285 0939 .2523 .0620 ,0076 ,0527 0076 .0447 0670 .0060 .0326

o 'DELE = FREQ =  1113.650833, B TR U D )

1585 .C430  .1483 .0003 0049 0463 .1417 0092 L0611 1361 .0316 .0 08 _.0807_ .0247 _.0012  .1087
DELC = FREQ = 1156,228058, i J = 11

20018 .Cl70 1109 .0001 0040 _.0002 1354 _.0880 .0585 ,0015 ,0009 .0030 _.00l4 .0005 .2985 .0016 .0004 .2761
DELC = FREQ = 1256.101410, d= 12

10497 ,0443 0413 .00C0 3068 1389 ,2113 .0045 .0494 .0381 0215 ,0016 .0340 ,0216 .0015 0335
_DELC = __FREQ = _ 1289.868866, __d = - ‘13 I

20025 _,0312 0147 £0000 1627 .0433 _.1628 4 .0014_ 0007 .2476_ .0016 .0007 2523
DELC = FREQ = 1399,386490, J = 14

L0031 ,0055  .1962 20002 0002 <0000 .1588 .0001 .0005 .3172 .0015 _.0006 ,1570 .0019 .0006 1558
DELC = FREQ = 1449.867569, J= 15 ‘

0053 .0002 .0013 .000C_ .0000 .0003 .0058 ' .0433 .0001 0008 .2826 .1889 ,000L .2825 .1888 .0000
DELC_= FREQ =~ 2854,741730, J = 16

.0000  ,0000__,0000 .0000 .0003 .0003 .0001 .0629 .0000 .0000 .1628 - .3054 .0000 .1628 .3054 _.0000
DELC = FREQ = . 2926,733582, d= 17

.0002 .0001 .0000 +0000 0031 ,0046 .0001 .0000 .1105 .0000 .1398. .3008 .0000 .1399 .3009 0000
DELC = 'FREQ = 2983.934021, 4= 18

.0303 .0589 .0000 «0000. .2997 .6024 ,0000 .0002 .0015 .0001 .0008 ,0026 +0001 0008 -,0026 0001
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DELC = 2.443461, S FREQ. = 10.218006, d = . 1

«0000 .1231 .000C .0922  .6457 _.0365__«0009 .0147 .0004 .0000 .0747 .0000 .0006° <0048 20006 _ <0006 ,0048 .0006

DELC = 24443461, EREQ = 19,830628, A= 2

0000 .0 .0000. .4813_ .0279. .1118_ .0049_ ,0005 .00}l .0000 0000 .0060 0378 .0003 .0061 .03

o _DELC = 2.64346ly . FREQ=__. 127.425830, 4= 3 ’

L0109 .0231 .0070 0769 .0300 .7976 .0004 0013 0037 ,0182 .0222 .0005 0013 0020 0007 20013 .0020 _ ,0007
_DELC = _2,44346l,  _FREQ =_. 284.725910, J = 4

20070 .0002  .1867 0557 ,0371 _.0234 _,0022 .0000 .0371 .1968 ,.0215 ,.0397 .0709 ,.0188 .,0403 .0706 .0187
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2.44346] , EREQ-=  425,95974Q, i J = s

. «0352  .0003 .0073 .0268 .0072 L0179 .1890 0218 0525 0762 .0490 0295 .0760 ,0490 .0295

= 2.%43461, ) FREQ = 581;223373. e 6 .
37 .109 3 1086 0 0 05
o ___.DELC = 2.443461, . . FREQ = 620.814392, e = 7

22610 _.1580  .05C7  .0724 .1158 .0032 L0052 .0057  .0343 .0983 .0428 .0653 .0124 .0004 .0612 L0115 .0005 .0612

DELC = 20443461, FREQ = 943,983627, J = 8

L1154 _,0153 ,0252 .1044 .0172 .0253

21218 .0566_,0821 .0001 .0008. .0002 .0326. .0156 L0062 .0492 .1061 .2260

DELC = L 24443461, e FREQ = 10164966103, . J = 9

20577 L0790 .2244 0001 .0056_ .0001  .001l 0290 .1425 .2205 L0550 L0105 .0432 .0069 .0323 .0627 .0047. 20246

DELC = 20443461y . ... __FREQ = 1104.667999, - o Jd= 10

#1754 .0618 1058 __+0001 _.004C _.0002 0060  +0571 1239 _.0164 +0659 1480 _.0377 ,0012 .0644 .0290 .0018 .1013

DELC = 20443461+ EREQ = 1154.083282, 4 = 11

20034 .0089 L1592 ,0000 .0021 _.0002 .0727 ,0446_ . .0581 _,0001 .0003 _.0043 .0009 .0003 .3413 .0008 -000_2 «3026
DELC = 2.443460, FREQ = 1257.572433, g = 12 ' '

. 0010

DELC = 24443461, FREQ = 1298.073700, J = -13

<0105 .0035 .0711 .0000 .0004 .0000 .0329 .0065 3204 .0190 .0003 .0798 .0001 .0011 .2183 .0001 .0012 .2348
DELC = - 2, 443461, FREQ = 1384,423798, 4= 14

20058 .0063 1541 .0002 .0007 .0002 .0001 .0000 .1408 .0000 .0000 .3282 '.0009 +0004 .1833 .0009 - .0004 .1778

DELC = 2,443461, FREQ = 1448.985443, J.= . 15

DELC = 2443461, FREQ = _ 2854,607513s J= 16

+0000 .0000 .0000 .0000 .0000 .0000 .0001 L0001 0001 .0627 .0000 .0000 .1630 .3055 .0000  .1630 .3054 .0000

DELC = 2,44346] ¢ EREQ =  2926,664429, . 4= 17 :
20002 0001 .0000 ,0000 ,0000 ,000C ,0037 ,0054  .0000 0000 .1103 .0000 .1397 .3004 0000 1397 43003 - 0000

DELC = 2.443461, FREQ .= 2983.865295, 4= _18

10302 .0589 .0000 .0000 .0000 .0000 .299%. 6018 .0000 40001 .0 -0029 .000¢
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DELC = . 2792527, FREQ = 44107531, J = 1

<0000 ,1539 .000C .C584 .6010 .0163 .0006 .0151 .0002 0000 ,1318 ,0000 .0006 _.0106 .0002 ,0006 '.0106" 20002

DELC = 22792527, EREQ = 11.156023, . J = 2

20000 .0429 " .0000 .5528 .0876  .0246 0057 .0010 .0002 .0000 .2050 .0000 .0059 .034] .0001  .0059 .0341 .0001

DELC = 2792527, _ FREQ = 127.048115, J = 3

«0021 .0Q69 0056 ,0203 .0079 ,9343 ,0000 .0004 ,0022 ,0104 L0070 L0001 .0007 +0006  ,000]1 L0007 .Q0Q6 ,000]
2.792527, -FREQ = 12954765736, Jd = ’0‘

#2310 ,0613 0079 .0188 _,0035 .0000 .0088 41942 .0171 _.0476 .0802 ,0172 '.0484 .0800 .O172

DEIC = 2.792527, FREQ = 4590661556, Jd = S

22302 __.1414 L0103 ,0083  ,007S. 0044 20342 ,0067 ,0132 .1187 .0083 .0845 .0741 _ .0435 .0486 L0736 ,0436 ,0485

e DBELC = 2.792527, .. _.... _FREQ'=__ 5684193016, J = 6 . _
93 0 ) 6 +0066
e DELC = 2.792527, ~ . FREQ = 6104391602, } J = 1

+2C09 _.2323 ,0099 . .1121: ,1815 ,.0010 .0036 ,0086 .0084__.0331 .0641 .0210 .0237 ,0008 ,0382 ,.C218 .0008 0384

DELC = 20792527, FREQ = 968,697830, d = 8
20964 ,0858 .0372. ,0000 _.0021_ .Q001  ,0404 20276 .0026 .0157 1186 ,2323 L1234 L0151 ,0405 L1092 .0174 0359
e DELC = 2792527, ... FREQ =_  1032,357697, J= 9

20202 0430 L3235 ,0000 .0029" ,.0002 L0017 Q183 L2060 L2167 ,0299 .0106 L0190 .0049 L0251 ,0469 ,0020 L0190

DELC = 2.192521, el _FREQ = 1093.624649, i 4= . 10 ‘
22110  ,0862 L0547 .C00Ll 0056 0001 _+0048 .0665 ,0688 DMLJ&]XM%Q@QQ_.MMT_.&&
DELC = 2.792527, FREQ = _ 1151.926331, B A= 11 _ :
20027 L1958 0000 L0006 .0003  .0210_ .0125 0648 L0011 .0002 . -ﬂ.Zi_.nmm_.nm_am_.Mx__.Qn
DELC = 2.7925217, FREQ =  1254.285782, J = 12 .

DEIC = 2.792521, FREQ = 1313.819702, J = 13

MLLLMMMLMLLMW 0631 .0004 .0012 ,1572. .0003 .0012 ,1885
pELf = 20792527, FREQ = 1367.454880, ) Jd = 14 ' ) | - ]

£0114 . ,0067 .0846 ,0002 .:goga .0001  .0000 .0000 L0921 ,0001 .0003 ,3609 L0007 0002 .2289 .0003 .0002 .2127
DELC = 27192521, . FREQ = 1448.420099. ] J = . 15

OELC = 2.792527, FREQ = 28544519226y . J = 16

+0000 _,0000 0001 ..6000 .0000 ..0000 .0000 .0000 L0001 .0626 .0000 .0000 .1631 .3055 .0000 .1631 " .3055 .0000

DELC = 2.792527s FREQ =  2926.619537, . 3= S ¥ 4
«0002 .0001 .0000 .000C .0000 ,0000 004k .0059 .0000 .0000: -.1101 .0000 .1395 +3002 0000 .;uL,&Qi_.;.ﬂm

DELC = 2.792527, . _EREQ = 2983,821381, . 4= ‘ 18
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DELC = 3.141593, . FREQ = «000000, J = 1
«0000 41909 L0000 .0G00 .5702 LJ00C 40000 .0160 +000C 0000 1908 ,0000 .0000 .0160 ,0000 ,0000 .0160 0000

- vkl = 34141593, FREQ.=_ — 21860341, _ e e = e s R

+0C00  ,0l44  .00CC ,€257 1241 40000 L0065 ,0005 L0000 ,LOCO0 L1570 .0000 ,0065 ,0295 .0000 0065 .0295 .0000
DELC = . 30141593, FREQ = 1264501095, J = 3

~20C00  .C0CO 40051 .C¢Q00 0000 +983¢ L0000 40000 ,0017._,0084 ,0000 ,0000 ,0006 +0000__ ,0000 __,0006 _,0000 ,0000
DELC = 3.141593, FREQ = 299.328583, J = 4

#1266 4C251 .COUU 42438 .0621 .0000 .Ol72 .0039 ,000C .0007 .1935 L0155 .0508 <0836  .0l165 .0516 .0833 .0l64
JELC = 34141593, FREQ = 479,663044, J = 5

e2744 1567 L0u0C L0016 .ULBS LO0CC .C410 L0CT4  L00CC L0000 .N038 L1171 L0766 .0455 L0670 L0755 .0456 +0669
JELC = 34141933, FREQ = 554.690308, J = [

20CCL L0201 o189l LLGDL w0001 L0156 L000C .C300  .1347 46352 ,000C .0000 .0395 L0008 .0006 .0417 0007 .0006

[~
™
-
o
"

30141593, FREQ = 606.906776, J = 7

#1843 42653 LCU31  WleT6 0 02092 0 L020C 0025 L0G9Y  «C0CL1  .0001 L0724 L0103 ,03C3 .0015 .0281 .0282 L0015 L0285
VELC = 3elalbys, | FREQ = 9754068832, J = 8

L0848 L1029 L0Nos  LUONC L0025 0000 4C447 40353 48027 40629 1270 .2266 <1299 40154 .0459 .1l41 0179 .0390
DELL = 50141554, FRED = 1040,743542, J = 9

20C206. 4CLICY  o3908 LCUUC LO0LE L0703 L0UOLT  L0NS5 ,260€  +2255 40095 .CI14 .00C7 L0038 ,0259 L0358 ,0002 .0160
LELC = 3.141595, FREY = 1087,206940, J = 10

#2459 .1C76 .0C6O  LL0O0 Lu0T71  LOOCO L0040 L0755 .0l44 L0081 L0860 1983 L0571 .0022 ,0417 40383 L0035 .1037
VELC = 30141553, FRbw = 1150.915382, J = 11

#0C15  .COC2  W2101 OG0 LCCCC 0003 o090 L0N0L  «0663 L0019 .2001 40008 L0007 .N00C .3884 .0002 .0000 3262
VELC. = 50141593, FRED = 1252,64C076, J = 12

«0200 L0578, LOL3S L0010 L0337 .00CC L5790 .238% L0CCT L.N020 .,92468 L0014 L0203 L0005 L0043 .0207 .0005 .0050

DELC = 3.141593, FREJ = 1324,238925, J = 13

«0CC4  .0CCO  .zxsl  LLUGC  .GOOC L0002 CU2) .C207 L5067 L0083 L7000 L0009 L.0CR3 .0013 ,0944 ,0003 .0014 .l446
LELC = 30141593, FREQ = 13564861038, i J = 14

<0186 .0C72 L0020 .O0TG3  .001C L00CC L00UDD L0000 L0015 L0000 47009 .4274 L0008 40001 .2870 .00CL .0000 ,2530
VELC = 3.141595, FREJ = 1448,227066, J = 15

—.20€00_ 40000 40005 L LU0 LOCCC ,0O0C. 4COJ0 ‘.oooo 20052 .0469  .0070 .0001 ,2824 1910  .0002 _.2828 .1909 .0001
UELC = 30141553, FKEQ = 255644489990, J = 16

#GC00 .COCO  .00GL  .0GGC  .0DOC L0GOG L0000 L0000 40001 .0626 .0000 40000 1631 .3055 L0000 .1631 .3055 .0000

— DELC = 30141593, FREQ = 29264605377,

.0C02 .C0C1 .COOC .000O .00CC .CO0C .C042 L0061 L0000 .0000 L1100 ,00CO .1395 ,3001 ,0000 .1396 ,3002 .0000
DELC = 34141593, . .. FREG =  2983.807373, J = 18

_+0300 .CG589 .000C .£0QQ.  .000C .00CO_,2992  ,6012 L0000 .0000 _.0020
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