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Abstract

The Far-infrared Spectroscopy of Some Synthetic Organic Polymers
by David Stephenson

Studies have been made on the far-infrared spectra of
poly£v1njl chloride), polyethylene, poly(4-methyl-1~pentene),
poly(1-pentene) forms I and II, and poly(ethylene terephthalate),
the spectra of poly(1-pentene) forms I and II being reported for
the first time. The essential purpose of these studies was to establish
~—-assignments more firmly than hitherto, and thus to relate the spectral
features to such properties as chain conformation, conflguratlon and
crystallinity.

In the far-infrared spectrum of poly(vinyl chlorlde) the
185 em™! band has been assigned to a vibration of an interchain
hydrogen bond in the chain fold regions, and it appears that the
64 cm ! band is due to dipole-dipole interactions between adjacent
chains. The frequency-temperature dependance of the 64 cm! band
‘was studied as it appeared to show an unusual variation, but results
were not conclusive. However in the case of the 72 em™! band in the
spectrum of polyethylene two transitions were observed in the range
60 to 320 K which corresponded fairly well with previously reported
transitions determined by other methods.

Correlation of bands through the series of poly(a—oleflns)
has enabled assignments of bands in the far-infrared spectra of
- poly(1-pentene) forms I and II and poly(4-methyl-1-pentene) to be
made for the first time. Some of the bands in the far-infrared
spectrum of poly(L-methyl-i-pentene) are split into two components,
and this has been attributed to non—unllormlty of its helical -
structure. Additionally, the Duu.u.y has led to & re-asse&ssment of
the previous assignments given to bands in the far-infrared spectrum
of poly(1-butene) form I, and certain re-assignments have becn
madeo

Finally, it has been possible to consolidate and extend
assignments f'or the far-infrared spectrum of noly(ethylene terephthalate),
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1.1 Introduction

The mid-infrared spectra of ‘a wide range of synthetic organid
polymers have been recorded and catalogued (eg. 1 -5) In this
region of the spectrum there is relatively little vibrational
couplihg and consequently the molecule can reasonably be'freated as
"several isolated units. Thus this part of the spectfum is ideal for
identification of these relatively intractible materials, either by

comparison with sténdard spectra or by identification of group

. frequencies,

Various polymers show changes in their mid-infrared spectra
depending on the'crwstallinity and sfereoregularity of the sample.

The interchain interactions between adjacent chains may cause certain
vibrational modes in the infrared spectrum of polymers to be split,
the extent of the splitting being directly related to polymer
crystallinitj. This phenomena is known as correlation field splitting.
The utility of ‘this method, for determining crystallinity, is limited,
because in centrosymmetric systems mutual exclusion occurs, making one
component of the correlation splitting infrared-active and the other
Raman-active. Thus, the mégnitude of the resultant splitting is

‘ aifficult to determine. Further the effect cannot occur in polymers
wnich ﬁave only one chain per unit cell.

Configuration énd coenformation sensitivé bands have also been
used to determine crystallinity eg. C-Cl stretching bands in poly .
(vinyl. chloride) {6), and bands due to trans and gauche conformers
of the glycol segmenis in poly(ethylene terephthalate) (7,8). Such
determinations, however, ignore the fact that a number of adjacent
repeat units with suitable conformations and/or configuration are
required for crystallisation and thus favourable structure for

crystallisation, as determined by infrared spectroscopy, also occurs

7



in amorphous regions. _ _
~ In the far-infrared region (10 to 450 en ') the vibrational modes
are mainly torsions and bending modes involving the whele repeat unit
of the polymer. These vibrations being lower in energy than those
that absorb in the mid-infrared region, are much more susceptible to
changes in crystallinity and conformation. Below 100 em”' there ave
also, in the spectra of many polymers, bands believed to be due to
-Interchain vibrations and hence they are very sensitive to ehanges in
erystal structure and degree of crystallinity. These lattice bands, : '
in cnystalllne polymers, can usually be identified 51neer;£ej are o
expected to move substantially to higher freqnency on cooling the
polymer. The lattice band in polyethylene at 72 cqug for example,
moves to 78 ex) on cooling the sample to 100 K (9); an intramolecular
mode would be expected to increase its aBsorption frequency only by
1 to 2 em™ on such a temperature change.

The purpose of the present work was ﬁo relate the far-infrared
spectra of various synthetic organic polymers to their bulk structure,
by thermal treatment of the polymer samples, recording the spectra at
different temperatures and utilising X-ray diffraction techniques.'

These techniques 2llow, with the aid of previoes 1iterature by other
workers, the bands inthe far-infrared sp‘ecfra of the polymers studied to

be assigned to specific vibrational medes.
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2.1 Introduction

Commercially, vinyl chloride is polymerised at a temperature
between 45 °C and 72 °C,vwhich produces a largely atactic amorphous
polymer. At a lowef polymerisation temperature, Vhowever, such as is
used in the manufacture of Montedison fibre-forming grade poly
(vinpl chiloride) (PVC), a more stereoregular polymer with less chain
branching is produced. These low temperaturd polymerisation conditions

are also used for the preparation of experimental FVC sample.s» (1-9),

and because the initiators used in the reaction also act as chain

| term:nators s a 1ow molecular we::.ght PVC is produced wh:.ch tends to
: _crysta]lise more readily than higher molecular weight PVC of similar
syndiotactic con'bent'. Almost corﬁplete]y syndiotactic PVC can be |
prepared by binding vinyl chloride :Lna urea canal complex and
polymerising with high intensity y-rays (1 0);

Thé degree of crystallinity; chain configuration and conformaticn
ai‘e all important in determining the physical properties and processing
characteristics of the polymer. Thus‘ PVC has been extensively
investlgated by many techniques in order to gain information atout its
structure. I- a2y scattering was the first uechn:n.que used (11) and it

‘was suggested that cry ,,s*hp'!"me peaks present in the diffraction pattem

were caused by syndiotactic sequences forming small crystalline regions
within a largely e.mornhous polymer structure, X-ray diffractica is
still the most widely used method for determining the crystallini‘by of
PVC. The method of We,x.dlncer and Hermans (12-1l) is usually used for
this determination; this assumes a two phase system of wholly ordered
and wholly disordered meterial. However the work of lMemma and Nardi
(15) has given clear indications of the presence of a phase cf
intermediate order, in the zb plane, and Guerrero and Keller (16)

‘have suggested there may be two such intermediate phases. If this is

1



er
' so, the X-ray baékgroun;i scat’t#.ﬁg measured is not a reliable indication
~of the incoherent scattering from the .amorphous phase. Thus, a sample
which is completely amorphous is rea]ly needed to obtain a correct
crystallinity value by this methodb. A value of ca. 5% is obtained
for the crystallinity . of commercial PVC by this method (17). -Hoﬁever,
values as low as 0.5%, by,smali angle X-ray diffraction (18), and as_
high as 12% by density measurements (2), have been reported.
The infrared and Raman spectra of PVC in the carbon-chlorine
stretching region (600-710 en”') have been used to gain information
| about fhe tacticiﬂy éf PVC. This method has aiso been used to determine
the crystallinity of PVC, by ratioing the intensity of the band at ca.
6L40 cn”| with the band at ¢a,690 cm | (6,19,20,21). These bands are
due to sequences in the chai:; structure of FVC which are believed to
cry’stallise,. and hot to czystaliise respectively. Thus they are not
irue crystallinily bands as defined by Zerbl et ai. (22). Unlike the
720 and 730 c;m_1 doublet in the spectrum of crystalline polyethylene
they do not depend on a crystal lattice for their existence. A
further drawback of this method is that account is not taken of syndiotactic
sequences capable of crystailisation, which give .rise to a band at |
601 cm-‘l (23). There is also a small peak at 4T c;n_1- resolved
graphically by Pohl and Hummel (2l), which will give an incorrect

! band.” More recently with the

1

value to the intensity of the 640 cm
aid of computer curve fitting, the area of the 6LO en | and 601 cm
peaks have been combined to give a value for the érystell.iﬁity of
PVC (25,26); however, the method does not give absolute values.

In Fig 2.1 a comparison between the spectrum of urea-canal PVC and
that of = commercial sample is shown. The band at ca,690 cn |
which is prominent in atactic samples is due to long regular isotactic
sequences and eppears broad because of two underlying bands which are

12



believed to be due to slioft syndiotactic. éequences. The spectrum of
highly syndiotactic urea~canal ,PVCk cdntains an absorption at ca.
601 cm"‘l which is due to 1ong syndiétactic sequences. This ba.'nd. shifts
to higher frequency in less stereoregular commercial samples becaﬁse of
the increase in intensity of an underly:.ng band at ca. 61 cm~ which is
due to short planar syndiotactic sequences. The band at ca,6LO cm--1 9
due to szng syndiotac‘bic .sequences, is relativelj unchanged. More
" underlying bands have been revealed by computer curve fitting »(26),
and consequently 'bhe overa.ll p:.cture is complex, and thus there is -
) great dii‘ficul'by i.n obtainlng meam.ngful configtmat;onai-d;ta by this o
method.

NMR spectroscopy has proved more useful recently in determining
configurational parameters (27 - 29), but the solubility, especially
of the more steréoregular PVC samples, is a limitation. The ‘ |
syndictactic:‘.t:,? ¢f cermercial PVC dctezﬁned by this method is
55% (27). | - |

In the far-infrared region below 100 cm™ » bands due to

l() .
£
.

intermolecular vibrations and hence indicative of crystallinity

occur, The far-infrared spectrum of WC received considerable
attention when this region of the spectrum becé.me accessible; PVC
(30-32) deuterated PVC (32,33) and model compounds (3L-39) were
studied. Thei'e have been two normal co-ordinate analyses carried out
on syndiotactic PVC.The approach of Tasumi and Shimanouchi (32) was

a single chain analysis a.nd as such would not be expected to predict
intermolecular modes.- On the other hand Moore and Krimm (31) took into
account possible inte;‘chain interactions. Both sets of results (for

- the region below 400 cm-1) are summarised in Table 2.1, For the 3

intramolecular bands between 300 cm._1 and 40O cnf1 the analyses agree

: : -1
with the observed spectrum. However, the strong band at c2.185 cm

13



e -

is not predicted by ei"b.her modelr and consequén‘bly no credible
assignment for it has been put forward. Furthermore s the band at

6l cm~1 has been assigned by Moore and Krimm (2}) to the vibration of
an intermolecular hydrogen bond, which has been brought into doubt by
recent X-ray work (LO,L41). The present study seeks to resolve these

deficiencies, in our understanding of the far-infrared spectrum.

1
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2.2 IExperimental

Samples |
(1) As 7042: a commercial copolymer made by BP Chemicals of vinyl

chloride/vinyl acetate containing 16% vinyl acetate;

(i1) Cervic (72 °C) a commercial polymer made by ICI using a -
polymerisation temperature of 72 °C.

(41i) Carvic (64 °C) a commercial polymer made by ICI using a
polymerisation temperature of 6 °C. '

(iv) M-E: a commercial polymer made by the Montecatini - Edison
Comﬁé.ny usinga “proiyrﬁe‘risa'bien temperature of-36 v_ac—; it S
has a relative molecular mass, &etemined by viscometry, of
60 000. |

(v) P75 TRO IME: an experimental pelymer polymerised at 0 °C
using t-butylmagnesium chloride (5). This sample was |
precipitated from the reaction mixture by addif:g methanel,

(vi) P74 TRO ITHF) experimental polymers polymerised as

(vii) P75 TRO ITHF} for P75 TRO IME, but these fractions were

(viii) P78 TRO ITHF)‘ less soluble in tetrahydrofuran.
(ix) U-C: an experimental polymer prepared in a urea-canal

complex (10).

The samples are listed above in order of increasing potential
erystallinity,
The samples were prepared for spectral measurements by three

different methods. Methods {a) and (b) were used for samples (iv) to

e
o

(ix), and method (c) for samples (i) to (iii).

(2) TUntreated cold pressed discs: prepared by pressing the PVC powder
as supplied to form 13 mm diameter discs, between 0.1 mm and |
0.2 mm thick depending on the sample and the region of the far-

infrared spectrum to be covered.

15



" (b)

(c)

Annealéd discs: discs p;;epai'ed as in method (a) were annealed
at a temperature between 140 <.’C and 190 °C for between 30 nins.
and 18 hours and slbwly cooled from the annealing temperature

at ca 1 °C per minuté. . |

Cast films: Samples (i) (ii) and (iii) were supplied in the
form of coarse powders and consequently could not be cold -

pressed successfully, but were sufficiently atactic to be

' readily soluble in tetrahydrofuran, thus enabling films to be

cast. Af‘ter most of the solven‘b was lost , the resul‘tlng f:l.lms

were d.m.ed under vacuum overnlght.

A vacuum tight liquid cell with polyethylene windows
modified as described by Goldstein and Willis (42) was used to
record the spectrum of 2 - chlorobutane. An electrical heat;er
and thermocouple was added to the liquid cell, and the

. N -
pclyethylene windews replaced by PIFE windows

. mwAnwm 4+
- dede dd VY ahad b ~ Y - AN Vs

b
O

record the spectrum of P75 TRO DME at L50 K.

16



2.3 Results

The X-ray diffraction patterns of selected samples are shown in
Fg 2.2.The patterns are general]y qualitatively similar, the
differences being explicable inv terms of the different syndiotacticities
of the samples. The notable e:_cception to this generalisation is that
the highly syndiotactic U-C sample shows a smaller peak than would be
expected for the 210 reflection at 25° and the 220 refiection at 4O°.
The change‘ in the X-ray difi‘ractibn curves on anneéling are. shown for
some of the samples in Fb.gs g.3a - 2.3d, and the:.r c:vstalllm.’w
indices, calculated i)y the method of D'Amato and Streﬁ;‘P:(LB),
together with half peak heigh’c widths for sample U-C are in Table 2.2,
As can be seen it is difficult to correlate changes in crystallinity r
index with changes in the diffraction patterns.

The far-infrared spectra from LO to 230 cm-1 of the wvarious

s . . N N 1
¢ compared in Fig 2.4, The intensity of ihe band at &L cox

samples

i

is very similar in all but the samples of ldwest crystallini’_ay, viz .
M-E and P75 TRO TME. On the other hand, the band at 185 cm | is very
much sharper a.nd stronger in the U-~C sample than in other szmples.

A comparison of the specfra obtained on annealing the sampies is
shown for the &l cn” and 88 cm | bands in Figs 2.5a - 2.5d, and for
the 185 en | band in Figs. 2.6a - 2.6j. M11 the bands observed are
tabuiated along with their relative intensities in Table 2.3, 4
comparison between the 64 cm-1 and 88 cm | band at room temperature
(ca. 300 X) and ¢ca,30 K for three of the samples are shown 111 Figs
2.7a = 2,7d. It can be seen from these Figures and Table 2.3 that
the shift in position of the band at 6l en! , on cooling, is very
marked in the highly syndiotactic U-C sample bﬁt not in the other
samples and in this sample it also shifts far more than 88 cm |

band, In Fig 2.8a and 2.8b the spectrum from 80 cm—1 to LLO en”

17



". of the vinyl chloride/ﬁ.nyl acetate copolymer is compared with a

comercial PVC semple. ALl the bands, except the band at € cm™"

which was not observed in either spectrum, are much weaker and’
broader in the copolymer especially the two bands above L0OO cm.~1
which are believed to Ee due to isotactic structure. The specfrum
of P75 TRO IME at L50 K is shown in Fig 2.9 from 50 to 100 cm |,
the 64 cm‘1 and 88 en” bands still being presént. , ‘ |

The spectrum of 2-chlorobutane from 100 en™' to 1450 en” is

- shown in Figs 2,10a and 2.10b.

18



2.4, Discussion and As-signment

The absorptions in the far-infrared spec’crxm of PVC have been
largely explained by vn‘ormal co-ordinaﬁe analysis. Thus the bands at
88, 312, 348 and 358 c‘m—1 have been predicted and assigned by two
independent groups of workers (31 ,32). However, the 'origins of the
two bands at 6l en”' and 185 cen”! present more of a problem.

The band at 6l — is not predicted for an isolated chain (32),
‘bxit was’ predicted by Moore a.nd Krimm (31), wﬁen they took ihto account
~interchain mteract:l.ons. In Fig 2.1; it may be seen that the band a'b
6L cm in PVC becomes more :Lntense as the syndlotact:;e;'l;;,” “and hence
the crystallinity, of the sample is increased. Furthermore s shifts
to a higher wavenumber occur on cooling the most crystaliine U-C
sample (Fig 2.7a), suggestive of a lattice mode; the 6l cm-1 band
in the other samples (Figs 2.7b to 2.7d) does not change in
frequency tc anything like the same extent on cooling ,. thus

discounting the possibility that the frequency shift is due to the

occupation of excited vibrational energy levels at room 'bemperature

(hot bands). Thus the PVC samples, other than U-C, must be
insufficiently syndiotactic to allow coﬁtraction of the crystal
lattice 'on cooling. The evidenee therefore suggests that this band
is due to interchain vibrations. There is, furthermore, vevidence to
suggest that bthe band could be due to a specific hydrogen bonded
interaction. |

The evidence upon which the hydrogen bond aésignment was based
was experiments on model compounds, ¥iz. secondazjy chloroalkanes,
by Warrier and Krimm (12). These authors chowed that these compounds
also have atendat ca. 6l cm-1 which disappears in the gas phase and

on dilution, indicating that the absorption is caused by interactions .

between adjacent molecules in the liquid secondary chlorocalkanes.

19



Additionally exper:i.men{:s' carried out on deuterated secondary chlofoalkanes
(35) showed that the 6} en” band was shifted by an amount predicted
assuming interchain hydrogen bonding. Also Cbnte et al, (41) |

calculated that hydrogen bonds could be formed in the chain fold

regions, and suggested that the 6} cm‘_jl band could be a manifestation

of this.

However, if this were the case the short chain PVC samples, which
would be expected to contain fewer chain foldé, would have a les;s
~intense 6l cm-1 absorpt:.on than would the long chain U-C sample.
Ebtam.natlon of Fz.g 2 3 shows that th:x.s is not so. The shape a.nd
intensity of the 6 cm™' band in sample U-C is very similar to that
~ for P74 TRO ITHF and P75 TRO ITHF. Furthermore, X-ray work carried

out by Wilks et al.(LO) and more recef:l'bly by Conte et al. (41) showed

that in the crystalline regions of PVC (away from chain folds) the

- separation between hydrogen and chlorine atoms was osa. 1.7 % which

is substantially greater than van der Waals' contact distance of

ca. h.ﬂ 2. Thus suggesting that although the 64 ,cm'.-1 band may be due to an
interchain interaction; it cannot be attributed to hydrogen bonding.

The 185 cm™’ band is not predicted by either the single chain

analysis of Tasumi and Shimenouchi (32) or by.Hcore and Xrimm (31)

~who took into account possible interchain interactions. The band

has previcusly been assigned to less prevalent conformations

(36,37,39). The present work is not compatible with this interpretation
as the band becomes sharper and more intense with the more stereo-
regular PVC samples (Fig 2,3)e It must therefore be due to some part
‘oi‘ the structure of PVC which is present in quite large concentrations
and is not allowed for in the two normai co~ordinate analyses.

Normal co-ordinate analyses are carried out assuming ideal crystals

containing polymer chains of infinite length; thus folding of the

20



' polymer chains is'ignored. So the 185 cqubandvcould be due to
interactions in chain fold regions. This is furthef‘implicated by ‘
the fact that in Fig 2.3 the 185 cm—1 band is more intense in the
long chain U-C sample, which probably contains a greater concentration
of éhajn folds (c £. the 6l cn™' band in Fig 2.3). - Additionally
Conte et al. (i1) calculated that there could be favourable interchain
interactions in chain fold regions, the calculated interchain

distances being short enough to allow hydrogen bonding.

21



' 2.5 Conclusions

The most plausible assignment for the 185 cm‘—1 band in syndiotactic
PVC. is that it is due to the vibration of an interchain hydroéen bond '
in the chain fold regions. The band at 6L en”! is probably due to
dipole-dipole interactions between adjacent ‘chains.

22
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The diffraic’cibn- pattern of PVC

l 3
30° 25° 20°
Diffraction angle( 26 )

Area Aq+Area A,
Area Aq+Area A,+Area A;

Crystalllnl bty index=

Table 2.2

Tabulation of the crystallinity index of va.rn.ously treated samples

of PVC ,
Sample - 'Uree:—ca“e.l P75 TRQ ITHF P74 TRO ITHF P75 TRC IME
Un;z.'ea'ted cold pressed 83 67 57 : 55
isc . X
Disc annealed at 140°C : , - -
for 1 hour o 8 76 80 25
Anwnn"nﬂ n-l- 4.)1-0 OC 6 6 58
for 6 hours 8 7 ' 1
Annealed at 11.;.0 8
for 31 hours L 67 . 66 : 5
Tabulation of half peak height bahd widths for urea-canal PVC
Band vosition(26) 18° - 25° 31° 100

Untreated cold pressed !
disc g 5+0° 3-0° 2-8° 3-7°

Disc annealed at 140 C

for 1 hour 2-8° 2-8° 2430 2470
ADD o] .
,fgf-l e hoars ¢ 2-8° 2+6° 1490 2:7°
o] ) . .
Annealed at 140 °C pego 9egd pego p.g0

for 31 hours
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Tsble 2.3 = o
Bands observed in the far-infrared spectra of various PVC samples.

Sample1 wmntreated cold pressed disc. - :
Sample2 :sample1 annealed for 1 hour at 140 °C  }Cooled from 140 °C at
Sample3 :sample2 annealed for 17 hours -at 140 °C }1° per minute

Figures give band positions in wavenumbers(cm™') o
Spectra recorded at 30 K Spectra recorded at 300 K

_Sample Sample?2 Sample3 = Samplei Sample2 Sample3
: Urea-canal FVC -
72 71 - : - 6l 65
90 90 88 88 88
191 ‘ 193 185 188 181
314 ' - 315 : 34 315 315
3 3k B 340, 345
358 - 359 359 359 361
o R " P74 TRO ITHF '
68 - 67 65 | 63 63
. 88 87 88 88 | 87
181 —_— - — —
190 190 190 A 190 187
312 310 312 : _ 311 312
3,7 — - | , 348 Ay
361 361 - 361 . 361 359
P75 TRO ITHF
67 68 66 63
- 88 86 85 87
1935 168 188 189 , 185
310 311 311 32 310
345 B e ‘ -
358 361 359 358
P75 TRO DE
66 61 - -—_ 63 67
88 _ 88 83 - 85 85
- 162 151 160 —_— —
-_— - - - 178 179
180 185 179 181 183 187
310 309 310 34 310 310
3k 339 - 343 34, 342
360 363 361 361 361 362
- - - 366 366 367
Montedison fibre forming grade
68 62 R 62 63
88 88 — 88 85
167 - - v - -
179 184 181 181 181
- 193 ' - 186 . 186
312 311 313 312 312
- - - 349 37
361 358 363 - 361 : 361
373 - -~ 381 -
- - 430 - -
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~ Chapter 3

The Frequency = temperature Dependence of the Vibrational

Lattice Bands in Polyethylene and Poly{vinyl chloride)
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: 3,1 Introduction

At low frequency in the far-infrared spectrum many bands appear
broad at room temperature, because at ca. 300 K there is sufficient
thermal energy to populate vibrational energy levels higher than the
ground level, V= kT/hc (where 7 is the wavenumber of the band, kis
the Boltzmgnn constant, T is the temperature in Kelvin, h is Planck!s

constant and ¢ is the velocity of light). As the higher energy
levelé are closer together this gives rise to lower frequency

- transitions which broaden, and shift the band to lower wavenﬁmber at
" 'room temperature as compared with lower temperatures. ILowering the
temperature reduces the thot band! contribution with sharpening of
the obéerved band and an increase in wavenumber of tﬁe apparent
absorption maximum. However, la‘bticé ‘bands shift much more than
would be expected by this mechanism, due to contraction of the
crystal lattice on cooling producing an increase in the effective
force. consta.nt_of‘ intermolecular vibrational modes. Thus a

substantial shift to higher frequency of lattice bands occurs on

lowering the sample temperature.
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3.2 Experimental

Samples
High density polyethylene sample PE1: tunknown origin.

High density polyethylene sample PE2: unknown 6rigim
High density polyethylene sa.mple ¥E 3:BP Chemicals Rigidex 50 blend 9175.
Urea-canal PVC. /

A1 three PE samples were in the form of hot-pressed sheets 3 to L mm
thick. Urea-canal PVC in the form of a coarse powder was e;i.ther used
_ untrea‘bed or cooled us:.ng 1iqaid m.trogen, to 'nake 11; bir;.jtle s and
ground in a ball mill,‘ in order to homogenise and break up the larger
particles in the sample, before being cold pressed into discs as
described in Chapter 2. Polyethylenev was recrystallised from
the melt by heating sample discs to 160 °C for L hours and cooling
to ambient temneraturé ét 1 % per minute, PVC discs were annealed

£ 150 °C or 180 °C for between i and i7 hours, and cooled to ambient
temperature at 1 °C per minute,

The sample temperature during the spectral measurements was
controlled with a Cryodyne and measured with a thermccouple attached
to the cold head, This was calibrated by placing the cold head in
various slush baths; the graph, after calibration, of siush bath
temperature versus thermocouple reading is shown in Fig 3.1. The
thermocouple reading was compared with another thermocouple, similarly
calibrated, placed within 2 PE disc, and thus a correction 873 h from
measured cold head temperature to true sample temperature could be
plotted (Fig 3.2). A possible inaccuracy of this method is ‘bh;.t the
sample thermocouple could be conducting heat into the sample making
the sample temperature erronecusly high. However, spectra obtained

with the thermocouple embeded in the sample corresponded well with

those from eu_uivalent' samples without a thermocouple within them.
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The energy throughput ﬁes cut down by the presence of the thermocouple
when sealed in the samples, so this procedure was not used rou’cinely.‘
On reaching the required temperature s the sambles were allowed ‘
15 minutes to att.a:.n a steady temperature before spectral measurements
were carried out. An accuracy of *2 K was expected for the tempera’bure
measurements s and the theoretical spectral resolution was 2.5 cm -
which eJlowed band positions to be. measured to an estimated precision
of £0.5 cn ', The measurement of the position of band centre was
. achieved from the computer readout of the Fourier transformed
interferogram, wh:x.ch consisted of a spectrum made up &-; se;c':.es Woi‘.
points spaced at 2.5 cm intervals, by assuming the band centre
corresponded to the centre of a parobola passing through three po:'.nﬁs
adjacent to the band cenire. v The cenfre oi the parobola was
calculated from the co-ordinates of these three points using a

computer programme (given in Appendix I, 2% the snd of this thesis).
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_3 «3 The 72 cm = Iattice Band in Polyethylene

3.3.1 Introduction

There have been many tAe-mperature traﬁsitibna reported for PE,
most of which have been attributed to the glass transition
temperatﬁi'e (T g)'. Values from 140 K to 340 K have been reported
" for Te (1), and other transitions are claimed as low as 108 K by
torsion pendulum (2) and as high as 370 K by torsion braid analysis
(3). The wide variation in the reported data has been the basis of
several reviews. Davis and Eby (1) concluded that T, = 2319 X,

' whereas Boyer (L) concluded C[.‘g = 195+10 K, and more recently Beatty
and Karasz (5) concluded Tg = 145 K.

As Tg is 'bhe‘ temperature at which the interactions between
adjacent chains in the amorphous regions are overcome ty thermal
energy (effectively the melting point of the amorphous rhase), it
is not suprising that in a largely crystalline polymer such asv ‘

PE Té_ should be difficult to detect. _Several methods are available

to determine T-g s for example changes in specific 'volume with 'bemperature,‘
but because discontinuites in the variation are only small, Tg is very
difficult to locate (5). Even heat capacity megsa:‘ements (5) give rise
to great difficulty in locating amorphous transitions in PE. To
overcome the problem of high crystallinity, copolymers of different
compositions have been used and Tg measurements extrapolated back te
pure PE (6,7).. However a small concentration of copolymer could
adversely affect the structure of PE making the extrapolation non- -
linear at very low concéntrations of the copolymer material (L,8).
Recently (5,8) ultra high molecular weight PE which can be made
reasonably amorphous has become available, but still the value of
Tg-.in PE i; far from being settled. However the balance of evidence

is in favour of a value around 145 K.
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3.3.2 Far-infrared Measurements

The far-infrared spec‘l'ffum of PE contains a lattice band at
72 cxrf1 . Its observed frequency is in good agreement with
calculations by Tasumi and Shimanouchi(9), and Tasumi and Krimm (10).
Its shift in frequency with temperature has been noted previously by
" Krimm and Bank (11) who obtained a linear plot of band position
against temperature of the form 5 = 80.7 - 0.0323 T, and by Frank et al.

(12) who obtained a 7 /T plot which shows a change in gradieat at 243 K.

3.3.3 Results
The graphs of band position against temperature for the three
untreated PE samples are shown in Figs 3.3, 3.l and 3.5. The graphs
for sample PET and PE2 that have been recrystallised from the melt by
cooling at 1 °C per minute from 160 °C are shown in Figs 3.6 and
3.7, respectively. The observed transitions are tabulated in
Table 3.1. There are two observed tempefature transitions in the
various samples in the range 60 --320 K: between 120 K and 160 K

and between 225 K and 305 K. .

3.3.4 Discussion and Conclusions

(2) Transition Temperatures

The resuits ovtained show a dependence on Sample pré—ureatmenve
Two effects are noted on recrystallisation: f.he transitions move to
lower temperature and the transitions become broader and less
proninent.- ' |

The transitions are found at lower temperatures because on
increasing the erystallinity, by recrystallisation from ‘tﬁe melt,
the most favourable iniaactions in the amorphous phase are converted
to crystalline material. Thus after heat treatment is complete a

greater proportion of weaker amorphous inteactions are left to be

59



broken at the transi'bien temperature and consequentlyb the transition
takes place at lower t_empefature. This effect is seen most clearlyv
on annealing sample PE1 (Figs 3.3 and 3.6).

An Increase in crystallinity also leads to a broadening ofk the
transitions 3 this i.s most noticeable on comparing Fig 3.3 (PE‘i
untreated) and Fig 3.6 (PE1 recrystallised); The effect may be
attributed to a decrease in the amount of amorphous material which
make any transitions due to the amorphous phase weaker.

Thus 9 it can be seen tha.t the temperatures a.t wh:.ch tran51tions ‘

occur in PE are dependent on the crystaJJJnlty of the sa.mple. ThlS
would explain why a wide range of values have been reported for Tg
and other transitions in PE. |

(b) Origin of the transitions

In the present work, two temperature transitions have been

emperature chift of the ca, 72 cen 1 tt3

band in PE. The transition in the various samples between 120 K

and 165 K corresponds reasonably well with a previously reported
transition at ca. 1L5 K (1,4,5). The other transition occuring
between 225 K and 305 X probably corresponds to the transition
previously reported at 240 X (1,L4,5). |

Boyer (L) concluded that the 145 K transition is a ¥ chain

relaxation, whereas Beatty and Karasz(5) considered that the

transition was the glass transition temperature. VY chain relaxations
are thought (L) to invelve between L and 7 adjacent chain atoms which
- begin to vibrate and twist. Such transitions only usually occur in
branched polymers (5); high density PE however has a low concentration
of chain branches. For example, sample PE3 has a branching level,
estimated as methyl groups, not exceeding one per thousand ca.z_'bon'
atoms. At such a low branching level ¥ chain relaxations would not

60



| be expected to occur, and ce;*ba.inly would ‘vnot be detectable by the
 measurements of the present work. Thus the tranéi’cion observed in
the samples between 120K and 165 K is probably the glass tra.nsit_i.on'
temperature.

Davis and Eby (1) concluded that the transition at ca. 240 K was .
the glass transition temperature and Boyer (L) that it was a transition
ihvolving loose loops and tie molecules. It had however vbeen‘ noticed
in previous experi.ﬁmen’bs (1) that the temperature at ﬁhich 'bhis
__ transition occurs is not reproducible. It was thus suggested by
Sakaguchi et al. (15) that the transition was caused by a melting
'phenom_epon e.ssocia'bed with thermodynamically unstable crystals; such

melting, they postulated, should occurb between 220 K and 270K
depending on the thermal history of the sample. This‘postulafion is
in fair agreement with the present work insofar as the transition has
been found to occur between 225 .K and 305 X in the various samples
studied. B

The evidence therefore suggests that"bhe transition occuring
between 120 K and 165 K is the glass transition temperaturs and the

transition occuring between 225K and 305 K is due to the fusion of

thermodynamically unstable crystals.
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1
3.1* The 6l; cm Lattice Band in FVC

3.1*.1. Introduction
. . — . —
The lattice band in U-C FVC, at ca. 6* cm , shifts by some 8 cm
on cooling from 320K to 60 K. The glass transition temperature is
easily determined for commercial FVC samples as they are largely
amorphous, the value obtained being ca. 360 K (16-20). However, the
properties of FVC at low temperature, unlike FE, have not been

extensively studied and no transitions below T* have been reported.

3.1*.2 Results

The variations of band position with temperature for two different
discs of untreated U-C PVC are shown in Figs 3.8 and 3.9. Figs 3.10
and 3*11 relate to a disc annealed for 1 hour at 180 °C and for
17 hours at 1£0 °C, respectively (both being cooled from the annealing
temperature at 1 °C per minute). Figs. 3.12 and 3.13 relate to discs
formed from U-C FVC which was ground to a fine powder before the

discs were pressed.

3.1*.3 Discussion and Conclusions

From Figs 3.8 to 3.13 it can be seen that unlike the results
for PE the FVC data do not show a consistent pattern. Moreover, even
positions for the same sample studied at the same temperature are not
reproducible (cf. Figs 3.8 and 3.9). There are a number of possible
explanations of why this happens.
(a) The FVC discs used are ca. 30 times thinner than the PE discs
used ana consequently may not allow uniform conduction of heat from
the centre of the disc to the sample holder.
(b) U-C FVC could be structurally susceptible to temperature changes
and cycles, and thus the order in which the data points are collected
and the number of cooling cycles undergone by the sample could affect

the position at which the ca. 6* cm” lattice band appears in the spectrum.
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(¢) Fig 3.15 shows the spectrur}x of U-C PVC from which the back-
ground spectrum of the instrument has not been subtracted. The

spectrum shows a strong band due to PE, from which the detector
lens is constructed, which masks the 6L en” band of the PVC sample

at rooin temperature. Thus particularly at the high temperatures
studied, even though the spectrum obtained using a sample was ratioed |
against a tbackground specfrum', errors in loceting the 64 cm"‘l band
of PVC are likely to result. This would be further influenced by the

broadness of the band in compar:.son to that of PE (see FJ.g 3 154).

These s and poss:.bly other reasons, could explain why the PE results
were reproducible whereas the PVC results were not. It is however
difficult to decide which, if any, was the major cause of the

inconsistent PVC results.
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Table 3.1
Tabulation of temperature transitions observed in polyethylene

from far-infrared measurements.

Sample  Transition 1 Transition 2 -
- ®  ®
Untreated PE1 135 270
PE1 (recrystallised) 120 ca.225
Untreated PE2 - 165 5 R 305 .
PE2 (recrystallised) 160 290
Untreated PE3 120 . 305
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Fig 3.1 :
The far-infrared spectra of U-C PVC and polyethylene sample PE1.

(Both recorded at ca.60 K)
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Fig 3.15 :
The far-infrared spectrum of U-C PVC

with the interferometer 0peratiﬁg as

a ‘single beam’ instrument.

(Sample temperature ca.300 K)
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Chapter L

The Far-infrared Spectra of Isotactic Poly(1-pentene) and Isotactic
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L.1. Introduction

Only the first member of the séries of poly{o~-olefins),
polyethylene, is able to take up a planar zigzag' chain structure
(equivalent to a 2.I helix). Polypropene is constrained by steric

_‘l‘ﬁndrance, between side chains, to take up a 31 helix (three repeat
units in each turn of the polymer chain). Some poly{ a—olefins)
exhibit more than one helical form such as poly(1-butene) , which
forms 31 and 11 3 heiix structures, the helix adopted being dependent
on thermal trégtment. | ) | _ . A

Because the backbone of all poly(a-olefins) is essemtially.
Vth.e same, there is expected to be some correlation between their
far-infrared spectra, particularly for bands due to vibrations
localised within the main chain. Such correlation has been noticed
between polypropene and poly(1-butene) (1). Also, calculations of
the shif't in frequency of bands in the far-infrared spectrum on
changing the heliéal structure have been performed on poly{1-butene)
(2). The objecﬁive of the present study is to determine whether
these similarities extend to the far-infrared spectra of poly(l-

pentene)and poly{k-methyl-1i-pentene).
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Lho.2 Poly(i-p entén'é)

Lo2,1 Introduction
Poly(1-pentene) was first,synthesised by Natta and Corradini (3)0‘
- It can be produced in three basic crystalline modifications. Form II is
_produced when the polymer is pressed at ca, 120 % (4) or by quenching
from the melt.ﬁith ice-water and annéaling at room temperature (5).
Form IT is converted to form I by annealing at between 78 °C and 87 °C
for ca. 2l h§urs (h;B)'or at 68 °C for 31l hours (6). Crystalline
_ podificatioﬁ III'is obtgined from dilute solutions of amyl acetate
(ca. 0.08% by weight) (7) using the self-seeding method of crystal -
growth described by Blundell'gz_él. (8). Slight differences inb
structure found withiﬁ forms I and II have been labelled Ia, Ib, IIa
and IIb (9). o - |
X=ray stﬁdies on modification I revealed an orthogonal unit cell,
the chains adopting a 3; helix (9). Form II was shown to have a
monoclinic unit cell (9) but whereas the helix struture was believed
by Turner-Jones and Aizlewood (9) to be L, Decroix et al. (10)
 suggested it was a 5 helix, Decroix et al. argued that the repeat
distance df the polymer chains was too large for a h1 helix. However,
poly(1-butene) form IIT has an even larger repeat distance and has
‘been shown to adopt a h1 structure (11). Thus it seems most likely
thét poly(1-pentene) form II consists of h1 helices, Form IIT is
believed to adopt a 7, arrangement (7) as X-ray parameters are
compatible with those for poly(#émethy,-1—pehtene) (12) and poly

(1-hexene) (13) which have been shown to have the 5 structuré:_
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Lh.2.2 Experimental

‘(a) Preparation of Poly(1-pentene)

Reagents

(1) 1-Pentene puriss.

(1) Diethylaluminium chloride, 25% in hexane.

(1ii) Titanium trichloride, 77%; aluminium trichloride 23%.

(iv) n-Heptane. |
Procedure

~Poly(1-pentene) was prepared using a Zeigler-Natta type catalyst

prepared from diethﬁaluminium chloride and titanium trichloride. The
diethylaluminium éhloride was supplied as a solution/suspension in
hexane. The titanium trichloride was also made into a suspension by
transfering approximately 3 g into 100 cm3 of dry n-heptane, the
procedure being performed in a glove box flushed with dry nitrogen.
The reaction was carried out in a 250 cm° round-bottomed flask fitted
with thermometer, -stirrer, COz/acetone condenser, nitrogen inpuf tube,
and a suba seal, Heptane (100 cm3) was added to the reaction flask
and the apparatus flushed for 30 minutes with nitrogen. Through the
suba seal, using a syringe, 22 cm3 of die*‘ laluminium chloride in
hexane was added folloved by 20 om> of the titanium trichloride
suspension with‘vigorous stiriné. After about 15 minutes, when the
catalyst had formed, 10.0 g (15.5 cm3) of 1-pentene was added, and
the reaction mixture heated to between 50 °C and 70 °C for 3 hours.
After this period ethanol was added to quench the catalyst and the
resulting mixture extracted first with dilute hydrochloric aéig,
then with water., The heptane fraction, containing dissolved poly
(1-pentene), was retained and dried with anhydrous sodium sulphate,

and the heptane removed on a rotary evaporator. Residual solvent was
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removed by placing the polymer under vacuum for 2l hours. A yield of
154 was obtained. |

"~ (b) Preparation of the Polymer for Spectral Measurements.

The polymer was Qooled using liquid nitrogén to bélow its glass
transition température s in order to make the sample brittle, and
while at this ﬁemperature was ground in a ball mill to a fine powder.
The powdered polymei' thus produced was hot pressed at géo 90 °¢ into
a 13 mm disc ca. 3 mm thick. The polymer was found to be suﬁstantia]ly

‘more optlcelly dense m the m_d-lni‘rared as compared w::.th the i‘ar-

infrared spectral region. In view of thls small sl:Lces were cut off o
the main disc and used to record the mid-infrared spectra. By
comparison with the spectra of forms I and II recorded by Gabbay

and Stivala (1L4), the nature of the crystalllne form present could be
determined. Heating the disc to ca. 130 c was used to change the

polymer to form II. Heating the polymer disc at between 78 °C and

79 °¢ for 22 hours, followed by slow cooling (78 °C to 70 °C at

6 © hour ™', 70 °C to0 50°°C at 18 © hour ~', and 50 °C to 20 °C at

2l © hour "1) f_:hangéd to-polymer to crystalline form I.

The spectra obtzined were essentially the same as those of a
small sample kindly suppiied by Dr. S. M. Gabbay,
L4.2.3. Results.

The far-infrared spectra of poly(1-pentere) forms I and II are
shown in F:‘.gs. he1 and L.2 respectively. For comparison with these,
the spectra of polypropene, poly(1-butene) and poly (l;.-mo’cbVI-‘l-
pentene) are shown in Figs k.3, L.L and 4.5 respectively. The
absorptions in the far-infrared spectrum of poly(1-pentene) are also
tabulafed in Table L.1, together with the absorptions for the d s B
and 'y forms of polypropene and for forms I and IT of poly(1-butene).
The assignments of the bands observed in the far-iﬁfrared spectrum of

poly(1-pentene) forms I and II are tabulated in Tables 4.2 and L.3

| respectively.
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4.3 Poly(l~methyl-i-p eh‘bene)

h.3.1. Introduction

Poly(L4-methyl-1-pentene) (PLMP) was first prepared by Natta et al.
(15). TIts crystal structure was de‘be}r‘mined by Frank et al. (12)
using X-ray and ‘electron diffraction fechniques. The 72 helix proposed
was confirmed By Litt _(1 6) 9 ueing X-ray difi‘raction. However ILitt
observed a faint 001 reflection from drawn fibres of PLMP, which should
not be present in the X-ray diffraction pattern of a perfect 7 helix.
Thus, ILitt proposed that ster:.c hindrance between adgacent side chains
.-ca.used the hel:.x to distor’c ;]:J-.ghtly. From the un:.t ce]_'l. d:unensions J
it was also found that the crystalline regions of the polymer are less
dense than the amorphous regions (17).

The mid-infrared spectrum of Pl.d{P has been recorded and assigned
by Gabbay and Stivala (18). In the far-infrared spectral region, PLMP
has been found to be (at thicknesses up +o0 ca. 2 mm) highly trensmissive
and consequently it is used as a window materiel in the far-infrared
region (19,20). PLMP is e particularly useful window material below
100 cm-'1 as in this region polyethylene, the usual window ma.j:erial,
has a strong band at ca., 73 cm~ (see Chapter 3). Additionally,

PLMP may be used as a cell window material when heating of the ‘samples
under study is desired above the softening point of polyethylene
(up to ca. 160 °c).

L.3.2 Experimental

Samples

(1) PLMP-1 : hot pressed sheet 3.2 mm thick of unknown origin.

(i1) PpLMP-2
and Company, and supplied by Yarsley Technical Centre.

hot pressed sheet 1.9 mm thick polymerised by Mitsui

In order to get sufficient absorption in the far-infrared regions,

2 thicknesses of the PhM?-1 sheet were used, and for the PLMP-2 sheet
86 |



.3 thicknesses were requ.:i.red. To avoid interference fringes céus'eﬁ by
partial internal reflection at air/sample interfaces; nijol oil was
placed between the layers' of sample,

4.3.3 Results |
| The effect. of annealing on the diffraction patterns of P).IMP-1
and PbMP-Z are shown in F:Lgs L. 6 and L.7 respectlvely. Because of
the low initial crystallinity of PLMP-1 (evident from the broadness

£ the peaks in the X-ray diffraction pattern) its diffraction
pattern cha.nges consn.derably on a.nnealn.ng. After a long period of
warmealing, (ca. 18 hours) the diffract:x.on pattern of Pl:I'IP;1— beg:Lns
to resemble that of untreated PLMP-2 indicating that sample PLMP-2,
before vany annealing, has a significant crystallinity. 'Consequen“oly
annealing has little effect on the diffraction pattern of PLMP-2
(Fig L4.7). The effect of annealing on the far-infrared spectra of
PLMP-1 and Pl:;*{P-Z are shown in Figs hA,B and .9 respectively, both
samples show essentially the same spec’orai features. On annealing
sample PUMP-1, the broad band at ca. 240 cn! is.. resolved into 3
component bands, and the other bands sharpen considerably. In the
far-infrared spectrum of sample PLMP-2 the ba:nds are seen to sharpen
on annealing, the ca. 2L0 cm'1 band being resolved into 3 componén’cs
after only 20 minutes of annealing; further anhealing has dittle
effect on the spectrum. 7

The far-infrared spectrum oi‘ annealéd P4MP-2 is shown in

Fiz L.5. For comnamson with this the spectra of polypropene, poly
(1-butene) .and poly(1~pen-cene)_ forms I and II are shown in Figs L.3,
by, 4.1 and L.2 respectively. The absorption bands.. of PLMP in the
far-infrared spectrum are tabulated together with the absorptions-6f
other Apoly(ﬁa\-olef:'ms) Ain Table Li.1, while assignments are tabulated

in Table L.3.
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L.L Discussion and Assignments

(a) The 3; helices

In the far-infrared spectra of poly(a-olefins)  (below LOO cm-1)
most of the bandé observed are beliéved to be due to vibrations of the
polymer backbone and thus the far-infrared spectra of poly(o-olefins)

\that adopt 31 helices would be. expected to show &imilarities.

Comparing Figs k.1, L.3 and L.L certain bands can be seen to occur in
all these‘spectra., at réughly the same frequencieso In Table L.1 the
simﬁlar bands are grouped toéether across the range of poly{a~- olefins)
vstﬁdiéd. Sinéé r'l.'.,he» 1as’r; assignment of the far-infrared spectrum of

~ poly(1-buténe) form T (PBu-I) (1 ,23) a more comprehensive vibrational
analysis has been carried out by Holland-Moritz and Sausen (21),
predicting unlike the previous a.naljsis (2) E chain modes, Thus in
order to assign the far-infrared spectrum of >poly(1v-penﬁene), _form‘I
(PPe-I), by extrapclation frem pelypropenc {PPr), it has been necessary +to
re~affirm  and fe-assign some bands in the far-infrared spectrum of
PBu-I. These a‘ssignmex;ts are set out in Téble L4.2, together with
vibrational analysis data (22) and bands observed in the far-infrared
spectrum of PPe-~I.

Unlike FBu-I and FPr, the spectrum of‘ PPe~I contains no absorptions
below 100 cm'1 . This is attributed to the sample having a low
crystallinity, making any bands at this low frequency too weak and
broad to be observed. ' '

PPe-I and PBu-I 'shqw‘a very similar doublet between 120 cen”!
and 140 cn”! and a similer pair of bands is also observed in PPr,

! and 113 cn™'. These features have been assigned

to an E chain nmode calculated at 121 cm"-1 for PBu~I (21) and at

occuring at 98 cm~

1L cm_1 for Ppe-I (22), the band being split by correlation field

effects. For both PBu-I and PPe-I the band has been calculated (21 ,22)
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to be due to a part torsion, part CHZCHRCH bend.
The band predicted at 167 cm_1 and 207 cm-1 for PPe-I (22) and

193 cm"1 for PBu-I are assumed to be toob weak to be observed.

1

A band is observed at 173 cm ' in the far-infrared spectrum of

PPr,at 167 cn

in PBu-I,and at 180 cn ' in PPe-I. Thé band in the
spectrum of PBu-I is reported to have parallel dichromism (1) anci has
been previously assigned (1) to the A ﬁode predicted at 187 pm_1' (2).
Thisv is in good agreement with the more recen’p calculations of.
potential energy distribution at 192 cm '. The band at 180 cm™ ' in
the spectrum of PPe-T is thus assigned to the corresponding A mode
calculated at 210 e | by Holland-Moritz et al, (22). For both PBa-I
and PPe-I the band has been calculated (2,21,22) to be a torsional
mode, . | '

A band in the far-infrared spectrum of PPe-I is observed at
221 cm"l which seems to correspond to the weak ba.hd observed at
210 ecm™ (1) in FPr and the weak shoulder at 225 cm | in PBu-I. In
the spectrum of PPr this band has previousiy been assighed to an
-1 .

E-chain mode (1), and thus the corresponding bend at 221 em - in

PPe-I is assigned to an E mode caleulated (22) 4o ccour ot 214 el

>
- —T Yo - —— . -

’

and be due to a torsional vibration.

The next feature in the far-infrared spectrum of FPe-I ié a
band at 237 en” which corresponds to the doublet at 238 en™" and
250 cz' in PRu-T and ab 25 cm” 1 and 250 en™' in PPr. In FPr the
bands have been shown to have parallel dichfbism (1,24) and o
consequently has been assigned to a correlation split A mode (1).
Thus the doublet in the spectrum of PBu-I is assigned to a correlation
bsplit A mode calculated by Cornell and Koenig (2) at 270 em”! and by

Holland-Moritz and Sausen (21) at 259 cm—1 . The correspondng band in
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PPe~I at 237 cm—1 is unsplit, probably because of the low crystallinity
of the sample does not allow resolution of the components; 1like the
similar bands in PPr and PBu-I, it is also assigned to an A mode,

1

calculated (22) to be a CHZCHRCH2 bend at 261 em . .

.The next band observed in the far-infrared spectrum of PPe-I
ﬁmis at 283 cn™'. A similar band appears some 20 en| higher in the
spectrun of PBu-I at 300 — and about 20 cm™ higher than that in the
spectrun of PPr. In PPr the band is assigned to an E mode (1) as it
shows perpendicular dichroism (1,2L). The band at 300 cm_1 in the
‘spectrum of Pﬁﬁ;i is coﬁsequentky also assignéd to an E mode,
calculated at a frequency of 361 en | (21). similarly, the correspond-
ing band at 283 cm_1 in the spectrum of PPe-I is assigned to an E mode
predicted at 281 cm._1 (22). In both fBﬁ-I and PPe-I the band is
believed to be due partly to a CH,CHRCH,

the side chain (21,22), which explains the shift in fregquency

bend and partly a bend of

observed on moving from PPr to PBu-I to PPe-I.

The next observed band in the spectrum of PPe-I is at 306 en”!
and this is assigned to the A mode predicted at 288 cm ! (22)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>