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The macromolecules of linear polymers usunally consist of regular helices. The paper pres-
ents the results of investigation of the concentration, thermal expansion coefficient and vibra-
tion amplitude of such helices at different temperatures. These parameters were determined
from temperature dependences of the intensity, frequency and halfwidth of regular bands in IR
and Raman spectra of polymers.
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Introduction

It is well known that the macromolecules of linear polymers consist of regular
helices, Nm, and their repeat unit consists of N monomer fragments in m coils. In
recent years, investigation of thermal properties, such as the thermal expansion
coefficient of its length and vibration amplitude ash acquired a great importance.
It was found that these parameters are closely related to temperature and time de-
pendences of polymer strength and elasticity. They may also be used to predict
both polymer fracture and deformation over wide temperature ranges [1-3].

It is possible to determine these parameters both in crystal and amorphous re-
gions by IR and Raman spectroscopy. These methods are based on the presence of
regular bands in optical spectra. These bands are responsible for vibrations of the
helix Nm with length of lopt. The latter is related to the run distance, Aop, for an
optical phonon: lopt = Aopt.. The phonon decay is caused by the nonlinearity of
interatomic forces, and during the phonon lifetime, T, it runs the distance
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1032 VETTEGREN et al.: THERMOPHYSICAL PROPERTIES

Aopt= SpTp (Sp is the phonon group velocity). The quantum of incident light, the
photon, interacts with the helix as with a single osciliator. The integral absorb-
ance coefficient, A, is proportional to the helix concentration, Cyu in a sample:
A =kCu where k is the absorbance coefficient for a sample that completely con-
sists of helices.
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Fig. 1930 cm™! band in the IR spectrum of Nylon 6 at temperatures: (1) 100, (2) 300, (3) 430
and (4) 480K

Hence, it is possible to determine a relative concentration, Cy, for regular hel-
ices, Nn, in a sample if the parameter A is known. The regular band broadening
with increasing temperature is known to be caused by the phonons decay [4]. Part
of band halfwidth depending on temperature, AI" (T') is proportional to the mean-
square amplitude of acoustic vibration, <Aa”>. Hence, it is possible to investigate
the amplitude of acoustic vibrations by IR or Raman spectroscopy.

The shifts of regular bands are caused by thermal expansion of axis length of
the helix Nm [5]. Hence it is possible to investigate the axial thermal coefficient of
the helices.

Experimental and discussion

Investigation were carried out in the temperature range form =100 K to above
Tmerr where Tmen is the melting temperature. Changes of the regularity band
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930 cm™ with increasing temperature are demonstrated for Nylon 6 in Fig. 1. It
can be seen that with increasing temperature the band shifts to lower frequency,
its intensity decreases and its width increases. Similar results were obtained for
other regularity bands.

1. Temperature dependences of the integral absorbance coefficient, A, for
Nylon 6 (the 930 em™ band) are demonstrated in Fig. 2. The coefficient, A, de-
creases with increasing temperature, and the slope of the A(T) dependence at spe-
cific temperatures 7. and 7% changes. For comparison, the temperature
dependence of the NMR second moment, < AB> (T') >, is shown in Fig. 2. It can

be seen that both dependences, A(T) and < AB? ( T) >, have similar peculiarities at
approximately the same temperatures.
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Fig. 2 Integral absorbance coefficient of (1) the 930 cm™ band, (2) and (3) the second
moment of NMR spectrum of Nylon 6 vs. temperature: (2) narrow and (3) wide bands

Similar results are obtained for regularity bands of PET and isotactic PP: A(T)
dependences change their slopes at temperatures Tt and Ty, for these polymers.
The peculiarities of the A(T) dependences have previously been described in [69].
Significant changes in < AB® > are due to the ‘freezing out’ of a new thermal mo-
tion mode. Consequently it can be suggested that the similarity of specific tem-
peratures for A(T) and < B’ (T)> dependences is not accidental. Indeed,
temperature increase causes disturbance in chain regularity. This disturbance
leads to a decrease of the integral absorbance coefficient for regular bands [10].

Polymers are known to consist of alternating crystalline and amorphous re-
gions. At low temperatures, the intensity of the thermal motion is low and there-
fore the disturbance of helices occurs in the zones with the lowest weak
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intermolecular interactions. The intensity of thermal motion increases with tem-
perature and the zones with disturbed helices are broadened.

It is known that the integral absorbance coefficient, A, for regularity bands is
proportional to the concentration, Cy, for helices within both crystalline and
amorphous regions. Assuming the lack of conformational disturbance within
crystallites (Cer= CH) one obtains

A=kCu=k (Cer+C amH.)

If one divides and multiplies the right side of the above equation by the inte-
gral concentration of helices both in amorphous and crystalline regions, Co, one
obtains

- Cor Cam_ » Cer CamH Cam
Ak e T e Com Co

where (Cam,1 / Cam) is the concentration of helix within amorphous regions.

Since the degree of the crystallinity is § = (Cc: / Co), and near the melting tem-
perature all helices within amorphous regions are destroyed (N =CamH./Cam= 0),
one obtains [10]

__X A(T) 1
=125 Canen @

where Amert is the value A at T = Tmelt.

This equation permits us to estimate the degree of conformational regularity
for amorphous regions, 1, on the basis of the temperature dependence of the inte-
gral absorbance coefficient.

For films under investigation the degree of crystallinity was about 40% for
Nylon 6 and 50% for isotactic PP. It was found that for Nylon 6 and PP the con-
centration of the helices in amorphous zones at 100 X varied from 60% to 90%.
At room temperature the helix concentration is 1.5 to 2.0 times lower than at
100 K [10]. These results demonstrate that the molecular regularity in amorphous
regions greatly depends on the temperature.

2. There are two reasons for the shift of the regularity bands [11, 12]. The first
reason is the thermal expansion of the helix axis length and the change in inter-
molecular forces. Regular bands corresponding to the valence backbone vibra-
tions were investigated. The shift of these bands under intermolecular forces
usually is negligible. The shift value for the i-th vibrational mode, Av;, is deter-
mined by the thermal expansion € of the helix axis according to the equation

AVi
vi(0)

=—Gje 2
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where Avi=vi (T)-vi(0), vi(T) and vi (0) are the vibrational frequencies at
temperatures T and 0 K; G; is the Griineisen mode parameter.

The second reason for the band shift is the decay of the optical phonon. To re-
alize which reason gives the greater contribution we compare spectroscopic data
with wide-angle X-ray data, Let us suppose that a helix Ny, in crystal is the main
diagonal of a parallelepiped formed by a, b and ¢ axis of crystallographic lattice,
and the deformation of helix length with increasing temperature may be calcu-
lated as the relative increase of this diagonal. The a, b and ¢ axis values at differ-
ent temperatures are listed in [13, 14]. Calculated € values were substituted into
Eq. (2). Then the Av; values were determined and compared with the measured
shift values. The G; parameters were determined as described in [15].

It was found that for the 1130 cm™ band in the Raman spectrum of PE, the
1146 cm™ band in the IR spectrum of PVA and the 930 cm™ band in the IR spec-
trum of Nylon 6, the calculated Av; values coincide with the measured values
within experimental error.

Hence, for these regular bands, the thermal expansion of helix axis provides
the main contribution to the shift.

It is suggested that this is justified for other regular bands corresponding to
valence backbone vibrations.

This conclusion makes possible to determine the expansion, €, of the helix
axis length with increasing temperature

—AVi
=v (0)Gi )

and, hence, to determine the thermal expansion coefficient

g 1 v
P=dar="Gwi(0yar @

For this purpose the temperature dependences of the band shift were measured
and then € and B were calculated with the aid of Eqs (3) and (4).

Figures 3 and 4 show v; (T), &(T) and B(T) dependences. One can see that at
low temperatures (7<T:) the helix expansion, B, is small (B<10°K™), at T = T, B
increases rapidly, attains the {B: value and at T; < T < T, B undergoes little change.
Furthermore, at T =T} the thermal expansion coefficient increases again to the J,
value and does not change from 7>Tj, up to the melting temperature.

This character of the e(7) and B(7) dependences is typical for all polymers
under investigation. ,

The calculeted B, Bv, 7 and Ts values are listed in Table 1. To elucidate the na-
ture of these dependences, the theory of the thermal expansion for chain mole-
cules [16, 17] was used.

J. Thermal Anal., 38, 1992
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Fig. 3 Maximum position of the 930 cm™ band and the thermal expansion of helix axis for
the macromolecule Nylon 6 vs. temperature
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Fig. 4 Thermal expansion coefficient of the PE helix axis vs. temperature

The free energy of solids, F, is related to the deformation tensor €k, by the
equation

_ oF
€k = on (5)

where ok is the stress tensor.
The free energy is expressed by the equation

F:u+z{£;-i+kﬂn[l—exp(—%)]} ©)

The substitution of Eq. (6) in (5) results
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_ T hVm, n IV, n 7
S‘%G“"“S{ 2 +exp[(hvm,n/kT)—1]} M

where ST is the isothermal compliance (/ and k indices have been omitted since
the axis deformation was measured by the spectroscopic method), Gmna is
Griineisen parameter.

Table 1 Characteristic temperatures for twisting (Tt) and bending (T) vibrations and expan-
sion coefficients of helix axis

Characteristic Thermal expansion
No. Polymer temperatures / K coefficients / K
T Tv Bt Bo

1. Poly(etylene) 120 250 1.2 2.1
2. Poly(etylene terephthalate) 240 390 1.3 2.0
3. Nylon 6 200 400 1.5 3.1
4. Nylon 66/6 220 310 2.1 3.8
5. Nylon 610 200 320 14 2.2
6. Poly(vynil alcohol) 230 370 1.7 —_

In future discussion the summation of the total number, i, is replaced by that
over n, within vibrational modes, and over m, by the vibrational modes.

Differentiation of Eq. (7) by temperature gives the equation for the thermal
expansion coefficient 8

ST
ﬁ = 72 CuGm= E Bm (®)

where PBm is the contribution of the m-th vibrational mode to the thermal expan-
sion

ST
B =", CuGm ®)

Gn is the average Griineisen parameter and Cr, is the contribution of the m-th vi-
brational mode in capacity

2 exp———hvm’n
AV, kT
cm-k-§ ( T J — (_hvm,n) (10)
PUr
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where V is the volume of the crystallographic unit.

The Debye mode temperature, 8y, may be determined by the equality
AV max = kO where vimmax is the maximal frequency of the m-th mode.

The analysis of Eq. (10) shows that Cm=0 at 7<(8n/3) and Cm=k at
T2(0y/3). Therefore, By = Oat T < (6n/3 ) and

T
s %G, 1

atT2(0n/3).

The polymer molecule in helix conformation is known to participate in three
vibrational modes: twisting, bending and streiching ones. The mode tempera-
tures, Oy, for these vibrations usually differ by several hundred degrees. This dif-
ference permits us to separate the contributions of twisting and bending modes to
the thermal expansion of the helix axis.

For instance, for PE the maximum frequency of twisting vibration, v max=
240 cm™ [18], the Debye mode temperature, 6; = ( Vi, max/k )= 340 K. Therefore,
at T<(8,/3)=110K B = 0, whereas at T> 110 K P increases and attains the
value: Pr=1.2.10° K ! (Fig. 4).

The coefficient  does not change its value to T2 Ty = (06 / 3) = (AVb, max/ 3k)
where Vpmax the bending vibration frequency (Vi max = 520 cm’l) [18]. At this
temperature P increases rapidly attaining the value 2.1-107° K.

In the temperature range under investigation T < Tpen< T5 = ( 05/3) the value
Bs =0.

AtT 0K, B= 0,bute> 0 (Eq. (7). It is known that Y hVm,max=k ( On/4).

m

Therefore, at T 0 K Eq. (7) may be rewritten as
€ = Pt (k6/4) + Po (86/4) + Bs (k05/4) = €ot + Eob + Eos

where &, £, and &; are the contributions to the expansion caused by the zero twist-
ing, bending and stretching zero phonons respectively.

The vi (T) dependences (Fig. 3) permit us to calculate the contributions of
twisting and bending vibrations to &.. Let us extrapolate the linear parts of the v;
(T) dependence at T; < T < Ty, and at T < T to the frequency axis and designate the
intersection part by Av. The expansion, g« , may be determined from the equa-
tion

€ot == [AVo/Vi ( 0)-Gil (12)

Let us consider the v; (T) dependence at T > Ty. It is extrapolated to the frequency
axis and the intersection part is designated by vw. The intersection

J. Thermal Anal., 38, 1992
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AVob = Vob — Vi (T) permits us to find the expansion, e.b caused by zero bending
phonons: € =— [ Aven/Vi (0)-Gi]

It was found that the values €, and €., for most investigated polymers were
close to the value of the thermal expansion of the helix length at room tempera-
ture.

3. It was found that the increase of the regular band halfwidth related to the
valence bonds vibrations in the backbone with increasing temperature caused the
decay of the optical phonons [4, 12]. According to the theory [12] the regular
band halfwidth, AT, is related to the average numbers of acoustical (nac) phonons
by the equation

=T (0)(nac+ 1) (13)
where I's (0) is the halfwidth at T 0.
The average phonon number, n, is related to the temperature by the equation
hv -1
= —__ 14
n=(exp T 1) (14)
The mean-square amplitude of atomic vibrations, < Aa®>, is related to n by equa-
tion
<Ad*>=B(n+1/2) (15)

where B is a constant depending on the atom mass and the stiffness of interatomic
bonds.
If Eq. (15) is substituted in Eq, (14), one obtains

2
I,= T, (0) (<—A—;’—2+ 1 ] (16)

Figure 5 demonstrates the dependences of some regularity bands halfwidths

on the mean-square vibrational amplitude < Aa® > determined by X-ray scattering.
One can see that the band broadening increases proportionally to the mean-square
value of the vibration amplitude.

Equation 15 can be written in the following form

-1
I.=T, (0)-[1+(exp%°-—1) } a7

where v, is the average frequency of acoustic phonons which interact with opti-
cal phonons. At T'> ( 8n/3) Eq. (17) may be replaced by the approximate equation

J. Thermal Anral., 38, 1992
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=T, (0)‘-% (18)

Figure 6 shows that at T > T; the halfwidth actually increases linearly with
temperature. Let us extrapolate the linear parts of the I'(T) dependence to the or-
dinate (Fig. 6). The interval cut off by the line is assumed to be the approximate
I',(0) value, i.e., the broadening caused by the optical phonon decay at T'=0
Eq. (17) may be rewritten in form

T ) _Ave
1n(r(0) 1)- T (19)

Figure 7 shows that at T < Ty, the experimental data are actually described by
Eq. (19). The v, values may be determined from the slopes of straight lines. For
example, the value vyo = 250 cm™ was found for PE. This value is in a good agree-
ment with the 240 cm™ value corresponding to the maximum frequency of twist-
ing phonons [18].
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Fig. 5 Regular band halfwidth vs. mean-square amplitude of atomic vibration: (1) the
1130 cm™! band for PE, (2) the 1146 cm™ band for PVA and (3) the 930 cm™! band for
Nylon 6

Figure 5 shows that at T > Ty, the slope of the I" (T) dependence increases. This
fact may be explained by the contribution of the bending phonons to the process
of decay of the optical phonons.

One may determine the values of temperatures 0; and 6 from the I" (T) depen-
dence it changed slope at temperatures =7 =(6:/ 3) and Tv=(6v/ 3). The calcu-
lated values of 6; and 6, coincide with the same parameters determined from the
temperature dependences of the coefficient of thermal expansion (Table 1).

J. Thermal Anal., 38, 1992
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Fig. 6 Reguler band half width vs. temperature: (1) the 976 cm™! band for PET, (2) the
930 cm™! band for Nylon 6 and (3) the 1146 cm™ band for PVA
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Fig. 7 Plot used for Vac determinations (1) the 976 cm™' band for PET and (2) the 930 cm™

band for Nylon 6
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4. It was discovered that the equilibrium interatomic distance in helices and
atomic vibration amplitude were correlated with the longitudinal dimensions of
the crystallite. This effect has been investigated for PE [19].
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Fig. 8 1130 cm™ band halfwidth in the Raman spectrum of PE with crystallite size of (1) 10
and (2) 100 nm vs. temperature
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Fig. 9 Maximum position of the 1130 cm™! band for PE with crystallite size of (1) 10 and (2)
100 nm vs. temperature

J. Thermal Anal., 38, 1992

Figure 8 shows the temperature dependences of the 1130 cm™ regularity band
halfwidth in Raman spectra for crystallite sizes of 10 and 100 nm. One can see
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that at all temperatures the halfwidth for the first sample is =1 cm™ greater than
that for the second sample. Hence, the mean square amplitude of atomic vibra-
tions in helices for the sample with crystallite dimensions of 10 nm are greater
than for the sample with crystallite dimension of 100 nm.

Figure 9 demonstrates the temperature dependences of the maximum position
of 1130 cm™" band in the Raman spectrum of PE samples.

- The frequency of the maximum in the spectrum of the first sample is
=1.5cm™ higher than for the second sample. Hence, the length of the helices in
the sample with 10 nm crystallites is greater by= 0.2% than in sample with crys-
tallite dimensions of 100 nm.
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Fig. 10 Helix axis expansion of PE molecule vs. 1/L.

To interpret these results, the mean-square amplitude of atomic vibrations and
expansion for the model of a linear atomic chain were calculated by fluctuation-
dissipation theorem [20]. It is shown that the contribution caused by zero phonons
with maximum frequency Vmax > (kT/h ) in the mean square amplitude is

hv 2MVmaxA
2n°AEa’ In v ) (20)

<At >=

where A is the run distance of the phonons, E is the Young modulus, q is the inter-
atomic distance and v is the sound velocity. The expansion caused by zero pho-
nons is

go= G<Ad> 1)

J. Thermal Anal., 38, 1992
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where G is the average Griineisen parameter.
It is possible to evaluate the value of A by the equation

_ Ed 0
A= myexpﬁ (22)
where 0 is the Debye temperature. Let us use Eq. (22) applying the following pa-
rameters G =2, 2 =0.127 nm, Young’s modulus along the ¢ axis = 300 GPa, along
the a axis = 4 GPa and along b axis = 5 GPa [21].

According to calculations at 100 K for stretching phonons As = 1200 nm, for
bending phonons Ay = 100 nm and for twisting phonons A; = 40 nm. Hence, the
stretching phonons have the longest run distance. These results suggest that the
<Ad?> (or &) depedences on the longitudinal dimensions of L. of the crystallite
are caused by the stretching zero phonons scattering at crystallite boundaries.

Taking into account this scattering one can obtain

where A = ,fv >In 2Vmax B=GA.
2 En v

Eq. (23) is confirmed experimentally (Fig. 10). The A and B parameters in this
equation coincide numerically with the slopes of the &, (1/L;) and < Ad} > experi-
mental dependences. These results make it possible to interpret the discovered ef-
fect by the zero stretching phonons scattering on the crystallite boundaries.
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Zusammenfassung — Die Makromolekiile linearer Polymere zeigen gewdhnlich Helix-
struktur. Es wurden Konzentration, Wirmeausdehnungskoeffizient und Schwingungsam-
plitude derartiger Helizes bei verschiedenen Temperaturen untersucht. Diese Parameter wurden
anhand von Intensitit, Frequenz und Halbwertbreite der Normalbanden in IR- und Raman-
Spektren von Polymeren bestimmt.
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