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Compton Scattering from PTFE: Probing Electron-Charge Redistribution
in Polymer Phase Transitions
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Compton profiles of polytetrafluoroethylene (PTFE) at room temperature and at higher tempera
up to and above the melting point are reported. For the first time, one has experimental evid
that thermally induced conformational excitations of the polymer chains are accompanied by a ch
transfer, related to thes- andp-molecular orbitals (MO) of the C-F bond. It is argued that localizatio
of the p-MO related to the fluorine atom facilitates the translational movements of the chains, while
weakening of the C-F bond and the transition from a crystalline to an amorphous phase are asso
with delocalization ofs-MOs. [S0031-9007(98)06632-0]

PACS numbers: 61.41.+e, 32.80.Cy, 71.20.Rv
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Polymer chain conformations are of paramount impo
tance in determining the properties of bulk polymeric ma
terials. The shapes adopted by macromolecular cha
depend on the nature of their constituent bonds. In pa
ticular, the dependence of potential energy on the torsi
angle of a givens bond along the chain plays a major
role in the equilibrium, as well as dynamic, behavior o
polymers. In a polymer backbone containing large num
bers of carbon atoms, torsion angle potentials of neig
borings bonds are, in general, interdependent. Althoug
it is widely recognized that a proper understanding o
polymer chain conformations requires accurate quantu
mechanical calculations, the details of these interaction
and the ensuing electron charge redistribution around t
interacting atoms, are generally concealed in an “effe
tive” potential barrier between alternative conformationa
states. Barriers to internal rotations in simple molecule
can be determined from spectroscopic or thermodynam
data [1,2]. In macromolecules, however, such barriers a
not known to a great precision, and are often based
heat capacities or entropy fitting [2,3] or inferred from
spectroscopic measurements on model compounds of l
molecular weight [4].

In the present study, we employ the Compton scatterin
technique to probe experimentally, for the first time, th
effects of subtle changes in the electronic structure
a polymer and their conformational implications. We
have performed Compton scattering measurements
polytetrafluoroethylene (PTFE), a polymer that has bee
studied extensively in the past [5,6], at a series o
temperatures ranging from room temperature up to a
beyond the melting point of the polymer.

In a Compton scattering experiment an inciden
monochromatic beam of x- org-ray photons is scattered
by the sample. The inelastically scattered radiatio
deflected through a fixed scattering angle, is measur
as a function of energy. By converting this spectrum
from energy to a momentum scale, the so-called Compt
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profile (CP) is obtained. The CP is the projection of th
electron momentum density,ns $pd, of the scatterer along
the scattering vector$k, which is the vector difference
between the wave vectors of the scattered and incid
beams, respectively. By taking the direction of$k as z
axis, and using the impulse approximation, the CP
given by the expression [7]

Jspzd 
Z

px

Z
py

nspx , py , pzd dpx dpy . (1)

Since ns $pd is a probability density, the CP is con
strained by the normalization rules

R
1`

2` Jspzd dpz R
1`

2` Jsqd dq  Z, whereZ is the total number of scat-
tering electrons, andq a scalar momentum variable
q  $k $pyj $kj. Furthermore, the CP is symmetric with re
spect to the so-called Compton peakJs0d [7] [see inset
of Fig. 1(a)]. The electron momentum density (EMD
is related to the momentum wave functionxs $pd, by
ns $pd  jxs $pdj2, which, by Fourier transform, yields the
real space wave functioncs$rd. In this way, Compton
scattering experiments provide information on the ele
tronic structure of materials.

Since the position and momentum space wave functio
of a system weigh inverse regions of their respecti
spaces, it is well established in Compton spectrosco
[8] that when the charge density is spatially localize
the EMD is extended, and hence the corresponding C
become broader. Physically this corresponds to tigh
bound electrons. In the case of electrons involved
a chemical bond, this broadening occurs when the bo
becomes more polar [9]. The opposite is expected dur
the weakening of the bond; that is, the EMD and th
corresponding CP become more contracted. In the pres
work, by varying the temperature of the material PTF
a redistribution of EMD was observed. It is attribute
to a charge transfer in the C-F bond associated w
conformational changes, leading ultimately to the meltin
transition.
© 1998 The American Physical Society
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The g-ray (59.54 keV) Compton spectrometer em
ployed utilizes an241Am source in a 160± scattering
angle geometry, and the instrument has a total res
tion of 0.54 a.u. of momentum [7,8]. More details on t
setup, as well as the detecting system, are given elsew
[10]. The sample, a rectangular bar (15 3 15 mm, 3 mm
thick) of commercially available PTFE, was positione
in the center of a cylindrical furnace made of alumin
and the whole system was placed in a vacuum cham
evacuated to1023 mbar. The temperature, continuous
monitored, was stabilized within61 ±C to the set point.
More than2 3 107 counts were accumulated under t
CP for each spectrum. The CPs were measured at di
ent temperatures, from room temperature up to and ab
the melting point, in order to investigate possible mo
fications in the EMD of PTFE during the transition fro
the crystalline to the amorphous state. Clearly, onlydif-
ferencesbetween CPs,DJ, are of interest, and therefor
data processing includes only background subtraction
normalization to the total number of electrons. All oth
corrections (multiple scattering, etc.) do not affect t
ultimate DJs as these corrections cancel out in the s
traction process. All the CPs were normalized to a to
of 48 electrons, between27 and 7 a.u. of momentum [7]
which is the sum of all electrons in as-CF2-CF2-d unit.

Any alterations in the EMD in this range of temperatu
should be revealed by subtraction of the correspond
CPs. SoDJsqd has been obtained by a point by poi
subtraction of the room temperature profile from each
the higher temperature profiles.DJsqd is a function ofq,
and it should be zero if there is no alteration in the EM
with temperature. A nonzeroDJsqd indicates an electron
momentum redistribution with temperature. The integ
of DJsqd is zero, asJsqd is normalized to the total numbe
of electrons. As a check for reproducibility at ea
temperature, and in order to eliminate the possibility
any artifacts,DJs corresponding to thesametemperature
were obtained by subtracting two independent data
both measured at the same temperature. In each caseDJ
was equal to zero within the experimental error. This c
be seen in Fig. 1(a) forT  25 ±C.

Figures 1(b) to 1(e) show the evolution ofDJsqd as a
function of temperature. In the temperature range fr
room temperature up to 220±C, DJsqd is negative at low
values of momentum, becoming positive with a ma
mum around 1.0 a.u. of momentum. Thus, an elect
momentum redistribution appears to occur towards hig
momentum values. As the temperature rises to 260
280±C, the peak inDJsqd shifts to about 0.5 a.u. of mo
mentum [Fig. 1(d)]. By further increasing the samp
temperature, in the range near and above the me
point of PTFE, there is a clear shift of theDJsqd
peak from the largemomentum region to values arou
0.0 a.u. [Fig. 1(e)], indicating a momentum redistributi
toward smaller momentum values corresponding to ab
0.1 electrons [11] per [CF2-CF2] unit. This systematic
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FIG. 1. Experimental difference Compton profiles (in
electrons per atomic units of momentum)DJ  fCP at
temperatureTg 2 fCP at25 ±Cg. Compton profiles were
obtained at eleven different temperatures, but only five a
shown for reasons of clarity. (a)T  25 ±C (DJ was obtained
by subtracting two independent sets of data both measured
the same temperature, i.e., 25±C. As expected,DJ  0 within
the experimental error); (b)T  120 ±C; (c) T  220 ±C;
(d) T  280 ±C; (e) T  345 ±C. Error bars represent the
statistical error. The solid line is drawn as a guide to the ey
The area under each curve [i.e.,

R
`

0 DJsqd dq] is equal to zero
(see text). Inset in (a): Raw data for a CP.R denotes the
elastic peak andC the position of the Compton peak.

variation ofDJsqd with temperature, coupled with the re
producibility observed at each temperature, weigh heav
against the possibility of the observed changes being d
to artifacts.

In order to examine the existence of an EMD redistr
bution, and the consequent charge transfer with tempe
ture in PTFE in an alternative manner, the full width a
half maximum (FWHM) of each CP has been plotted ve
sus temperature (Fig. 2). It is evident that, up to abo
150±C the FWHM increases, indicating the broadening
the EMD. At higher temperatures the FWHM decrease
until it reaches an almost constant value just above t
melting point, indicating a contraction of the EMD. From
the above findings, we argue that the temperature
pendent behavior of the EMD in PTFE can be divide
into two regions. In one region, from room temperatu
831
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FIG. 2. FWHM of the Compton profiles versus temperatur
The solid line has been drawn as a guide to the eye.

to about 150±C, there is a spatial transfer of charge from
less localized to more localized regions, and in the seco
region, from about 150±C and up to the melting point, the
situation is reversed and there is a charge transfer fr
more localized to less localized regions.

Additional information concerning the electron distr
bution in configuration spaces$rd can be obtained from the
CP, by using the functionBs$rd which is the Fourier trans-
form of the momentum density,

Bs$rd 
Z

ns $pde2i $p $r d $p . (2)

It can easily be shown [12] thatBs$rd is an autocorrelation
function of the one-electron configuration space wa
functioncs$rd:

Bs$rd 
Z

cs$rdcps $R 1 $rd d $R . (3)

From (1) and (2) it follows that

Bszd 
Z

Jspzde2ipzz dpz . (4)

Thus, Bszd represents the above autocorrelation alo
the z direction, and it is the one-dimensional Fourie
transform of the directional Compton profile. Althoug
this function is normally employed for the analysis o
directional CP, in order to obtain a theoretical quantitati
estimation of the charge transfer observed experimenta
in the case of polycrystalline PTFE, we have used
spherically averagedBszd.

Figure 3 shows the experimentally deduced differen
DBexper  Bszd345 2 Bszd25 (curve a), where the sub-
script indicates the temperature in±C, along with the dif-
ferencesDBszdtheory (curveb), as calculated for the C2F4
unit [13]. Good agreement is observed between theo
and experiment, confirming that a charge transfer occ
from F to C as temperature rises up to and beyond
melting point. Curved is the theoreticalDBszd taking
into accountonly the2p orbitals of fluorine, in a direction
perpendicular to the C-F bond. It must be stressed t
this is the only possible way to reproduce theoretica
the negative part of the experimentally deducedDBszd for
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FIG. 3. Theoretical and experimentalDBszd for PTFE:
(—) Theoretical DBszd  Bszdatoms 2 Bszdions; (- - - - -)
theoretical DBszd  Bszdatoms 2 Bszdions for 2p orbitals
of fluorine; sdd experimental DBszd  Bszd345 2 Bszd25;
ssd experimentalDBszd  Bszd120 2 Bszd25.

lower temperaturesfDBszd  Bszd120 2 Bszd25g. This
fact strongly suggests that ap-molecular orbitals (MO)
localization occurs in the low range of temperatures.

In this light, we now examine more closely the ex-
perimental results from our investigation in two tem
perature ranges: room temperature to about 150±C and
about 150±C to 370±C. At a low temperature van der
Waals interactions (primarily dipole-dipole forces) hold
adjacent PTFE chains, or portions of chains, together
form a hexagonally packed crystalline structure. In fac
the orientational arrangement of the dipoles results in th
well known helical PTFE structure described in the lit
erature [5,6]. A consequence of such a dipolar align
ment is the polarization of the charge density away from
the F atom of a given C-F dipole and towards the op
posing dipole with which it is interacting. Such charge
delocalization results inlower electronic momentum, as
noted previously. IncreasingT , however, results in en-
hanced translational and rotational agitation. As segmen
of neighboring chains begin to move relative to each oth
their interaction weakens, since the dipoles become mo
distant and less well correlated. Note that, for spatiall
fixed permanent dipoles a distancer apart, the interaction
energy varies asr23, while for freely rotating ones it is a
much weaker dependence, namely,skT d21r26.

As the dipolar interaction subsides, the electroni
charge of thep orbitals associated with the2p atomic
orbitals of fluorine withdraws towards the F atom, leadin
to enhanced spatial localization, and hence an extens
in the EMD towardshigher momentum. This explains
the increase in the FWHM upon initial rise of tempera
ture, as shown in Fig. 2, and is the only way to accoun
for the negative part ofDBszd in Fig. 3, as noted above.
The C-F bond, and more specifically thes-MO, seems
to be very little affected initially, the redistribution of
charge being largely confined to thep orbital at low to
intermediate temperatures, i.e., in the range from roo
temperature to about 150±C. This is to be expected, in
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view of the fact that modification of thes orbital requires
more energy.

Thus, while at moderate temperatures only excitatio
to conformations with a small potential barrier are pe
mitted, upon further increase of the temperature, rotati
of the CF2 group, around the C-C bond, is greatly en
hanced. In particular, the transition between the (tran
t6 andt conformational states is likely to be affected firs
on raising the temperature, since it is characterized by
rather small potential barrier of only about2 kJymole [5].
This transition is favored energetically if the repulsiv
forces between opposing F atoms of the same molec
decrease. This could be the case if the charge dens
of the p-MO associated with the F atom withdraws to
ward its nucleus as has been observed in our experime
and further supported byDBszd calculations (see curvesc
and d of Fig. 3). At still higher temperatures, and espe
cially above the melting pointTm ø 330 ±C [14], where
the polymer is in the amorphous state, excitation to th
(gauche)g6 conformations takes place, thereby increa
ing the freedom of the chains while simultaneously wea
ening the C-F bond. The latter effect is associated with
charge transfer within thes-MO, away from the F atom
and towards the C atom, and consequently leads to ade-
creaseof electronic momentum. This is borne out by th
results shown in Figs. 1(d) and 1(e), where the effect
such a chargedelocalizationcan be clearly observed at
the higher temperatures and is also consistent with ene
considerations [15]. In this range of high temperature
the chargelocalization emanating from thep-MO in F,
which was dominant at low temperatures, is now com
pletely swamped by the strong and opposite behavior
the s bond, leading to an overall contraction of the EMD
[see Fig. 1(e)] and a decrease of FWHM (see Fig. 2).

The weakening of the C-F bond associated with confo
mational transitions involvingg1 andg2 is supported by
the theoretical work of Morokuma [16] and other exper
mental work [17]. Morokuma finds that, when the angl
of rotationv of adjacent CF2 groups around the C-C axis
approaches 60± (NB v  60± corresponds to a gauche
conformation), the C-F bond is weakened, with simulta
neous charge transfer of0.01e from F to C (commensu-
rate with our experimentally deduced value about 0.025e),
while the strength of the C-C bond is not affected. Ex
perimentally, the presence of a crystalline phase transiti
aroundTt  150 ±C was confirmed by an x-ray diffrac-
tion study [17]. This transition was ascribed to an inte
molecular disorder, increasing rapidly as the temperatu
approachesTt due to the excitation oft subunits in the
chain.

In conclusion, we have probed experimentally the e
fects of subtle changes in the electronic structure
a polymer, and argued that these are related to ch
conformations. For the first time, there is experiment
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evidence strongly suggesting that thermally induced co
formational excitations of the polymer chains are ac
companied by charge transfer, related to thes- and
p-molecular orbitals of the C-F bond. Localization of the
p-MO, related to the fluorine atom, facilitates the trans
lational movements of the chains, while the weakenin
of the C-F bond and the transition from a crystalline into
an amorphous phase are associated with a delocalizat
of s-MOs.
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