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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 temperatures
up to and above the melting point are reported. For the first time, one has experimental evidence
that thermally induced conformational excitations of the polymer chains are accompanied by a charge
transfer, related to the- and 7-molecular orbitals (MO) of the C-F bond. It is argued that localization
of the 7-MO related to the fluorine atom facilitates the translational movements of the chains, while the
weakening of the C-F bond and the transition from a crystalline to an amorphous phase are associated
with delocalization ofo-MOs. [S0031-9007(98)06632-0]

PACS numbers: 61.41.+e, 32.80.Cy, 71.20.Rv

Polymer chain conformations are of paramount impor-profile (CP) is obtained. The CP is the projection of the
tance in determining the properties of bulk polymeric ma-electron momentum gensityz,(f)), of the scatterer along
terials. The shapes adopted by macromolecular chainge scattering vectok, which is the vector difference
depend on the nature of their constituent bonds. In parbetween the wave vectors of the scattered and incident
ticular, the dependence of potential energy on the torsiopeams, respectively. By taking the direction fofas z
angle of a giveno bond along the chain plays a major axis, and using the impulse approximation, the CP is
role in the equilibrium, as well as dynamic, behavior of given by the expression [7]
polymers. In a polymer backbone containing large num-
bers of carbon atoms, torsion angle potentials of neigh- J(p) = f f n(px, py, Pz) dpx dpy . (b
boring o bonds are, in general, interdependent. Although . e CI ) )
it is widely recognized that a proper understanding ofSince n(p) is a probability density, }De CP is con-
polymer chain conformations requires accurate quanturfitrained by the normalization ruleg” J(p.)dp, =
mechanical calculations, the details of these interactions| ../ (¢) dg = Z, where Z is the total number of scat-
and the ensuing electron charge redistribution around thiering electrons, and; a scalar momentum variable
interacting atoms, are generally concealed in an “effecq = kp/|k|. Furthermore, the CP is symmetric with re-
tive” potential barrier between alternative conformationalspect to the so-called Compton pe&0) [7] [see inset
states. Barriers to internal rotations in simple molecule®f Fig. 1(a)]. The electron momentum density (EMD)
can be determined from spectroscopic or thermodynamits related to the momentum wave functign(p), by
data [1,2]. In macromolecules, however, such barriers are(p) = |x(p)|?, which, by Fourier transform, yields the
not known to a great precision, and are often based oreal space wave functiogh(#). In this way, Compton
heat capacities or entropy fitting [2,3] or inferred from scattering experiments provide information on the elec-
spectroscopic measurements on model compounds of lotwonic structure of materials.
molecular weight [4]. Since the position and momentum space wave functions

In the present study, we employ the Compton scatteringf a system weigh inverse regions of their respective
technique to probe experimentally, for the first time, thespaces, it is well established in Compton spectroscopy
effects of subtle changes in the electronic structure of8] that when the charge density is spatially localized
a polymer and their conformational implications. Wethe EMD is extended, and hence the corresponding CPs
have performed Compton scattering measurements dmecome broader. Physically this corresponds to tightly
polytetrafluoroethylene (PTFE), a polymer that has beebound electrons. In the case of electrons involved in
studied extensively in the past [5,6], at a series ofa chemical bond, this broadening occurs when the bond
temperatures ranging from room temperature up to anbdecomes more polar [9]. The opposite is expected during
beyond the melting point of the polymer. the weakening of the bond; that is, the EMD and the

In a Compton scattering experiment an incidentcorresponding CP become more contracted. In the present
monochromatic beam of x- oy-ray photons is scattered work, by varying the temperature of the material PTFE,
by the sample. The inelastically scattered radiationa redistribution of EMD was observed. It is attributed
deflected through a fixed scattering angle, is measured a charge transfer in the C-F bond associated with
as a function of energy. By converting this spectrumconformational changes, leading ultimately to the melting
from energy to a momentum scale, the so-called Comptotransition.
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The y-ray (59.54 keV) Compton spectrometer em-
ployed utilizes an**!Am source in a 160 scattering
angle geometry, and the instrument has a total resolu-
tion of 0.54 a.u. of momentum [7,8]. More details on the . . .
setup, as well as the detecting system, are given elsewhere . =
[10]. The sample, a rectangular bas (X 15 mm, 3 mm w
thick) of commercially available PTFE, was positioned
in the center of a cylindrical furnace made of alumina,
and the whole system was placed in a vacuum chamber
evacuated td0 3 mbar. The temperature, continuously
monitored, was stabilized withirt1 °C to the set point. ' eretre otn, arnnd? T
More than2 X 107 counts were accumulated under the
CP for each spectrum. The CPs were measured at differ-
ent temperatures, from room temperature up to and above
the melting point, in order to investigate possible modi- . S ey
fications in the EMD of PTFE during the transition from
the crystalline to the amorphous state. Clearly, afy

€ 3450C

0

ferenceshetween CPsAJ, are of interest, and therefore : P 120
data processing includes only background subtraction and 0.00 . Mw Woan LW
normalization to the total number of electrons. All other w}f"‘w[ 1x105 q
corrections (multiple scattering, etc.) do not affect the 0.05F S C RI1L
ultimate AJs as these corrections cancel out in the sub- ' ° A 1
traction process. All the CPs were normalized to a total I ws _ 700 channels 900
of 48 electrons, between7 and 7 a.u. of momentum [7], 0.00 { Sttt ey
which is the sum of all electrons in(aCF,-CF-) unit. S T 8 25.°C

Any alterations in the EMD in this range of temperature 0 2 3
should be revealed by subtraction of the corresponding q(au)

CPs. SoAJ(g) has been obtained by a point by point FiG. 1. Experimental difference Compton profiles  (in
subtraction of the room temperature profile from each oklectrons per atomic units of momentum)J = [CP at

the higher temperature profiles\J(¢) is a function ofg,  temperaturg’] — [CP at25°C]. ~ Compton profiles were
and it should be zero if there is no alteration in the EMDSZEE)‘?/:IT% riteaesl?)\rgesnofdlcflfaerritem (tg)mpezr?totge(sijx;sogg afi:r‘]’: | are
with temperatur_e. .A n_onze_rAJ(q) indicates an ele.ctron by subtracting two indeper){dent sets of data both measured at
momentum redistribution with temperature. The integrakhe same temperature, i.e., Zs As expectedAJ = 0 within
of AJ(q) is zero, ad/(g) is normalized to the total number the experimental error); (b = 120°C; (c)T = 220°C;
of electrons. As a check for reproducibility at each(d)7 = 280°C; (e)T = 345°C. Error bars represent the
temperature, and in order to eliminate the possibility ofStﬁt'S“Ca' e”gr- Theh solid line is drawn as a gu'del to the eye.
any artfacts AJS coresponding to thaametemperature [ (%8 Uit each sune [y B(a) il s equat o zero
were obtained by subtracting two independent data se%astic peak and’ the position of the Compton peak.
both measured at the same temperature. In each Adse,
was equal to zero within the experimental error. This can
be seen in Fig. 1(a) faf = 25 °C. variation of AJ(g) with temperature, coupled with the re-
Figures 1(b) to 1(e) show the evolution Af/(¢g) as a producibility observed at each temperature, weigh heavily
function of temperature. In the temperature range fronagainst the possibility of the observed changes being due
room temperature up to 22CQ, AJ(g) is negative at low to artifacts.
values of momentum, becoming positive with a maxi- In order to examine the existence of an EMD redistri-
mum around 1.0 a.u. of momentum. Thus, an electromution, and the consequent charge transfer with tempera-
momentum redistribution appears to occur towards higheture in PTFE in an alternative manner, the full width at
momentum values. As the temperature rises to 260 dnalf maximum (FWHM) of each CP has been plotted ver-
280°C, the peak imAJ(g) shifts to about 0.5 a.u. of mo- sus temperature (Fig. 2). It is evident that, up to about
mentum [Fig. 1(d)]. By further increasing the sample150°C the FWHM increases, indicating the broadening of
temperature, in the range near and above the meltindhe EMD. At higher temperatures the FWHM decreases,
point of PTFE, there is a clear shift of thAJ(¢) until it reaches an almost constant value just above the
peak from the largemomentum region to values aroundnelting point, indicating a contraction of the EMD. From
0.0 a.u. [Fig. 1(e)], indicating a momentum redistributionthe above findings, we argue that the temperature de-
toward smaller momentum values corresponding to aboytendent behavior of the EMD in PTFE can be divided
0.1 electrons [11] per [GFCR] unit. This systematic into two regions. In one region, from room temperature
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FIG. 2. FWHM of the Compton profiles versus temperature.FIG. 3. Theoretical and experimentabB(z) for PTFE:
The solid line has been drawn as a guide to the eye. (—) Theoretical AB(z) = B(2)atoms — B()ions; (----- )

theoretical AB(z) = B(2)atoms — B(2)ions fOr 2p orbitals
of fluorine; (@) experimental AB(z) = B(z)345 — B(z)2s;

to about 150C, there is a spatial transfer of charge from (©) experimentalB(z) = B(z)io = B(z)as.

less localized to more localized regions, and in the second

region, from about 156C and up to the melting point, the

situation is reversed and there is a charge transfer frod®wer temperature§AB(z) = B(z)120 — B(z)2s].  This

more localized to less localized regions. fact strongly suggests that @-molecular orbitals (MO)
Additional information concerning the electron distri- localization occurs in the low range of temperatures.

bution in configuration spadé) can be obtained from the  In this light, we now examine more closely the ex-

CP, by using the functio®(7) which is the Fourier trans- perimental results from our investigation in two tem-

form of the momentum density, perature ranges: room temperature to about°C5@nd
about 150C to 370°C. At a low temperature van der
B(F) = j n(p)e """ dp. (2) Waals interactions (primarily dipole-dipole forces) hold

adjacent PTFE chains, or portions of chains, together to
It can easily be shown [12] th#(7) is an autocorrelation form a hexagonally packed crystalline structure. In fact,
function of the one-electron configuration space wavehe orientational arrangement of the dipoles results in the
function 4 (r): well known helical PTFE structure described in the lit-
. SR, erature [5,6]. A consequence of such a dipolar align-
B(r) = f () (R + r)dR. () ment is the polarization of the charge density away from
From (1) and (2) it follows that the _F atom of a given C—_F_dipole an.d towards the op-
posing dipole with which it is interacting. Such charge
B(z) = ]J(pz)efipzz dp, . (4)  delocalization results ifower electronic momentum, as
noted previously. Increasing, however, results in en-
Thus, B(z) represents the above autocorrelation alonchanced translational and rotational agitation. As segments
the z direction, and it is the one-dimensional Fourier of neighboring chains begin to move relative to each other
transform of the directional Compton profile. Although their interaction weakens, since the dipoles become more
this function is normally employed for the analysis of distant and less well correlated. Note that, for spatially
directional CP, in order to obtain a theoretical quantitativefixed permanent dipoles a distancapart, the interaction
estimation of the charge transfer observed experimentallgnergy varies as >, while for freely rotating ones it is a
in the case of polycrystalline PTFE, we have used anuch weaker dependence, namekf) ! r°.
spherically averagefi(z). As the dipolar interaction subsides, the electronic
Figure 3 shows the experimentally deduced differenceharge of ther orbitals associated with thgp atomic
ABexper = B(2)3ss — B(z)25 (curve a), where the sub- orbitals of fluorine withdraws towards the F atom, leading
script indicates the temperature 9@, along with the dif- to enhanced spatial localization, and hence an extension
ferencesAB(z)wmeory (CUrvebd), as calculated for the £B4 in the EMD towardshigher momentum. This explains
unit [13]. Good agreement is observed between theorthe increase in the FWHM upon initial rise of tempera-
and experiment, confirming that a charge transfer occurtire, as shown in Fig. 2, and is the only way to account
from F to C as temperature rises up to and beyond théor the negative part oAB(z) in Fig. 3, as noted above.
melting point. Curved is the theoreticalAB(z) taking  The C-F bond, and more specifically tlheMO, seems
into accounbnly the2p orbitals of fluorine, in a direction to be very little affected initially, the redistribution of
perpendicular to the C-F bond. It must be stressed thatharge being largely confined to the orbital at low to
this is the only possible way to reproduce theoreticallyintermediate temperatures, i.e., in the range from room
the negative part of the experimentally dedudeRlz) for ~ temperature to about 15@. This is to be expected, in
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view of the fact that modification of the orbital requires evidence strongly suggesting that thermally induced con-
more energy. formational excitations of the polymer chains are ac-
Thus, while at moderate temperatures only excitationgompanied by charge transfer, related to tte and
to conformations with a small potential barrier are per-z-molecular orbitals of the C-F bond. Localization of the
mitted, upon further increase of the temperature, rotationr-MO, related to the fluorine atom, facilitates the trans-
of the Ck, group, around the C-C bond, is greatly en-lational movements of the chains, while the weakening
hanced. In particular, the transition between the (transdf the C-F bond and the transition from a crystalline into
t* andt conformational states is likely to be affected first, an amorphous phase are associated with a delocalization
on raising the temperature, since it is characterized by af o-MOs.
rather small potential barrier of only abduikJ/mole [5]. The authors thank Professor S.W. Lovesey for his
This transition is favored energetically if the repulsive valuable comments on the manuscript.
forces between opposing F atoms of the same molecule
decrease. This could be the case if the charge density
of the 7-MO associated with the F atom withdraws to- L
e cneoryed 1 our SOerents piyscd 1510 Go79)
. g [2] W. B. Person and G. C. Pimentel, J. Am. Chem. St&;.
andd of Fig. 3). At still higher temperatures, and espe- 532 (1953).
cially above the melting point’,, =~ 330°C [14], where (3] k. S Pitzer, J. Chem. Phy8, 711 (1940).
the polymer is in the amorphous state, excitation to the[4] E. B. Wilson, Pure Appl. Chemd1, 1 (1962).
(gauche)g* conformations takes place, thereby increas- [5] G. D. Smith, R. L. Jaffe, and D. Y. Yoon, Macromolecules
ing the freedom of the chains while simultaneously weak- 27, 3166 (1994).
ening the C-F bond. The latter effect is associated with a[6] B. Rosi-Schwartz and G. R. Mitchell, Philos. Mag. 73,
charge transfer within the--MO, away from the F atom 153 (1996); M. Springborg and Milos Lev, Phys. Rev. B
and towards the C atom, and consequently leadsde-a 40, 3333 (1989).
creaseof electronic momentum. This is borne out by the [71 M. J. Cooper, Rep. Prog. Phy#s, 415 (1985); S. W.
results shown in Figs. 1(d) and 1(e), where the effect of ~ -0vesey and S. P. Collins{-ray Scattering and Absorp-
o tion by Magnetic Materials,(Clarendon Press, Oxford,
such a chargelelocalizationcan be clearly observed at 1996).
the h.igher_temperatures ar_1d is also con_sistent with eNergyg) compton Scatteringedited by B. G. Williams (McGraw-
considerations [15]. In this range of high temperatures,” "~ L\ New York, 1977).
the chargdocalization emanating from ther-MO in F, [9] B. I. Ramirez, J. Phys. B5, 4339 (1982).
which was dominant at low temperatures, iS now com{10] G. D. Priftis et al., Physica (Amsterdam®223C, 106
pletely swamped by the strong and opposite behavior of  (1994).
the o bond, leading to an overall contraction of the EMD [11] This argument is based on the estimation of positive area
[see Fig. 1(e)] and a decrease of FWHM (see Fig. 2). under curvee (Fig. 1).
The weakening of the C-F bond associated with conforl12] W. Weyrich, P. Pattison, and B. G. Williams, Chem. Phys.
mational transitions involving * andg ™~ is supported by 41, 271 (1979). S
the theoretical work of Morokuma [16] and other experi-[13] [N order to simulate the degree of ionicity of the C-F
. bond as a function of temperature, we have calculated
mental work [17]. Morokuma finds that, when the angle

. . ; two B(z) functions for the GF, unit, according to the
of rotationw of adjacent Ck groups around the C-C axis standard prescription given by Weyrigh al. [12]. One,

] A. L. Verma, W. R. Murphy, and H. J. Berstein, J. Chem.

approaches 60(NB » = 60° corresponds to a gauche B(2)atoms, Using Slater-type atomic wave functions for C
conformation), the C-F bond is weakened, with simulta- and F atoms, and anothe?(z);o.s, by mixing the atomic
neous charge transfer 6f01e from F to C (commensu- wave functions with those of ions such that one electron is
rate with our experimentally deduced value about 025 transferred from F to C perE, unit. In this manner it is
while the strength of the C-C bond is not affected. Ex- possible to estimate theoretically the variationBof) with
perimentally, the presence of a crystalline phase transition ~ charge transfer between C and F, to which we attribute the
around7, = 150 °C was confirmed by an x-ray diffrac- experimentally observed changesBit) as a function of
tion study [17]. This transition was ascribed to an inter- _ temperature.

molecular disorder, increasing rapidly as the temperatur&*! E%Tﬁ%ﬁgﬂ?ﬁ’@'ﬁﬁ;ﬂnfgr'éc?ed,fce: EZV\}]YEﬁ(nirg?and
approached’; due to the excitation of subunits in the [15] As the energy gap between successive MO's in PTFE is

chain. . . of the order 1 eV, the observed charge transfer at high
In conclusion, we have _probed expenmentally the ef-  temperatures of 0.025 electrons per C-F bond can be
fects of subtle changes in the electronic structure of jystified from the 300 K rise of temperature.

a polymer, and argued that these are related to chaine] K. Morokuma, J. Chem. Phy§4, 962 (1971).
conformations. For the first time, there is experimenta[17] T. Yamamoto and T. Hara, Polym2B, 521 (1982).
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