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Abstract: X-ray. absorption studies were carried out for 

the first time on a polymeric thin film in the energy range 

250-1000 eV, thereby providing access to ~~e K-edges of light 

elements. The carbon and fluorine K edges were studied in 

polyvinylidene fluoride. Sharp peaks were observed at both 

edges, and extended fine structure (EXAFS) was found at higher 

energies. The carbon K-edge showed compound structure, with 

a chemical shift of 3.9 eV between the C(ls) binding energies 

in -CH 2- and -CF 2- groups. Th.is type of shift is similar, 
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*Also with Department of Physics; University of California, 
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but not identical, to ESCA shifts. Fourier transformation 

of EXAFS structure above the F K-edge yielded a C-F bond 

distance of 1.38 o .0 2R comprised of contribt.'.tions from 

several neighbor shells, which provided evidence of 

structural order. This method is concluded to be useful 

in studying polymeric electronic structure and molecular 

conformation. 

.;; .. 
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I. INTRODUCTION 

The increasing use of specialty polymers in the photo-

graphic and electronic industries has stimulated recent 

interest in their electronic properties.
1 

Among the most 
, 

common experimental techniques employed to study polymer 

valence and conduction bands are X~ray and ultraviolet photo~ 

emission (XPS and UPS) and ultraviolet absorption (UVA) 

spectroscopies. These techniques yield complementary data, 

by probing both the occupied and vacant electronic states of 

a material for comparison with theoretical models. In 

addition to valence-band studies; XPS provides chemical-state 

information about each atomic species in a compound via 

chemical shifts in core-level binding energies. 

To explore the electronic structure of polymers most 

effectively, both multi technique analysis and theoretical 

understanding of the material studied are required. ~his 

paper presents the first utilization of soft-X-ray-absorp-

tion (XUVA) spectroscopy to study a thin-film polymer; the 

particular material studied was a ca. soaaR thick sample of 

po1yviny1idene fluoride (PVF 2), an industrially important 

polymer 2 (chemical formula (CH
2

CF 2)n). The results under

score several weaknesses of the above-mentioned spectroscopic 

techniques as applied to the study of polymers, and show that 

information obtained from XUVA data on ~~e electronic and 

morphological properties of PVF 2 is indeed complementary 
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to that obtained from electron spectroscopies, UVA, and 

even X-ray diffraction studies. 

Section II presents a general discussion of several 

spectroscopic techniques which can elucidate polymer elec

tronic structure. The types of information gained from 

each method, as well as their limitations, are contrasted 

with those of XUVA spectroscopy. In Section III, the details 

of the thin-film sample preparation and the collection of 

the XL~A spectra are described. The spectra obtained in 

this investigation contain two distinct types of information, 

on electronic and morphological structure. Each is covered 

in a separate subsection (IV.A and IV.B). The absorption 

onset at the carbon K-edge in PVF 2 is discussed in Section 

IV.A, with special emphasis on reference states for elec

tronic properties, transitions to bound states below the 

ionization potential, and chemical-shift information. The 

fluorine K-edge spectrum is analyzed for its extended X-ray 

absorption fine structure (EXAFS) in Section IV.B, which 

yields an accurate determination of the F-C bond distance 

in PVF 2 as well as other structural information. Finally, 

Section V concludes with several observations regarding the 

utility of XUVA spectroscopy as applied to polymer chemistry 

and a summary of the data gathered for PVF 2 • 

Ii 
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II. XUVA AS A POLYMER ELECTRONIC STRUCTURE METHOD 

To be a viable technique for the study of any material, 

XUVA must provide clear advantages over the techniques 

listed in the introduction and/or yield complementary data; 

in principle, XUVA fulfills both of these conditions. The 

most troublesome difficulty wi.th photoemission experiments 

of insulating materials is sample charging caused by the 

ejected photocurrent. This loss of electronic charge maybe 

compensated by various means, but the difficulty remains of 

reproducibly referencing the binding energies of the spectral. 

features. Attempts to avoid such complications involve 

referencing the peak positions to the Fermi level of a 

standard such as gold or carbon in electrical contact wi th 

the sample. This procedure implicitly assumes that L~e Fermi 

level of the reference is somehow related to a property of 

the polymer, which (as discussed below) is generally not the 

case. The study of valence bands by XPS is complicated by 
) 

their low cross-sections for photoernission at higher (>1 keV) 

photon energies; in the time required to collect a valence 

band (VB) spectrum the sample may suffer sufficient radiation 

damage to affect its electronic structure. In UPS the photo-

electron inelastic mean free paths are extremely short, 

rendering the observed spectra unduly sensitive to surface 

1 contamination and surface~localized effects, as well as to 

structure in the conduction bands. 3 
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Among the disadvantages of UVA are the facts that the 

photon energies are generally not high enough to probe the 

entire VB, that observed spectra are complicated convolutions 

of the occ,upied and vacant densities of states, and that the 

absorption lengths are extremely short, necessitating very 

thin film «soaR) or solvated samples. 4 Thus, if one is 

primarily interested in the bulk electronic properties of a 

polymer, UVA is practically eliminated from consideration. 

There is still the possibility of performing X-ray fluores-

S l' t 1 6.. t cence or e ec ron, oss experlmen s. However, both of the'se 

techniques require bombarding the sample with electrons at 

rather high power density in order to collect a spectrum, 

which may produce severe radiation damage of a solid polymer. 

XUVA avoids most of ~~e above difficulties and provides 

additional information of its own. perhaps the most defin-

i tive data supplied by XUVA are the energies oi: t.~e core-

level absorption edges, which yield unambiguous energy 
/-

differences between each of the initial states and the 

particular final states accessed. Chemical shift (oxidation 

state) information is also contained in core-level edge 

measurements. A further advantage of choosing a core-level 

as the initial state in an absorption experiment is that it 

yields a truer picture of the conduction band than tWA, 

because the initial state has a simple lineshape. Also, 

dipole selection rules require that only the final states 

with particular symmetries will be excited. For example, 
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excitation of an s-like core level will yield the p-like 

partial density of unoccupied states. Absorption measure-

ments also sample bulk properties of the polymer; thus 

surface perturbations are minimized. Because transmitted 

photons are counted with high efficiency, radiation exposure 

time and consequent damage are negligible. perhaps the most 

appealing aspect of XUVA lies in the extended fine structure 

(EXAFS) above the absorption edges. The (properly treated) 

Fourier transform of this spectral structure yields a radial 

distribution function for the neighbors of the absorber that 

can provide morphological information even for amorphous 

polymeric materials. Knowledge of polymer chain topology 

is necessary not only for the un1erstanding of mechanical 

behavior but also for use as input data for theoretical 

electronic-structure calculations, which can provide the 

necessary unification of spectroscopic data needed to under-

stand a particular polymer system. 

The application of XUVA to polymer films has been delayed 

for four principal reasons. First, radiation in the energy 

regime suitable for these studies, ca. 200-1000 eV, is 

available in a continuous band of sufficient intensity only 

at synchrotron radiation sources. Second, the available 

monochromators in this range usually suffer severely from 

poor resolution at the higher energies, higher-order harmonic 

transmission, and carbon contamination of the optical elements, 

which leads both to severe attenuation of flux at the most 

;j,' .. 
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crucial energies and.to production of a scattered light 

background. The third problem is related in that the sensor 

used to detect the transmission signal must be tailored to 

the radiation source and the absorber stu~.ied; icl.eally it 

should have a high sensitivity over the photon energy range 

of interest, yet discriminate against higher-order radiation 

transmitted by the monochromator. The final problem area 

involves the samples themselves. They should ideally be 

free-standing thin films wi t..l1 a mass/area ratio of 50-100 

~gm/cm2 (this corresponds to a film thickness of several 

thousand Angstroms and is the mass density that should yield 

a 10% transmittance signal above the carbon K-edge). Also, 

because of the close proximity of the K-edges in the light 

elements, EXAFS data will be difficult to collect over a 

sufficient energy range to allow analysis of a real-space 

transform (radial distribution function. of the absorber) due 

to interference among the edges. 

In this paper we show that, in spite of these difficulties, 

meaningful results can now be obtained from XUVA in polymers. 

The data reported here are presented in the spirit of an 

initial "survey" type of study, which we feel is particularly 

germane now in light of the imminent emergence of several 

synchrotron radiation sources throughout the world and the 

rapid development of experimental technology associated with 

synchrotron light. The present investigation of PVF 2 

illustrates the entire range of information to be gained 

ii-
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fromXUVA studies of polymers. This may help workers 

interested in the chemistry and physics of polymers to 

evaluate XUVA as a viable spectroscopic tool. It also 

demonstrates the requirements that.XUVA research places on 

the development of synchrotron radiation facilities. 

III. EXPERIMENTS 

The experiments were performed on the 40 port8 of Beam 

Line I at the Stanford Synchrotron Radiation Laboratory 

(SSRL) .9 The experimental apparatus has been described in 

. 10-11 detall elsewhere, and will only be briefly discussed 

here. 

The vacuum restrictions of the radiation source and the 

short attenuation lengths in the soft X-ray spectral regime 

require that the sample and detector be maintained in an 

ultrahigh vacuum environment. A beam collimator/filter, the 

sample holder, and the photon detector were all contained 

in a single chamber pumped by a 60 Q,/sec -1 noble ion pump 

and a Ti sublimation pump; the chamber pressure during a 

measurement was <3 x 10-9 torr during the experiments. The 

beam collimator/filter was necessary to define the beam by 

eliminating the scattered light background and filtering out 

higher harmonics of the primary frequency passed by the 

diffraction grating at the lower energies utilized in this 

absorption study. A microprocessor/controller drove a motor-

and-cam arrangement that allowed the absorption sample and 
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a reference blank to intercept the beam position alternately 

a t every monochromator setting, thus allowing t.'1e immediate 

computation of a In(I/Io } signal. Radiation detection was 

achieved by impinging ~~e transmitted radiation on a solid 

absorber film, such as ZnS or AU, and collecting the signal 

as the total photoyield measured by a channeltronelectron 

multiplier. This arrangement allowed stable amplification 

of the signal and enabled us to match the properties of the 

detector to both the absorber and ~~e region of the mono

chromator bandpass utilized. 10 

The PVF 2 used was obtained from the Pennwalt corporation 

as a commercial powdered resin (brand name Kynar). No further 

purification of the resin was attempted. Thin films were 

grown by dipping clean glass microscope slides into a 2% 

(by weight) solution of PVF 2 in reagent-grade tetrahydrofuran. 

After drying, each film was floated off its slide by dipping 

it into a water bath. Films so produced were then dried to 

a constant weight and measured to determine their areas. A 

small (7mm x Smm) sample was then cut from each film and 

mounted on a sample holder. The films were transparent, pin-

hole-free, and self-supporting. The above s.ample-preparation 

technique is expected to yield semicrystalline PVF 2 films 

composed primarily of ex-phase 2 (or phase II}12,13 crystallites, 

which have a reported densi ty of 1.93 gm/cm). Thus, the 

97 llgm/cm
2 

film used in this study was rv500aR thick. 
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IV. RESULTS 

A. The Carbon K-Edge Spectral Region 

Figure 1 shows an uncorrected xtnlA spectrum of PVF 2 

collected over the energy range 270-450 eVe The important 

features in this spectrum are the sharp peak at the onset 

of absorption and the structure in t..he spectrum near 343 eV, 

which is due to attenuation of second-order light by fluorine 

K-edge absorption. Second-order light was found to comprise 

ca. 3.5% and 2.5% of the total radiation intensity at 300 

and 400 eV, respectively, as measured through a Ti filter 

by a ZnS photocathode detector. Thus, even using a filter 

to attenuate radiation above 455 eV (the Ti L2 ,3 edge) and 

a detector wi th a decrea'sing photoyield wi th energy (and thus 

less sensi tive to the higher-order harmonics), the carbon 

K-edge region absorption spectrum suffers from higher-order 

interference. loVe did not attempt to l:'ourier~transform t.~e 

carbon K-edge data because the expected EXAFS structure 

would have roughly the same intensity as the fluorine K-edge 

second-order interference. The remainder of this subsection 

will be concerned primarily with the interpretation of t..he 

carbon K-edge structure and its position, in terms of the 

electronic properties of PVF
2

• 

The absorption spectrum in Fig. 1 is comprised of a 

large, broad peak which joins smoothly to the carbon K-edge 

continuum structure. The amplitude of the peak structure 

is actually suppressed due to the second-harmonic inter-



10 

ference; allowing a correction for t.his effect yields an 

"adjusted" optical density of 5.5 for the peak maximum. 

Also plotted in Fig. 1 is the "theoretical" optical density 

2 
of a 97 ~gm/cm film of PVF 2 , computed from the atomic 

absorption cross-sections of C and F compiled by veigele.
14 

The agreement between this prediction and the measured values 

is excellent below the C K-edge (where the ratio of second-

harmonic radiation to primary is very small) and at the 

higher photon energies shown, which lends credence to the 

ability of the present measurements to obtain accurate 

quantitative determinations. However, comparison of the peak 

heigh t in the present measurements to a simi lar peak preceding 

the C K-edge in the reported absorption spectra of gaseous 

15 fluorinated methanes would yield an optical density of 

68.1 (for a "carbon atom cross-section of 14 Mb) for our PVF 2 

sample, over an order of magnitude higher than t.~e corrected 

v-alue of 5.5 stated above. The, discrepancy is attributed to 
I 

an error in the cross-section determination of the fluoro-

methanes because the cross-'sections reported in Ref. 15 

both above and below the C-edge are much higher than predicted 

b .. 1 14 Y Velge e. 

A more detailed plot o~ t.he absorption onset region 

is given in Fig. 2. This spectrum shows that the large peak 

preceding t.he absorption edge is actually a doublet, with 

the components falling at 288.6 and 292.5 eV. The 3.9 eV 

separation between these two peaks corresponds quite well 
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to the energy difference between the main peaks observed for 

gaseous CH 4 and CH 2F 2 at 288 and 292 eV, respectively. 

Thus, they most likely arise due to excitations from L~e Is 

level to the (localized) lowest-lying molecular orbitals of 

the correct symmetry for the two chemically inequivalent 

carbon species in PVF 2 . The observed peaks may be the initial 

and most intense members of a molecular Rydberg series (as 

expected from atomic theory) ,16 leading up to the polymer's 

ionization potential. Further structure is apparently 

obscured by the superposition of the two series of discrete' 

lines and the finite resolution of the experiment. 

The carbon K-edge absorption data may also be compared 

. 17 18 
to XPS stud~es of PVF2.' The splitting observed in t~e 

discrete absorption doublet agrees fairly well with the 

chemical shift of 4.5 eV observed between the C(ls) signals 

. 17 18 
~n the XPS spectrum.' This is consistent wit~ the 

expectation that the discrete doublet is due to excitations 

from the two chemically inequivalent carbons in PVF 2 to the 

lowest unoccupied molecular states. However, the splittings 

obtained in photoemission and in absorption should not 

necessarily be equal. Studies by Duke et al. 19 have shown 

that electronic transitions in polymers and molecular solids 

are more highly localized than normal band theory allows. 

Thus, the allowed final states for electronic transitions 

originating on chemically inequivalent sites may not fall 

at the same energy, because constituents such as fluorine 
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can cause chemical shifts in the energies of the local 

"conduction" states, just as they do in the core levels 

(al though these shifts should be smaller t.'I1an core-level 

shifts due to the spatially more diffuse nature of the levels 

involved). Indeed, the absorption doublet structure is split 

by 0.6 eV less than the chemical shift of the C( ls) photo-

emission peaks. The explanation for this significant 

difference may be phrased in several different manners, but 

the essential feature is ~~at the final states in an absorp-

tion experiment are also sub;ect to chemical shifts that are 

observable due to their hiqhly localized nature. 

Ano~~er interestinq comparison with the XPS data lies 

in the absolute numbers presented for the photoemission 

17 C(ls) bindinq enerqies. Clark et ale reported values of 

286.1 ±. 0.1 and 290.6 ± 0.1 eV for the ls bindinq enerqies 

of the chemically inequivalent carbons in PVF 2 , referenced 

to a bindinq enerqy of 83.8 eV relative to the Fermi enerqy 

for the Au 4f7/2 line. The absolute enerqy calibration of 

the PVF
2 

spectra were achieved by usinq the C(ls) siqnal 

from thebackqround vacuum contaminants as a standard. 

Pireaux et al. 18 have determined bindinq enerqies of 296.4 + 

0.1 and 290.9 ± 0.1 eV by referencing the PV~2 spectra to 

the C(ls) line of polyethylene, which had previously been 

d t . d t b 284 6 20 . h th ld e ermlne 0 e . eV Wlt respect to e go Fermi 

level for ·a gold 4f7/2 binding energy of 83.8 eVe Both 

of t.'I1e above determinations were therefore supposedly given 
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wi th respect to the Fermi level of Au. However, comparison 

of photoemission data to absorption results is complicated 
.. 

by attempts to reference the XPS results to a Fermi level, 

even if charging effects have been properly handled. This 

important and general problem is discussed below. 

Referencing XPS spectra of a wide-band-gap molecular 

solid or polymer with respect to the Fermi level of a metal 

in electrical contact with the insulating sample does not 

yield binding energies that are intrinsic properties of the 

unperturbed sample. Rather, t.l-).ese binding energies are 

specific to the particular insulator/metal interface. 

C t t h h . 21,22 h h .a..1h th on ac c arge exc ange experlments aves own w at e 

Fermi level of a metal at a polymer-metal interface may fall 

anywhere within the band gap, above the "conduction band" 

minimum, or even below the valence-band maximum of the un-

perturbed polymer. Upon electrical contact with a polymer 

surface, the Fermi level of a metal does not equilibrate 

with the "Fermi level" of the insulator. The ionic states 

formed by the initial charge transfer between polymer and 

metal do not delocalize throughout t.~e polymer sample. Thus, 

a charged layer builds up at the polymer surface until the 

electrostatic potential due to the charged surface is effect-

ively equal in magnitude and opposite in sign to the chemical 

potential difference between the polymer and metal. 

Thus, XPS binding energies of solid insulators in 

which ionic states are highly localized can vary wit~ the 
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metal standard used as a reference. A more meaningful 

reference for XPS spectra of insulators is the VB maximum 

energy, as determined by the onset of photoemission from the 

VB of the sample. From reference 18 this value lies at 

5.8 + 0.1 eV binding energy relative to the gold Fermi energy. 

The binding energies of the eels} signals with respect to 

the VB maximum are thus 280.6 + 0.2 and 285.1 + 0.2 eVe - -
Figure 3 shows a one-electron energy diagram for photo-

emission and absorption in PVF 2 , referenced with respect to 

the VB maximum. The value of the energy gap of PVF2 has 

been estimated at 14.1 eV, lB which would appear to be too 

large in view of Fig. 3. Duke l has shown that predictions 

of such energy-level splittings in polymers that do not take 

account of relaxa.tion effects (many-electron effects) are 

generally too large. However, a relatively small band gap 

of 7.8 eV, which would be inferred from a naive interpreta-

tion of the absorption from the e(ls) levels of PVF 2 , is 

almost certainly too small. Excitation of a Is electron 

at threshold probably yields a localized excitonic state 

in which the excited molecular orbital is stabilized by the 

attractive force of the core hole. The one-electron picture 

implicit in Fig. 3 is actually inadequate for describing 

this system, as is often the case in solid-state problems. 

For example, the final levels above EVBM are not states to 

which valence electrons can be raised. The reason is that 

the one-electron diagram is not an energy level diagram, 

r; 
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but is only an approximate representation of the true energy-

level structure of the system, presented upside-down. This 

point was made earlier in explaining many-body excitonic 

ff 1 1 b ' .::I' ,,' l'd 23 e ects on core- eve lnulng energles ln so 1 s. 

In Figure 4 a real energy-level diagram is shown which 

incorporates L~e numerical results given above. In drawing 

this diagram we have used t.'1e Fermi energy of gold as a 

reference for the photoemission data. With a diagram of 

this type it is easy to explain how the absorption energy 

EA = 288.6 eV can fall several eV below the threshold for 

photoemission from the same core level, at 291.7 eVe 

Physically, the "exci tonic" hindin~ 0-1= an exci ted electron 

to a localized ls hole, EX(ls) is expected to be stronger 

than L~at to a more diffuse hole in t~e valence band, 

EX(VB). This is a well-known phenomenon in molecular elec

tron spectroscopy. From energy conservation and ~ig. 4 

we find 

EX (ls) - EX (VB) = ~E (ls) - E + t;' B abs ~g 

or 

E 
g 

E g 

- 8.0 eV 

- 7.4 eVe 

Here, ~EB(ls) = E~(ls) - E~(VB) is the binding energy of 

the C (ls) electron referred to the valence-band "maximum": 
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i.e., the least-bound valence electrons, and ~EX(ls) is the 

additional excitonic binding energy of the excitonic state 

in the presence of a Is hole, over that in the presence of 

a hole in the valence band. It is only possible to determine 

theexcitohic binding energy difference because the VB and 

Is binding energies are known only relative to a "floating" 

reference energy--the Fermi level of gold. To estimate the 

gap energy E. we need only make a reasonable estimate of 
g 

~EX(ls). If the excited electrons and holes were ,completely 

delocalized, ~EX(ls) would be zero, and E would be 7.4 eV .g 

or 8.0 eV. The other extreme limit--that of a completely 

localized excitation, made un of an electron-hole point on 
~ l 

the same carbon atom--is probably much closer to t~e truth. 

:I'o estimate ~EX (Is) in this' limi t we invoke a simple local

ized model that has had some success in predicting excitonic 

energies in the past in systems ranging from metals 23 to 

Auger satellite states.
24 

An atomic potential model is used, 

and atomic integrals are employed to estimate pairwise inter-

action energies. We consider the two separation processes 

-(VB CB) .. (VB) + e , 

(lis CB) .. (Is) -+ e , 

in which an electron is removed from the conduction band CB 

in the presence of either a valence-band hole or a Is hole. 

The energies of the two processes are the excitonic binding 
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energies, Ex(VB) and EX(ls), respectively. The difference 

in these energies is approximately the difference between 

the coulombic interaction of the localized CB electron with 

a VB electron and with a Is hole. In the atomic limit this 

d · f f .. . .. by 2 3 , 2 4 
1 erence 1S g1ven to f1rst approx1mat10n 

Of course the atomic-orbital composition of the CB state 

(and the VB state) is a priori unknown. In t~e extreme limit 

that both are assume to be 2p orbitals, we have 

o 0 
~Ex(ls) ~ p (ls,2p) - p (2p,2p) = 6.6 eV 

h " t 1 25 h b were Mann s 1n egra save een employed to estimate a 

numerical value. This result is to be regarded as an extreme 

upper limit. The limits on Eg are therefore roughly given 

by 

8 eV ~ E ~ 14 eV. 
g 

This is a very broad range for E , but we note that if the 
g 

position of Ep(AU) were known absolutely, it would be possible 

to deduce EX(ls) from the data, rather than only ~EX(ls), 

and thereby to gain more understanding of plausible values 

of E. The main value of this analysis is to show how g 

absorption and XPS data can be combined into a meaningful 

energy-level diagram. 

~: 

".", 
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An estimate of the excitonic binding EX(ls) for local

ized states can be obtained by comparison of the absorption 

edge energies and core-level binding energies for C (ls) 

electrons in CH 2F 2 and CH 4 " Noting that carbon and hydrogen 

are of comparable electronegativity, the central carbons in 

the (C)-CH 2-(C) ,and (C)-CF 2-(C) groups in PVF 2 can be simu

lated by the gas-phase model cOMpounds in H-CH 2-H and 

H-CF 2-H , respectively. Because the reference level in gas

phase-photoemission is unambiguously the ground state, we 

have (cf. Fig. 4): 

EB (Is) - = E (abs) + Ex (Is) • 

. _ 26 27 From t.l-}e nurnerlcal values ' 

EB(Cls, CH 4 ) = 290.8 eV 

EB(Cls, CH2F 2) = 296.4 eV 

and, for the most intense peaks,2B 

E(abs, CH 4 ) = 288.1 eV 

E (abs, CH 2F 2) -= 292.9 eV. 

Thus, for these molecules, 

E~(ls, CH 4 ) = 2.7 eV 

EX(lsj CH 2F 2),= 3.5 ev. 

These values of_EX are about half the size of those estimated 

above for ~EX(ls). Taking these latter values to be upper 

,. 

~: 
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limits for PVF 2 exciton ~nergies, we would have 

E (-CH -) g 2 
'\, 8.0 eV + 2.7 eV = 10.7 eV 

E (-CF -) 
g 2 

'\, 7.4 eV + 3.5 eV = 10.9 eVe 

Consequently, our best estimate for E is '\, 10-11 eVe g 

B. The Fluorine K-Edge Spectral Region 
I 

The PVF 2 absorption spectrum in the energy range 780-

1000 eV is shown in Fig. 5 along with the absorption curve 

above the fluorine K-edge predicted using atomic absorption 

t ' 18 cross-sec lons. The spectrum is remarkably similar in 

general appearance to the fluorine K-edge spectra of the 

fluorinated methanes obtained by La Villa. 5 Approximating 

the cross-section of fluorine at the maximum absorption 

as 0.95 Mb (half the maximum cross-sections for CH 2F 2) yields 

an optical density value of ~x = 2.0 for the peak height 

in Fig. Sa. The observed value of 1.45 for the optical 

density is in good agreement wiL~ this prediction from qas-

phase results. 

The main feature of interest in L~is spectrum is the 

modulation above the fluorine K-edge, which is shown in an 

expanded plot in Fig. 4b. In principle, such EXAFS oscilla-

tions should yield accurate interatomic distances in the 

polymer chain. These distances are extremely important in 

determining the space group of a crystal and the unit-cell 

dimensions, then finding the best cell and chain structures 
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that are compatible with the X-ray data, using tabulated 

collections of bond lengths. 29 Clearly, a superior structure 

may be determined if one knows the actual bond lengthso-t: 

the material studied. 

In general, a radial distribution function can be 

deduced from the EXAFS data if the effects of phase shifts 

in the electron wave due to the atomic potentials are 

compensated. Figure 6 shows a plot of the radial distribu-

tion function 

-i 2kr e i ¢ (k) 
R(r) = IF (r) I = I fdke A(k) kX (k) I (1) 

where X is the extended absorption fine structure signal, 

A(k) is the amolitude function for backscattering,30 and ¢ 

is the total phase shift experienced by an electron in 

traveling to a neighboring atom from the absorbing site and 

back. 3l The wavevector of the electron is given by 

k = 0.5123 (hv - E + E.)1/2 R- l 
o 1. 

( 2) 

with energies expressed in eV; E is the energy at the onset 
o 

of absorption. The work of Lee and Beni 32 suggests that the 

inner potential, E., should be adjusted until the peaks in 
1. 

R(r) and 1m F(r) coincide. We note that this rule is valid 

only if the separation between neighbor shell distances 

sufficiently exceeds the peak half-width (which results from 

the fini te data range). In fact, a calculation shows that 

for an experimental data window extending from klto k2' 
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the radial distribution function from a doublet of close 

neighbor shells at distances r l and r 2 will result in an 
J 

unresolved peak if r 2 - r l 
::::: .Tr(k 2 - k

l
} • As we describe 

below, the rule of Lee and Beni breaks down in our PVF 2 

measurements for all shells beyond the first. Accordingly, 

we chose E. = 5 eV, to bring the first peak in R(r} into 
1 

line with the corresponding peak in 1m F(r). 

The first peak corresponds to the F-C bond distance, 

which was assumed in previous X-ray work 13 to be 1.34R. 

The value found in the present work is 1.38 + 0.o2R. This 

value was obtained using as the fluorine-to-carbon back-

h f 
. 26 

scatterer-p ase unctlon 

¢ = -6.050 - 1.0882k + 0.0323k
2 (3) 

where k is given in units of R-
l

. The second peak at 

2.45 + 0.08R consists of contributions from several further 

neighbor shells. The model of Hasegawa et al.
13 

yields nine 

higher neighbor shells in L~e polymer chain at distances 

below 3~ (at greater distances there will also be interchain 

neighbors). Because the overall amplitude dependence of 

th X S . 127 hI e E AF slgna goes roug y as 

2 
Q. = N./R. 
111 

certain deductions can be made about the nearby structure by 

comparing a mean of the secondary and tertiary neighbors 

(see Table I) weighted by Q. to the observed peak position. 
1 



22 

There may be a decrease in the long-range order for a 

significant fraction of the PVF 2 sample beyond the secondary 

shell. In the tertiary shell this could occur through a 

-2o~k2 
decrease in the effective Debye ltlaller factor, e 1. , an 

2 
increase in at t' , or by the existence of disorder in . er 1.ary 

the dihedral angle between tertiary neighbor,s., The expected 

resul ts of such disorder would be to "wash out" the high end 

of the secondary-tertiary distribution, thereby shifting the 

peak to lower values compared to the "ideal" mean, which was 

33 0 computed to be 2.42A. That this is not at all the case 

implies that strong ordering exists in PVF 2 through the 

tertiary neighbor shell. All of the remaining peaks are much 

weaker and too dependent in their positions upon the details 

of the background subtraction to make a reliable interpre-

tation. 

The presence of disorder in PVF 2 is quite evident in 

comparing' its X-ray diffraction patterns to 'those of any 

well-ordered crystal. However, there is clear evidence in 

the present measurements that the estimate of the thermal 

disorder (0
2 = SR2 by Hasegawa et al.)13 is much too great. 

In fact, a fi t of the data with the modified distances in 

Table I yields a least-squares fit for 0
2 ~ o.o7R2. A more 

accurate value could be obtained with a more accurate 

structure. 

,. 
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V. CONCLUSION 

In summary, it is clear that absorption measurements in 

the soft X-ray region can yield useful information. Once 

the stringent requirements on vacuum and sample thickness 

are met, the measurements can be made rapidly. We have found 

a differential carbon K-edge chemical shift between -CH 2-

and -CF 2- sites in good agreement with XPS measurements. 

Wi th the value of the PVF 2 band gap of 'VIO-ll e .... l, the onset 

of absorption corresponds to transitions to bound states 

several eV below the conduction band edge for the carbon 

sites. In addition to the electronic structure information, 

we were able to determine the F-C bond length to be 1.38R 

and we also found indications that structural ordering holds 

strongly through the tertiary neighbors to fluorine. 
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Table I. PVF 2 Neighbor Frequencies from the Model of Hasegawa, et al. 

Neighbors 

F to C 

F to F 

F to C 

F to C 

F to C 

F to C 

F to F 

F to C 

F to C 

F to C 

Bond 
Connection 

direct 
d secondary 

secondary 

secondary 

secondary 

secondary 
. e tertl.ary 

tertiary 

tertiary 

tertiary 

Distancea 

J\ 

1.34{1~38) 

2.l0{2.l6) 

2.24{2.27) 

2.35(2.38) 

2.36(2.39) 

2.39 (2.42) 

2.70{2.70) 

2.76{2.77) 

2~85(2.87) 

2.95(2.99} 

Number, Ni 
per F absorberb 

1 

1 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

.5 

Quality 
F'actorC 

1.00 

.41 

.18 

.16 

.16 

.16 

.13 

.066 

.064 

.057 

a)Parenthetical values are the values that result from assuming 
an increase of the F-C bond length from 1.34A to 1.38A. 

bJ There are two inequivalent F absorber sites. 

c)Quality factor Q. = N. (l.38/R.) 2. 
1. 1. 1. 

d)That is,two bonds "distant" from each other. 

e)Three bonds "distant" from each other . 

. ', 

N 
~ 
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Figure Captions 

Absorption spectrum for PVF 2 in the vicinity of 

the C K-edge. The dashed line is the calculated 

atomic absorption. 

A higher resolution scan at the CK-edge showing 

the compound structure at 288.6 eV and 289.0 eVe 

A one-electron energy-level diagram showing 

the effects of absorption at the inequivalent 

carbon sites. Final states mayor may not lie 

in a forbidden gap below the onset of conduction 

bands, because of excitonic binding. 

Energy-level diagram of the PVF 2 system, incor

porating the data quoted in text. " 

(a) Absorption spectrum of PVF 2 above the F 

K-edge. The dashed line is the calculated 

atomic absorption curve. 

(b) The residual EXAFSspectrum after the sub

traction of a smooth background. 

Fouriertransforrn of the EXAFS data after in-

c1usion ofa compensating factor for the phase 

shift. The second large 'peak is due to a number 

of higher-neighbor shells (see Table I). 

~" 
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