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ABSTRACT: X-rayemissionspectroscopy (XES) and X-ray photoelectron spectroscopy (XPS) measurements
of valence band spectra of poly(ethylene oxide) (POE) and poly(vinyl alcohol) (PVOH) are reported. With
the help of ab initio quantum chemistry calculations, some of the observed differences in line intensities and
position are interpreted in terms of configurational differences in the polymeric units.

1. Introduction

The elaboration of polymer films on various substrates
(metals, glasses, etc.) modifies their surface properties and
often leads to new materials with potential applications
in highly demanding fields (electronics, catalysis, biotech-
nology, space). There are various ways of producing such
films: electrochemistry, Langmuir-Blodgett deposition,
spin coating, chemical vapor deposition, etc. The resulting
films are usually very thin and strongly adherent so that
it is often impossible to investigate their composition,
nature, and molecular structure by classical techniques
such as IR and NMR spectroscopies. It is therefore
necessary to use analytical methods adapted to surface
studies, which unfortunately yield information difficult
to interpret.

As demonstrated in 1974 by quantum mechanical
simulations, valence XPS (X-ray photoelectron spectros-
copy) spectra can provide information on the primary and
secondary structures of organic polymers.! A few com-
parisons?3 between theoretically simulated and measured
valence band spectra of pure hydrocarbon polymers have
provided a preliminary basis for establishing relationships
between XPS valence features and the polymer geometrical
structure. Recently, Boulanger et al.* have made a detailed
experimental and theoretical study of the valence XPS
spectra of hexagonal and orthorhombic poly(oxymethyl-
enes) whose chains are characterized by different dihedral
angles around the C-O bonds. The overall agreement so
far noted between experimental and theoretically simu-
lated spectra provides support and motivation for pro-
ceeding further along these lines.

There is also an obvious interest in finding other
techniques that could be applied in the particular case of
thin polymer films and from which complementary
information on the primary and secondary structures of
the polymers could bededuced. Onesuchtechnique, which
has so far been left unexploited in polymer structure
analysis, is X-ray emission spectroscopy (XES). In this
work XES spectra of polymer systems are recorded to
study their valence electronic structure and compare the
results with those of XPS measurements obtained on the
same samples. The systems chosenin this first application
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of XES in connection with valence band electronic
structure studies of polymers are poly(ethylene oxide),
-[CH3CH30]-, (POE), and poly(vinyl alcohol), -[CH-
CH(OH)]-, (PVOH). They only differ by the position of
the oxygen atom relative to the carbon atoms in the mon-
omeric unit (structural isomerism). In POE, the oxygen
atom is linked to two carbon atoms and thus included in
the polymer backbone; in PVOH the oxygen atom is part
of the hydroxyl pendant group grafted to a purely
hydrocarbon chain. Qur aim isto compare the XES spectra
and the valence XPS data with the corresponding theo-
retical simulations on model compounds. The principles
of the spectroscopic and theoretical techniques used in
this paper are briefly discussed in sections 2 and 3,
respectively. The experimental conditions of the work
are detailed in section 4, and the results are discussed in
section 5.

2. XPS and XES Spectroscopies

Since, to our knowledge, the reported XES measure-
ments on polymers® have essentially been carried out to
assess the performances of soft X-ray detectors, we felt it
was appropriate to briefly describe the basics of both XPS
and XES spectroscopies and underscore their differences
and complementarities.

X-ray Photoelectron Spectroscopy (XPS).f By
irradiation of a gas sample with X-ray monochromatic
radiation, the resulting perturbation induces, with a
specific probability, the ejection of core and/or valence
photoelectrons (Figure 1). The process can be sketched
as

MO + hV - Mi+ +e (1)

where M represents the isolated neutral system (molecule,
oligomer, or polymer) inits ground state (0), M;* represents
the positive ion (+) of the system in the excited final state
i, e is the emitted photoelectron carrying a kinetic energy
Ey, and hvis the ionizing photon energy. From the energy
balance, Eq + hv = E;* + Ey, corresponding to (1), one can
define the binding energy, E), which in the gas-phase case
is equal to the ionization energy, I;:

E,=hw-E,=E*-E,=1, (2)
b k i 0 i

In the case of a solid sample, the binding energy is
referenced with respect to the Fermi level, Ep, and the
ionization energy is determined to within a constant ¢,
called the work function of the solid. E}’ is the energy
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Figure 1. Schematic view of the photoelectronic effect and
consecutive processes of relaxation.

required to raise the electron to the Fermi level.
I=E/+¢ (3)

Roughly speaking, a photoelectron spectrum provides
an experimentally based description of the electronic
structure of the compound since the spectral lines cor-
respond to the difference in total energies, E;* — E, of the
various excited final states ¥;* of the ion (M;*) and the
ground state ¥, of the neutral system (M;). The lines
have an intensity corresponding to the photoionization
cross-section Zg; proportional to the square of the modulus
of the integral

Zp; lf VPt drf? (4)

where P is the associated transition operator.

An accurate calculation of the energy lines and their
intensities is a formidable task that is only possible for
simple systems. Thus, interpretations are most often
based on results of one-electron models, mostly LCAO-
MO ab initio Hartree-Fock, and rely on the assumed
validity of the frozen orbital model (Koopmans’ theorem?).
In this approximate description, one associates the main
peaks of the photoelectron spectrum to the one-electron
orbital energies ¢ of the neutral system. Due to an
approximate cancellation of two opposing effects (orbital
relaxation and electronic correlation), this approximation
often predicts the right sequence of the highest energy
(valence) levels. However, one should remain cautious
because the use of Koopmans’ theorem leads often to
quantitative and sometimes qualitative discrepancies.

In the LCAO-MO framework, a useful approximation
for the intensities is to use the electric dipole approximation
as the transition operator P between the LCAQ expansion
of the orbitals ¢; of the neutral system and a plane wave
¥y representing the wave function of the photoemitted
electron (a typical value of the wavelength X is 0.32 A).
Then, (4) becomes

Zoi~ 05 | [ 13D CowXpa@Nen) ¥, @) drl2 (5)

¢ ple)
where Cip(q) is the LCAO coefficient of the atomic orbital
Xpla) centered on atom a. The above expression shows
that the intensity o; is roughly proportional to the square
of the modulus of the overlap between ¢; and ¥,. This
observation is at the origin of the Gelius intensity model,8
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where o; is partitioned in atomic cross sections ¢;,, which
are approximated by a weighted sum of partial atomic
cross sections oip(g):

0, = ZO’ ZZ ip(@)%ia (6)

¢ pla)

In (6) the gyp(q) is the cross section of the atomic function
Xp(a) (18, 28, 2py, etc.) of atom a and Pjpq) is either the gross
atomic or the net atomic Mulliken population® of atomic
function xp() in orbital i. The intensity JXT° that we use
in this work for the theoretical simulations of the valence
region of XPS spectra is based on the net atomic Mulliken
population version of (6); it has the following explicit form:

0; =~ J;XPS = ZZ'Cip(a)|2“p(a) Y

¢ ple)

X-ray Emission Spectroscopy (XES).° For the
presentation of XES we directly place ourselves in the
context of the one-electron model. If the photoelectron
is ejected from a core orbital ¢, the resulting ion can relax
in two different ways, as shown in Figure 1. The first, by
far the dominant one for light elements, is the Auger
process in which a second electron is ejected, leaving a
doubly ionized atom. The second is the X-ray emission
in which an electron from an outer occupied orbital ¢; fills
in the core hole. The corresponding energy is, to a first
approximation, equal to the difference between the one-
electron energy levels ¢; and ¢°; thus, the emitted photon
has the energy

Ezej— € (8

In the one-electron approximation, the intensity 7;; of
the emitted signal is given by

iy =1 J 0(6) (er)eo) drf ©

Since the wavelength emitted by oxygen (O Ka line),
the element of interest to us in this work, is large (A =
23.62 A) relative to atomic dimensions, (9) is governed by
selection rules, implying that the orbital angular momen-
tum quantum number can only change under the con-
straint Al = +1. Thus transitions from outer occupied
orbitals to s-type holes in a given atom can only arise from
orbitals with p character on the same atom.

The polymer samples studied in this paper contain only
hydrogen, carbon, and oxygen atoms, so the cores holes
will be of the 1s type only and correspond to the atomic
function x1s4)- Therefore the XES transition intensity
can be written as

T1s(e)i = lexl,(.,)(er)zz in(@) Xp@)(®) dr? (10)

-] pa
where N is a normalization factor.
Taking into account the above-mentioned selection rule
and neglecting the terms involving orbital products on

different atoms, an approximate intensity Jls(a) j can be
derived from (10)

XES _ 2
Tis(a)g = Y1s(a)y = N/ZICj[zp(a)]l' (11)
a

where N’ is a normalization factor, which includes the
units of atomic dipole intensities.

The fine structure observed in the valence band region
of an X-ray photoelectron spectrum maps out, on an energy
scale, the occupied molecular orbitals. The relative peak
intensities are, however, governed by the sum of the
ionization cross sections (o;) of each atomic orbital
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participating in the formation of a molecular orbital
multiplied by the fractional contribution it makes to the
MO asexplicitly writtenin (7). For X-ray emission spectra
the situation is slightly different since an X-ray emission
spectrum not only is element specific but also is subject
to quite strict selection rules. Thus the fine structure
observed in an oxygen Ka spectrum, for example, indicates,
again on an energy scale, those molecular orbitals that
have some Og, character. The relative intensities are
directly proportional to the fraction of 2p character present
in each orbital. This is because the transition operator
(x1s0)lerix2p(0)), in this case will be the same for each
molecular orbital. The absolute determination of the
coefficient Cjjap(0)y) for each molecular orbital is much more
difficult. Despite this limitation, X-ray emision spectra
can provide a useful check upon theoretical predictions of
molecular electronicstructure. This is especially true when
the X-ray emission spectrum is aligned by using exper-
imental core level ionization energies with the X-ray pho-
toelectron valence band spectrum, as some of the atomic
orbital composition of the valence band molecular orbitals
is then indicated directly.

This brief presentation of the XPS and XES spectros-
copies emphasizes also the importance and necessity for
their interpretation of having the support of theoretical
calculations on model molecular systems of the materials
investigated.

3. Theoretical Calculations and Model Molecules

Since the use of theoretical calculations in predicting
and explaining features of the experimental XPS valence
band spectra of polymers in connection with their primary
and secondary structures has already been discussed,11:12
we limit this section to the essential points of the
calculations.

The calculations have been carried out at the ab initio
level (STO-3G basis) using the GAussiAN s2 series of
programs.!® The requested convergence on density matrix
was fixed to 1078 and the integral cutoff was fixed equal
to 10710 hartee. The use of the minimal STO-3G basis is
imposed by our limited computational facilitites and the
size of the model oligomers used to simulate long polymer
chains. The qualitative ordering of the STO-3G levels on
the closely related model oligomers of poly(oxymethyl-
ene)4 has been checked against experimental and more
refined theoretical calculations. Thus, as in the case of
the poly(oxymethylene) study, we expect reliable predicted
qualitative trends for the systems considered in this work.
In order to have a better comparison of theory with XPS
and XES experimental data, all the ab inition one-electron
energies ¢; are linearly contracted and shifted on the energy
scale according to the relation

¢/ = 0.82¢; - 2.90 (12)

This empirical procedure is nothing but a pragmatic and
convenient scaling of the theoretical data, which provides
abetter match with the experimental values. Itessentially
accounts for the deficiencies of basis set limitations. One
generally observes that the larger the atomic basis sets,
the closer to unity the slope of a linear regression between
the one-electron energies and the experimental ionization
energies is. This procedure does not cure the insufficien-
cies of the one-electron model and Koopmans’ approxi-
mation mentioned in section 2. In the comparisons of
theoretical and experimental spectra (section 5), the
theoretical values to which we will refer will always
correspond the scaled energies ¢ defined in (12).

The validity of the Koopmans’ theorem? in the inter-
pretation of the XPS spectra is assumed, and the Gelius
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intensity model® is used in constructing the theoretical
valence XPS spectra. They result from the addition of
the theoretical intensity of the peaks centered at the
corrected ab initio one-electron energy levels ¢’ of the
occupied valence one-electron states. Each peak is rep-
resented by a linear combination of one Lorentzian and
one Gaussian curve, each having the same weight and full-
width at half-maximum (fwhm = 1.5eV). The peak height
isweighted according to the intensity J,xP S calculated from
(7). The relative atomic photoionization cross sections
used for Ogs, Ogp, Cas, Cyp, and Hj, are 1.400, 0.159, 1.000,
0.077, and 0.000, respectively.

The intensity JﬁEg) -of oxygen XES spectral lines could
be obtained from (il , i.e., by summing the square of the
LCAO coefficients |Cjiop(0))|? of the atomic functions xapoy
centered on a given oxygen atom O; l = x, y, and 2. Each
peak in the theoretical XES spectra could also be
represented by the same combination of Lorentzian—
Gaussian curves as those for XPS spectra. In this work,
however, we have not attempted to construct the theo-
retically simulated XES spectra of the model molecules
because the presently limited resolution of the experi-
mental setup on which measurements have been made
precludes detailed comparisons with theoretical simula-
tions.

The present state of our computational facilities limits
the number of atomic orbitals that can be considered and
imposes a compromise between the size of the model
molecules and the desire for the best possible theoretical
simulation of the valence band region of poly(ethylene
oxide) and poly{(vinyl alcohol). The model oligomers have
to be long enough to yield stable shapes of the theoretical
spectra.#!! Thus, the oligomers representing POE and
PVOH, respectively, are CH3CH,O(CH,CH20),CH;CHj
and CH;CH(OH)CH,CH(OH)CHj3. Inthe case of thediol
molecule, the meso isomer has been chosen to mimic the
polymer atacticity. The geometry of the model oligomers
representing the polymers is also important because, as
previously reported,!1:12 the molecular structure is often
fingerprinted in the shape of the XPS valence band
spectrum. Thus we represent the polymers by model
molecules having the same geometry features as found or
assumed for the polymeric material. As confirmed by
infrared spectroscopy measurements on a cast solvent film,
the conformation of the studied POE is planar zigzag;!4
thus, this geometrical feature has been imposed in the
geometry of the model oligomer of POE. Mainly due to
the interchain hydrogen bonds, the chain structure of the
crystalline atactic PVOH is planar zigzag,!5 but no
information is available on the HOCC torsional angle.
Thus, a geometry optimization has been performed at the
STO-3G level on the 2,4-pentanediol to obtain a sensible
value for this missing geometrical parameter. The struc-
tures of the oligomers are presented in Figure 2, and the
experimental molecular parameters (bond lengths, valence
angles, torsional angles) of the corresponding polymers
are listed in Table I. The values supplemented by
theoretical calculations are marked with an asterisk and
called optimized parameters in the table.

4. Experimental Section

Preparation of the Samples. The origin of the polymer
samples and their main physicochemical characteristics are
summarized in Table II. When the purity of the samples, checked
on the basis of the ratio of the experimental peak intensities of
the Cy, and Oy, core lines (Ic/Io),'6 was not satisfactory, the
polymers have been recrystallized just before use.

XPS Measurements. The photoelectron spectra were re-
corded with a Hewlett-Packard 5950A spectrometer using the
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Figure2. Symmetry group and perspective view of the molecules
used to modelize the poly(ethylene oxide) (POE) and poly(vinyl
alcohol) (PVOH).

Al Ka monochromatized radiation (hv = 1486.6 e¢V). Films of
the polymer samples, obtained from solvent casting, are de-
posited on a gold substrate and introduced in a vacuum chamber
(pressure below 108 Torr). The temperature was fixed at 273
K by cooling with liquid nitrogen. During the analysis, the
positive electrostatic surface charge (due to the photoelectrons
ejection) of the insulating samples was kept constant by the use
of an electron flood gun. The final experimental valence bands
were obtained by adding up several recordings, each accumulated
for 6 h.

The binding energy of the valence band lines is referenced to
the C,, peak of the other OCH;~ group of the samples. The C,,
peaks were themselves calibrated by mixing the polymer with
poly(trifluoroethylene) for which the C,, core energy levels, CF
and CF,, are fixed at 289.4 and 291.6 eV, respectively. The
radiation damage at the surface, checked by monitoring the C;,
peak after the analysis, was minimized by cooling and operating
with short accumulation periods.

XES Measurements. The powdered polymer samples were
mounted by being pressed into a fine copper mesh, and their
X-ray emission spectra were measured by a Philips PW 1410
spectrometer operated at about 10! Torr. The spectra were
excited by irradiation, with the soft X-rays and low-energy
electrons emitted by a CGR (Compagnie Générale de Radiation)
Elent-10, open-window gas discharge tube (3 mA, 5 kV), and
dispersed by a rubidium acid phthalate crystal (2d = 26.12 A).

The use of the “fine” collimator (150-um blade separation)
together with a small auxiliary collimator mounted at right angles
to the main collimator to control “horizontal divergence” yielded
oxygen Ko spectra with a minimum fwhm of about 2.6 eV. The
X-rays were detected in a proportional counter fitted witha 1-um
Mpylar window (flow gas, 90% Ar + 10% CH,, 1 atm of pressure).
The output pulses were amplified with Harwell 2000 electronics
and counted on CBM PET microcomputers. These computers
were also used for data storage, handling, and analysis. Spectra
were collected digitally by multiple scanning over the range 125~
135° 20 (6 is the angle of the X-ray beam upon the diffracting
crystal within the spectrometer). The resulting sum was smoothed
by using polynomial techniques. About 15 min was required to
collect the data for each X-ray emission spectrum shown in the
figures. Spectra were calibrated by reference to the O Ka from
quartz (hy = 525.8 eV).

5. Results

Before comparison and discussion of the experimental
data of the different samples, it is important to note that
a complete interpretation would require information on
the intramolecular relaxation!”18 phenomenon involved
inthe photoelectronic process. Inaddition totheintramo-
lecular relaxation energy, due to the redistribution of the
positive charge along the chain, it is also necessary to
consider the intermolecular relaxation energy, mostly
because of the stabilization of the charge by polar
interactions with the closest chains. For poly(ethylene),
Pireaux et al.!® give a value of 1.2 eV for the intermolec-
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ular relaxation energy. For the polar poly(vinyl alco-
hol),20:21 the corresponding value is 1.1 eV and is close to
that of poly(ethylene). Itis thus reasonable to think that
the intermolecular relaxation energy of poly(oxyethylene)
is of the same order. Furthermore, in the comparison of
experimental spectra and theoretical simulations, we
assume that all valence levels are similarly affected by
these relaxation phenomena.

A. Core Level Spectra. Inthis part,the experimental
results on the XPS C;, and Oy, core levels, respectively,
parts a and b of Figure 3, of POE and PVOH are briefly
discussed. Itisimmediately noticeable from these figures
that the structure of the core level spectra is different for
the two systems, thereby showing their dependence on
structural isomerism.

Asboth monomeric units contain only one oxygen atom,
there is only one core level line situated at 532.4 and 532.1
eV for POE and PVOH, respectively. The observed
difference in binding energy is most probably due to the
larger negative charges on the oxygen atoms involved in
the C-0-H linkage compared to those in the ether function
C-0-C. This can be related to a more efficient electron
attractive effect of the oxygen atom in the C-O-H group
than in C-O-H. Indeed, ab initio ST0-3G calculations
on the model molecules considered in this work predict
that the atomic charge on the central oxygen in CHs-
CH20(CH,CH;0),CH.CHj; is —0.25|e|, while the oxygens
Opand O, in CH;CH(O,H)CH2CH(O,H)CHjg bear—0.35]e]
and —0.30|e| charges. It is worth pointing out that, in the
model compound of PVOH, OpH is involved in a hydrogen
bond with O,, O,H...O, (see also Figure 2), which is marked
by this significant difference in the atomic charges of both
oxygens, —0.35)e| and —0.30|e|, respectively. Poly(vinyl
alcohol) is known!® to have many interchain hydrogen
bonds. Thus the difference is the observed Oy, binding
energies for PVOH and POE reflects not only the difference
between C-O-C and C-O-H bonds but also the existence
of these hydrogen bonds.

As expected from the molecular structure of the mon-
omeric units, the Cy, spectrum of poly(ethylene oxide)
shows only one peak situated at 286.1 eV, while the C,,
core level spectrum of PVOH is composed of two well-
resolved lines: the lowest C;, binding energy peak at 284.5
¢V is assigned to the methylene group ~CHj~; the other
at 285.9 eV corresponds to the —-C(OH)H- moiety.

Thus the two compounds are easily distinguished on
the basis of the core level spectra. Note also that both
samples are free of contamination by hydrocarbons, and
their purity is quite satisfactory since the atomic com-
position, calculated from the experimental intensity ratio
of carbon Cy, to Oy, peaks, I¢/ I, is 1.99 and 2.00 for POE
and PVOH, respectively, while the theoretical value for
both polymers is equal to 2.00.

B. Valence Level Spectra. Tofacilitate comparison,
the experimental and theoretical XPS spectra as well as
the corresponding experimental XES spectrum are pre-
sented in superimposition in Figures 4 and 6, respectively,
for POE and PVOH. The structure observed in the high-
energy region (E > 527 eV) of the O Ka spectra (XES) is
due to diffracting crystal fluorescence and to transitions
in multiple ionized states (Wentzel-Druyvesteyn satel-
lites). As the purpose of the present study is to compare
the valence contributions of XPS and XES, only the
regions of lowest photon energies will be interpreted in
detail and the structure at E > 527 eV of the XES spectra
will not be considered.

I. Poly(ethylene oxide). The three spectra (XPS,
XES, and theory) of poly(ethylene oxide) are shown in
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Table I
Bond Lengths (A), Valence Angles (deg), and Torsional Angles (deg) Used in the Model Molecules for the Poly(ethylene
oxide) and Poly(vinyl alcohol)

bond lengths, A

valence angles, deg torsional angles, deg

polymer  conformn mode] molecule
POE PzZz1 CH;CH,0(CH,CH:0),CH.CHj c-C 1.54 c-C-0 109.47 C-C-0-C 180
c-0 1.43 C-0-C 109.47 0-C-C-0 180
PVOH PZZ:2 C.H3CpH(0,H,)C.H,C4H(OLHp)C.Hs  Coi—Cp 1.55 Co—Cov—C. 109.47 C,—Cy-C.Cq 180
CcC-0 14 H,-0-Cyp 10594 H,-0,-C,—C. 68.59
C—C4-O 109.47 Hp—0p—-Cyq—-C, 38.9¢
8 Optimized parameters.
Table II 40 30 20 10 0
Origin, Molecular Weight (My), and Melting Point, Ty (°C), L L I L 1 - .
of the Studied Polymers 5 M Binding Energy (ev)
polymer origin M, Ta, °C H
poly(vinyl alcohol)  Aldrich Co. 115000 258 M
cat. no. 18251-6 ' |- 83
poly(ethylene oxide) Union Carbide 5 000 000 65 I
Polyox coagulant
g2 =
Fig. 3a Fig. 3b . 51] '
: o~
: o a H : i
: v "’\/“\'\,'\_.n/'/ :~
.' N ;
R pvo . o
o __’v_,ff' } {\_-EYON .o :
POE i POE
bl S st t e S
8inding
—r 7 Energy
535 530 525 290 285 280 ¢V

Figure 3. Oy, (a) and C,, (b) core level spectra of the oxygen and
carbon atoms in poly(ethylene oxide) and poly(vinyl alcohol).

Figure4. Experimental and theoretical XPS valence band
spectra are very similar, and the characteristics of the main
peaks are summarized in Table III. Both in the exper-
imental and theoretical XPS spectra, four regions can be
distinguished on the energy scale. They are denoted A-D
in the figure. This correspondence allows a character-
ization of the peaks in terms of the ab initio results on the
model oligomer CH;CH,;0(CH;CH;0),CH,CHj3.

Peak A, around 26 eV, relates to molecular electronic
levels where the O, atomic orbital contributions are
dominant and the high intensity of the line is due to the
large relative atomic photoionization cross section of Og,;
see section 3.

In region B, the three peaks B1, B2, and B3 located
between 19 and 14 eV are mainly due to the contribution
of the Cqy and Og, atomic orbitals in the corresponding
molecular levels. Peak Blis attributed to the occ bonding
orbitals while peak B3 can be related to the occ and oco
antibonding valence levels. The shape and structure, i.e.,
line positions and relative intensities, in that part of the
theoretical and experimental spectra fit reasonably well;
this is especially true for peaks Bl and B3. There is,
however, a notable discrepancy between theory and
experiment in the relative intensity of peak B2. In the
experimental spectrum, the intensity of B2 is comparable
tothat of B1, while in the theoretical simulation it appears

Photon Eneroy T T

(ev) 515 520 525 530 535
Figure 4. Experimental (a) and theoretically simulated (b) XPS
valence band spectra of poly(ethylene oxide). O Ka X-ray

emission spectrum (c) of poly(ethylene oxide).

Table III
Position (eV) of the Peaks Belonging to Theoretical and
Experimental XPS Valence Band and XES Spectra of
Poly(ethylene oxide)

peak XPS peak XES:
label theory expt label expt
Al 26.22 (35.43) 26.30
B1 19.23 (26.92) 18.58
B2 17.70 (25.02) 17.51
B3 14.80 (21.50) 14.57 H 518.7
C1 9.25 (14.78) 11.35
C2 9.49 G 521.3
D1 5.79 (10.58) 6.35 F 523.8
D2 4.83 (9.41) 4.49 E 525.7

mainly as a shoulder of the B1 peak. The origin of this
difference is difficult to assess since already in the
theoretical work several weaknesses could be invoked,
among which the unrefined nature of the intensity model
is probably the leading factor, but one cannot discard
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Figure§. Schematic view of the formation of the highest binding
energy molecular orbitals in the COC segment (XPS valence
band region C and D).

effects due to the basis set limitation and the inadequacy
of the Hartree-Fock and Koopmans’ approximations.
More rigorous theoretical treatments on smaller model
molecules combined with suitable experiments would be
necessary to sort out this problem.

Also very interesting, but difficult to interpret due to
lower intensities, are the regions C and D in the XPS
spectra. Inthe Cregion,the absence of a clearcut structure
reflects the presence of many electronic states where
mainly Oy, and many C,, atomic orbitals participate.
Nevertheless, it is possible to see two peaks, C1 and C2,
located at 11.35 and 9.49 eV in the experimental spectrum.
In the theoretical spectrum only the top of the band at 10
eV is to be considered; the nature of these structures will
bediscussed below in more detail using the ab initio results.

Finally, the D region shows two main peaks both in the
theoretical and experimental spectra. The first one, D1,
has a binding energy equal to 6.35 and 5.79 eV in the
experimental and theoretical spectra, respectively. The
second one, D2, is experimentally well-resolved at 4.49
eV, while in the theoretical spectrum it appears as a
shoulder of D1 with a binding energy of 4.83 eV.

Exploiting the ab initio results on CH3;CH;O(CH;-
CH20),CH.CHj3, the model molecule for POE, makes
possible a more detailed interpretation of the valence XPS
regions D and C. In the model molecule, the five highest
occupied molecular orbitals include only Cap, and Ogp,
atomic orbitals (the 2p, orbitals are perpendicular to the
o-plane containing the chain; see also Figure 5), thus
leading to what could be called pseudo-r molecular orbitals.
Furthermore, the weights of C;,, contributions are quite
small (<20%) compared to those of Oy, in these five mo-
lecular orbitals, which thus could also be viewed as lone
pairs on the oxygen atoms. The calculated energies of the
five molecular orbitals lie in a narrow energy interval -4.68
to —4.58 eV so that they together form a well-distinct
electronic band to which corresponds the well-resolved
D2 peak in the experimental XPS spectrum.

The next seven electronic states below the ones just
described are distributed on the energy scale over the
interval (theoretical values) [-5.57 to —6.89 eV]. They
correspond to molecular orbitals with ¢co and occ char-
acter. In the five molecular orbitals of lower binding
energies, the weights of the Ogp,, Cgp,, and especially Oy,
atomic orbitals are more important than Cg,, and Oy,
which explains the higher intensity of peak D1 compared
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to that of peak D2. The present theoretical analysis is in
agreement with the results of previous experimental works
on shorter molecules than those considered here, but
having nevertheless a similar chemical and molecular
structure. For instance, with gas-phase UPS measure-
ments, Kimura and his co-workers2 assign the two oxygen
atom lone pairs of the ethylene glycol dimethyl ether
molecule to the peaks of lowest binding energy, respec-
tively, at 9.78 and 10.06 eV (note that in gas phase the
zeros of the energy scale and the relaxation phenomena
are different from those of bulk).

The states in the interval -9.50 to -11.35 eV contribute
to peaks Cl1 and C2. They have loose sco, and ocy
characters, which result from the combination of Czp, Ogp,
and H;, atomic orbitals. Duetothelow value of the relative
atomic photoionization cross section of the contributing
atomic orbitals and the large energy interval over which
these levels are distributed, the resulting XPS spectrum
in the C region is of relatively low intensity and without
distinct features.

Although of somewhat lower resolution than the XPS
spectrum, the XES spectrum still shows a structure that
can be resolved into seven components as shown in Figure
4. Voigt functions?® (assumed 80% Gaussian) of various
widths were used in the deconvolution: widths were chosen
to reproduce the experimental curve. The three peaks
with energies above 527 eV are due to crystal fluorescence
and transitions in doubly ionized oxygen, but the four
lower energy peaks, centered at 525.7, 523.8, 521.3, and
518.0 eV, reflect oxygen 2p character in the molecular
orbitals of the polymer. Although the alignment is not
perfect, due to the limitation in resolution present in both
XPS and XES spectra, it can be seen from Figure 4 that
the three first XES peaks correspond to D2 (E), D1 (F),
and C(G) XPS peaks. The latest peak at 518.0 eV is (H)
coming from the Oy contribution to the molecular orbital
having a large Cg, atomic character B3. The relative
intensities of the O Ka X-ray emission peaks can be related
directly to the relative amounts of O, character present
in the different molecular orbitals. The peak at 525.7 eV
being the most intense feature confirms the identification
of D2 as being principally due to “lone pair” orbitals on
oxygen. The distribution of Oy, character in the other
molecular orbitals can be determined by ab initio calcu-
lations and approached in a more direct way by reference
to the following three atomic models (Figure 5). The local
symmetry at each oxygen, C—-0-C, corresponds to the point
group Cy,, so that the three Og, orbitals will transfiorm as
2px, (bl)’ 2py (b2)1 and 2pz (al)-

The least tightly bound orbital at any oxygen will
therefore correspond to the 2p, (bg), alone pair. The other
two orbitals will participate in bond formation with carbon
generating orbitals of a; and b; character. Inthe simplest
case, if the C-O-C angle is greater than 90°, then the b,
orbital will be the more tightly bound but with less Oz,
character than the a; orbital, which will be less tightly
bound but with more Ogp, character. As the C-0-C angle
opens from 90° to 180°, the divergence in b; and a; energies
will increase, with the a; orbital approaching the energy
of the bs orbital. In more complicated molecules (such as
CH3;CH,0(CH;CH20),CH2CH3) each orbital will be split
into many, forming bands, but the general features should
be retained as seen before.

The O Ko emission spectrum suggested by this simple
model for molecules with the C—0-C angles greater than
90° should show three features: a weak peak at low X-ray
energy (b;), a much more intense peak close to the main
peak (a;), and, somewhat more intense, the main peak
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Figure 6. Experimental (a) and theoretically simulated (b) XPS
valence band spectra of poly(vinylalcohol). O Ka X-ray emission
spectrum (c) of poly(vinyl alcohol).

itself (bg) (see Figure 5).

I1. Poly(vinyl alcohol). Changing the molecular
structure of POE into PVOH modifies the relative
positions of the atoms. Our previous results!~41112 have
shown that such structural differences can also modify
the distribution of the molecular electronic levels to such
an extent that it can be observed in the valence XPS
spectra. In the following we analyze the shape of the
valence XPS and XES spectra of PVOH, compare it with
the results on POE just discussed, and attempt to relate
the differences to structural isomerism on the basis of the
theoretical results on the model molecules.

The theoretical and experimental XPS spectra and the
XES experimental spectrum of PVOH are presented in
Figure 6. As was already the case for POE, both exper-
imental and theoretical XPS spectra of PVOH are divided
into four regions and the parameters of their correspond-
ing peaks are summarized in Table IV.

In the experimental spectrum there is a single peak Al
at a binding energy value of 25.65 eV corresponding to
molecular levels where the O, atomic orbital contributions
are very important. Compared to the same peak in the
POE XPS valence band spectrum, there is not much
difference, except that in POE it appears at 26.30 eV and
itis slightly narrower. Inthe theoretical spectrum, on the

XPS and XES of PEO and PVOH 2763

Table IV
Position (eV) of the Peaks Belonging to Theoretical and
Experimental XPS Valence Band and XES Spectra of

Poly(vinyl alcohol)

peak XPS peak XES:
label theory expt label expt
Al 26.98 (36.35) 25.65

A2 25.06 (34.01)

B1 19.98 (27.84) 18.85

B2 18.54 (26.08) 17.12

B3 17.17 (24.42) 13.27

B4 14.20 (20.80) H 518.4
C1 11.46 (17.47) 11.00

C2 8.57 (13.95) 9.00 G 520.8
C3 7.71 (12.91) 8.13

D1 6.15 (11.01) 712 F 523.5
D2 4.22 (8.86) 4.56 E 525.8

contrary, there are two well-resolved lines, A1 and A2,
which result from the different bonding situation of Oy
and O, in the model molecule (Figure 2) and show the
sensitivity of the deep valence levels to bonding. In the
actual polymer, however, inter- and intrachain hydrogen
bonds can coexist and, due to local differences in the chain
structure leading to steric hindrances, these bonds will
have varying strengths. The net effect is statistical and
yields a less structured peak in the experimental case.
Thus, CH;CH(O,H)CH,CH(O,H)CHj;, the theoretical
model molecule of PVOH, only describes two extreme
situations. From a pragmatic point of view and ignoring
configurational isomerism as well as intermolecular in-
teractions, a peak around 26 eV in the experimental XPS
valence spectra can be considered as a signature of valence
2s levels of singly bonded oxygen atoms to carbon and (or)
hydrogen atoms.

In the binding energy interval, 20 to 12 eV, are the mo-
lecular levels with important Oy and particularly Co,
atomic orbital participations. Boththeory and experiment
show that these states are grouped into two bands centered
at 18 eV (bonding) and 13 eV (mostly antibonding) on the
binding energyscale. A closer examination of these spectra
reveals minor discrepancies between experience and
theory. Intheexperimental spectrum, the band of largest
binding energy is composed of two peaks, B1 (18.85 eV)
and B2 (17.12 eV), the latter being mainly a shoulder of
B1, and the antibonding structure shows only one distinct
line B3 at 13.27 eV. The bonding part of the B region in
the theoretical spectrum is composed of three peaks Bl
(19.98 eV), B2 (18.54 eV), and B3 (17.17 eV), which
correspond to the experimental Bl and B2 lines. The
antibonding part has one line B4 at 14.20 eV.

Comparison between regions B of theoretical and
experimental spectra does not provide a fully satisfactory
agreement. Three distinct peaks B1, B2, and B3 form the
bonding band in the stimulated spectrum instead of two
inthe experiment. Thisis mostlikely to a somewhatsmall
fwhm value (1.5 eV) of the convolution function used.
Moreover, their theoretical intensities, normalized with
respect to the Oy one, are higher than the experimental
ones.

When the results on PVOH are compared with those
previously obtained for POE, important spectral modi-
fications are to be pointed out. The first concerns the
relative intensity of the bonding and antibonding parts in
the B region. In the POE valence band spectrum, the
sharp peak (B3) at 14.57 eV has a much higher intensity
than the bonding one (B1 + B2) at 18 eV. The opposite
is found for PVOH; the antibonding structure is more
spread and of lower relative intensity than that in POE.

Attempts are now being made to explain the differences
between regions B in XPS experimental spectra of POE
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Figure 7. Schematic view of the formation of molecular orbitals,
corresponding to XPS valence band region B, in the CCO segment
of poly(ethylene oxide) and poly(vinyl alcohol).

and PVOH in terms of the configurational effect. To this
end, we transpose the ab initio (STO-3G level) results on
model molecules to the construction of the molecular levels
in this region in the monomeric units chosen as the simplest
reference model (Figure 7).

In both systems, the two first molecular levels are
characterized by the bonding interaction between the
carbon atoms, with a significant amount of Cg, partici-
pation in PVOH unit. In POE and PVOH, the less stable
level comes from the out of phase combination of Oy and
Cy atomic orbitals (not represented in Figure 7 for the
PVOH unit). Moreover, bonding interactions between
Cap and Og,, atomic orbitals decrease the monoelectronic
energy of this level in PVOH,

When the size of the molecule increases, the numerous
molecular levels are grouped in bands whose energy widths
are centered on the binding energies of these three
previously described monoelectronic levels. So, these
bands can be experimentally identified as the three XPS
valence band structures B1, B2, and B3 clearly evidenced
for the two polymers POE and PVOH. This model also
supplies quantitative information and shows that the low
intensity of the B2 and B3 peaks in PVOH comes from
the low cross section of the 2p atomic orbitals involved in
the building of the molecular levels in this energy region.

This XP spectrum in the C-D region is characterized
by a poor signal-to-noise ratio, which indicates that the
corresponding orbitals are mostly Ogp and Cop in character.
This is confirmed (at least for oxygen) by the alignment
of the O Ka XE spectrum, which shows that D2 together
with D1, C3, and C2 represents molecular orbitals rich in
Ogp. To gain some insight into the bonding in the region
of the oxygen atom in the polymer, the COH group was
used as a model. In this isolated system (point group C;
Figure 8) the Oqyp, does not participate in the bonding and
8o generates a “lone pair” where the least tightly bound
electrons reside (HOMO). Og,, and Oz, form C-O and
O-H bonds with increasing ionization energies. This
ordering is confirmed by more sophisticated calculations
(6-31G ab initio) for small molecules such as methanol (it
is noted that the presence of Oy from these orbitals is not
precluded). When this COH group is present in a polymer,
the individual molecular orbitals will be broadened into
bands but their essential nature will not be altered. Thus,
it is possible to identify peak E (525.8 ¢V, O Ka; Figure
6) and D2 (4.46 eV, XP theory; Figure 6) as being due to
a band of orbitals almost completely localized on the
oxygen atoms. The XE peaks F and G can then be
associated with molecular orbitals principally concerned
with the ¢ bonding of oxygen to carbon and to hydrogen,
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energy molecular orbitals in the HOC segment.

peaks D1 (7.12 eV) and C2 (9.00 eV) (the intensities of
these XP peaks can be rationalized as due to the admixture
of a little Og, character). The weak peak H, which aligns
with the strong XP peaks B4 (theory) and B3 (XP
experimental), confirms the presence of some Og; character
inthis band, as required by the calculations for the PVOH
model above.

Some subtle differences between POE and PVOH
spectra in the 6-12-eV binding energy range can be
discerned, which can probably be attributed to configu-
rational changes in the monomeric units. More distinct
features can be seen, for example, in the C region of POE
than is that of PVOH. This can be rationalized as due to
a greater localization of the a¢g in POE and to broader,
more dispersed bands of orbitals in PVOH. These changes
are also reflected in the widths of the G and F peaks of
the O Ka spectra, 2.62 eV (PVOH) and 2.55 eV (POE). G
and F overlap more in PVOH, giving rise to a less structured
O Ka peak than that for POE.

6. Conclusions

Modifications of the configuration of oxygenated poly-
mers having a simple oxygenated function in their mon-
omeric units (PVOH and POE) introduce changes in their
valence level electronic structure. With the help of
theoretical calculations on well-chosen model molecules,
the interpretation of XPS and XES spectra is greatly
facilitated. While the greatest effects of configurational
changes are located in region B of the XPS spectra (20 to
14 eV), significant effects are also observed in region C,
which corresponds to the least tightly bound valence band
levels. Comparison with the oxygen Ka XE spectrashows
these orbitals to be predominantly oxygen 2p in character.
It is clear that to take full advantage of the potential of
the XES method, it will be necessary to improve both
resolution and the signal-to-noise ratio. So measurements
on identical oxygenated systems using an improved XE
spectrometer?* would be most welcome in order to de-
termine more accurately the modifications in electronic
structure wrought by changes in polymer configuration.
In addition, the experimental XES study on smaller
molecules in the solid state should supply information on
the role of band formation in the electronic structure of
the polymer compared to that of the discrete monoelec-
tronic level in gaseous molecules.
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