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Measurements of the X-ray photoelectron spectroscopy (Xp.s.) valence-band spectra of crystalline and
amorphous poly(tetrahydrofuran) are reported. The experimental data are analysed on the basis of
theoretically simulated Xp.s. valence-band spectra of model molecules. Differences in the spectra of
poly(tetrahydrofuran) in amorphous and crystalline phases are interpreted in terms of differences in the
conformational characteristics of the macromolecular chains.

(Keywords: poly(tetrahydrofuran); characterization; photoelectron spectroscopy)

INTRODUCTION

Owing to the increasing need for detailed characterization
of the interfacial structure in multicomponent materials,
techniques such as X-ray photoelectron spectroscopy
(Xp.s.) and u.v. photoelectron spectroscopy (u.v.p.s.)
are today routinely used in academic and industrial
laboratories. Their sampling depth (1-10 nm) makes Xp.s.
and u.v.p.s. genuine surface analysis techniques to obtain
information on the first molecular layers at the surface
of solids (such as polymer, semiconductor, ceramic, glass,
metal, alloy).

In the polymer field, Xp.s. is used mainly to characterize
the elemental and chemical compositions and primary
structure of polymer chains from the core-line positions,
shifts and intensities. In a limited number of materials,
such as poly(tetramethyl-p-silphenyl-siloxane)* or alcane—
styrene copolymer?, information on the secondary
structure of the polymer chains in the topmost layers has
been gained through a quantitative analysis of the spectral
features of the core-level peaks. These remain exceptions
because the high electron binding energy region is rather
insensitive to conformational changes. However, as
shown by quantum mechanical calculations?, the valence-
band part of Xp.s. spectra, typically ranging from 0
to 40eV, conceals information on the primary and
secondary structure of the polymer chains. The emphasis
of such studies so far has been on pure hydrocarbon
oligomers and polymers*!2, but a limited number of
studies along these lines have also been reported
in recent years on oxygen-containing polymers such
as poly(oxymethylene)!3'!4, poly(ethylene oxide)!5-16,
poly(vinyl alcohol)!® and poly(ethylene terephthalate)
(PET)'".
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In the case of poly(oxymethylene), the measured
Xp.s. valence spectra'* have been found to be in
good qualitative agreement with theoretical predictions.
Furthermore, the highly crystalline orthorhombic and
hexagonal forms, of which chains differ only by one of
their torsional angles, present definite differences that
have been interpreted in terms of conformational effects.
Even if work on the structurally best defined and well
characterized polymer surfaces should intensify in the
future, to determine the conditions and limits for such
studies, it is also worthwhile to investigate more realistic
systems. It is in this spirit that we have recently studied
the Xp.s. valence-band spectra of amorphous and
crystalline (48%) PET!’. At the limit of the Xp.s.
technique sensitivity, it has been possible to ascribe the
origin of the observed differences to geometrical effects
in the glycolic moieties of PET chains, which mostly
adopt either a gauche or a trans conformation in the
amorphous and crystalline phases, respectively.

The present contribution provides another example of
the use of the Xp.s. valence spectra to characterize
polymer surfaces. Here, we compare experimental Xp.s.
valence-band spectra of poly(tetrahydrofuran) (PTHF) in
very different morphologies, i.e. amorphous (completely
disordered) versus crystalline (ordered) phases. The
interpretation of the experimental data is carried out on
the basis of simulated Xp.s. valence-band spectra
calculated on molecules modelling the PTHF polymer
chains.

MODEL XP.S. VALENCE SPECTRA OF PTHF
CHAINS

Model systems

PTHF is a soft linear polyether with -CH,—CH ,-CH ,—
CH ,—O- as the monomeric unit. The amorphous polymer
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Figure 1 Representation of (a) 1,4-butanediol propyl butyl ether
(BDPBE) molecule with a folded conformation and (b) 1,4-butanediol
dibutyl ether (BDDBE) molecule with planar zigzag conformation

can be crystallized by annealing'® for 1h at 0°C
as confirmed by ir. spectroscopy measurements (see
Experimental section). In this ordered state, PTHF
macromolecules take a fully planar zigzag (or trans)
molecular conformation and form crystals with monoclinic
unit cells'®2° each containing two polymer chains.
Owing to computing limitations, the chosen model
molecules are 1,4-butanediol dibutyl ether (BDDBE)
or CH,-(CH,);-O-CH,),~O~«(CH,),—CH,, and 14-
butanediol propyl butyl ether (BDPBE) or CH;(CH,),—
O—CH,),~O—-CH,);—CH3, both containing two oxygen
atoms. We have shown in previous studies®!” that
molecules of this size are usually sufficient to provide
reliable simulations of Xp.s. valence spectra of saturated
systems.

Input geometrical parameters are as follows: bond
distances, d, 1.54 A (dc_c), 1.43 A (de_o) and 1.09 A (dc_y),
and all valence angles assumed to be tetrahedral. Since
we are aiming at a qualitative description of the spectra,
this assumption of the valence angles is reasonable
because the C—-O-C angle in related systems is indeed
close to the tetrahedral value. For instance, this angle is
equal to 111.7° and 109.9° in dimethyl ether?! and
in poly(oxymethylene)??, respectively. The molecule
modelling PTHF chains in the crystalline state is in a
fully planar zigzag conformation, i.e. all torsional angles
equal to 180° as shown in Figure [. Molecular
conformations in the amorphous state are randomly
distributed along the chain so that rigorous modelling
of an actual disordered molecule is impossible. However,
if we consider that a molecule in the amorphous
state contains many folds, it is reasonable to use a
small folded molecule to model the PTHF polymer
chains in the non-crystalline regions. The molecular
parameters used to describe the molecular fold are those
determined by Petraccone et al.?? for the optimized folded
hexatriacontane molecule (C,;H,g) (see Figure I). To
comply with this fold, the molecule used to model
amorphous PTHF is BDPBE, which contains two butyl
and one propyl group (13 atoms) in place of three butyl
segments (14 atoms) in the planar zigzag model molecule.
The incidence on the simulated Xp.s. valence-band
spectra will be discussed later.

Calculations

All the calculations reported in this work have been
carried out at the ab initio level using the Gaussian 82
program?*, Owing to the size and the low symmetry of
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the model molecules, on the one hand, and the need to
use the Gelius intensity model?® to obtain simulations
of the Xp.s. valence spectra, on the other hand, we have
chosen to use the minimal STO-3G basis set. The
requested convergence on density matrix was fixed at
1078 and the integral cut-off was fixed at 10~8 hartree.
Although this calculation method is simple, we are
confident in the qualitative ordering of one-electron
states, as already proved by similar work on the
chemically related poly(oxymethylene) and poly(ethylene
oxide)!3-16,

According to Koopmans’ theorem?, the theoretical
ionization potentials can be approximated by the negative
value, —¢;, of the calculated one-electron energy levels.
Theoretical Xp.s. peaks are then represented by a 50/50
linear combination of Lorentzian and Gaussian curves
(full-width at half maximum, FWHM =1.5¢eV) centred
on the one-electron state energy value, . The peak
heights are calculated according to the Gelius model®®.
Since the contributions of the 1s atomic orbitals are not
significant in the valence molecular states, they are
not accounted for. The relative atomic photoionization
cross-sections used for C2s, C2p, O2s, O2p, H1s are 1.000,
0.077, 1.400, 0.159 and 0.0, respectively. A theoretically
simulated Xp.s. valence-band spectrum is obtained by
summing the contributions from all the one-electron
molecular states.

When comparing experimental and simulated exper-
imental spectra, the simplicity of the model must be kept
in mind. First, experimental valence-band structures are
broadened by solid-state effects originating mainly from
vibrational excitations in the ionized state, which are not
included in the model. Second, in the frozen orbital
approximation chosen here, intra- and intermolecular
electronic relaxations are neglected. They contribute to
the stabilization of the ionized molecule and consequently
lead to lower binding energies. This is due to the
redistribution of the positive charge on the ionized
system (intramolecular process) and by long-range polar
interactions (intermolecular process). It is reasonable to
think that the intramolecular relaxation (polarization)
energies for the valence (and core) levels in amorphous
and crystalline PTHF are the same, but intermolecular
relaxation energies could be different. Indeed, Sato et
al.*” have shown that the polarization energy, P, can be
related to the molecular volume, v, according to the

relation:
e \? «a
P=kKkl-_
<4neo> 203

where e is the electron charge, « is the molecular
polarizability, g, is the solid dielectric constant and K is
a constant. So, the intermolecular relaxation energy
should be larger for a more compact crystalline solid
than for an amorphous one, as has been confirmed for
some molecular solids. For example, the polarization
energy difference between amorphous and crystalline
pentacene has been measured as 0.3 eV by Seki et al.?8.

In this type of qualitative work?~!”7, comparison with
experimental data is often facilitated by contracting and
shifting the theoretical binding-energy scale according to
the empirical relation:

&, =0.82¢,—2.90

obtained from the linear regression correlating the
corresponding experimental and theoretical peak positions.
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Figure 2 Lr. spectra of PTHF in amorphous and crystalline phases
(arrows indicate crystalline bands). See Table I for the assignment of
the bands

EXPERIMENTAL

Preparation of the samples

The PTHF polymer was supplied by Polysciences (cat.
no. 8292) and had a molecular weight of ~ 130000 and
a melting point of 45°C. An amorphous PTHF film
(~1 um thick) was obtained by solvent casting of a 0.1%
PTHEF solution in chloroform. The film was deposited
onto a suitable substrate: NaCl crystal or polished
stainless steel plate for ir. or Xp.s. measurements,
respectively. The annealing treatment of the film that
enables PTHF to crystallize at 0°C was maintained for
1 h, according to the procedure recommended by Kretz
et al.'®.

Transmission i.r. spectra were recorded on a Perkin-
Elmer 850 apparatus.

Xp.s. measurements

Photoelectron spectra were recorded with a Hewlett-
Packard 5950A spectrometer using Al Kax mono-
chromatized radiation (hv = 1486.6 V). Polymer samples
were introduced into a vacuum chamber (pressure
<1078 torr; 1torr=133.3 Pa). Owing to the insulating
nature of PTHF, the positive charge at the sample surface
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during analysis was stabilized by using an electron flood
gun with low energy (E<4eV) and current (I <1 mA).
Moreover, analysed samples were cooled to 263 K during
the analysis in order to prevent their degradation under
the X-ray beam. Possible modifications at the surface
were controlled by regularly checking the Cls and Ols
core-level spectra. Owing to the low signal-to-noise ratio
in the valence-band energy region, a typical valence-band
spectrum was obtained by summing several recordings,
each one accumulated for 6 h.

Calibration of the spectra was obtained by referencing
to the binding energy of the Cls levels, themselves
calibrated by mixing the polymer with poly(trifluoro-
ethylene) (CHF- and CF,- core-level peaks localized at
289.4 eV and 291.6 eV, respectively)*.

RESULTS AND DISCUSSION

Lr. spectroscopy measurements

The ir. spectra of amorphous and crystallized PTHF
films presented in Figure 2 show significant differences,
which are summarized in Table 1. According to
previous studies?®-3°, these differences are interpreted
as originating from structural modifications in the
polymeric chains in both phases. So, i.r. bands located
at 1490, 1372, 996 and 746 cm ~ ! are attributed to normal
modes of PTHF macromolecules in the crystalline phase.
In addition, the peak at 745cm ™! is considered to be a
spectroscopic signature of a planar zigzag conformation
as adopted by the polymer chains in the crystalline phase.
This observation is verified for many polymers such as
polyethers, polythioethers and polyesters®!. Therefore,
we can be confident, on this ir. basis, that the PTHF
films submitted to the Xp.s. analysis are indeed in the
amorphous and crystalline morphological states, as
described in the literature. One word of caution, however,
is in order: i.r. spectroscopy results are concerned with
a material thickness of about 1 um, while Xp.s. samples
only the topmost layers, up to ~ 10 nm.

Xp.s. results

Core-level spectra. Core-level spectra of the PTHF
polymers in amorphous and crystalline phases are
presented in Figure 3. In order to clarify the discussion,
the carbon atoms of the ether function in the monomer
unit are labelled C,, and the hydrocarbon-type carbon
atoms are labelled C, as follows: -O-[C,H,}-[C,H,]-
CH,-CH,-. Table 2 summarizes the spectral data,
namely: binding energies of the different core-level peaks;
total carbon (C,) versus oxygen (O) atomic contents; ether
carbon (C,-O) versus hydrocarbon-type carbon (C,)

Table 1 Frequency and assignment of the i.r. crystalline absorption
bands in amorphous and crystallized PTHF, (CH,—-[CH,];~[CH,]~
CH,-O)-

Intensity
Frequency
{cm™1) Crystalline Amorphous  Assignment
1490 Large Absent 8(CH ,)—6(CH )y + w(CH,),
1372 Large Medium w(CH ,)—v,(COC)
996 Large Weak v(COC)v,(CC)
746 Large Absent r(CH,),+ r(CH,)y

5, Bending; w, wagging; v,, antisymmetric stretching; v,, symmetric
stretching; r, rocking
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Figure 3 Carbon 1s (a) and oxygen 1s (b) Xp.s. core-level spectra of PTHF in crystalline and amorphous states

Table 2 Binding energies, total carbon (C,) versus oxygen atomic contents, ether carbon (C,—O) versus hydrocarbon-type carbon (Cy) ratios and
carboxylic carbon (CO-O) versus total carbon atomic contents in the core-level spectra of PTHF polymers in amorphous and crystalline phases

C,O C
Binding energy (eV) _C 6‘
~b
PTHF co-0
morphology CO C, CO-O0 o-C Expt Theory Expt Theory C,
Crystalline 286.1 284.8 289.1 5324 0.94 1.0 420 4.00 0.03
Amorphous 286.1 284.8 289.1 532.4 0.96 1.0 3.88 4.00 0.01

ratios; and the carboxylic (CO-O) versus total carbon
atomic contents.

The Cls core-level spectra of PTHF in both phases
contain three peaks: the two intense ones correspond, as
expected, to ether carbon (O—-C,H,) and to hydrocarbon-
type carbon (C,H,), respectively. However, in both
spectra, a small structure appears at a binding energy of
289.0 €V and is attributed to carboxylic CO-O functions,
probably resulting from polymer synthesis. As this peak
represents only 1-3% of the total carbon intensity, the
valence-band spectrum should not be dramatically
perturbed and should reproduce the electronic structure
of the pure polymer. More surprising is the discrepancy
between the total carbon versus oxygen atomic contents:
4.20 and 3.88 in the crystalline and amorphous phases,
respectively. According to experimental C,—O/C, ratios,
it is seen that the content in the hydrocarbon-type carbon
is larger in the crystalline than in the amorphous PTHF.
The origin of this difference could be attributed to surface
contamination during crystallization of the polymer.
However, it is worth noting here that an enrichment of
the surface layers in C H, methylene groups, due to a
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particular conformational arrangement of molecular
chains, is not to be ruled out. Unfortunately, it is not
possible to ascertain this fact at this stage.

Valence-level spectra. Before discussing geometrical
effects in the polymer chains on the shape of the Xp.s.
valence band, it is worthwhile to understand the origin
of the Xp.s. valence peaks in the PTHF spectra. Therefore
this section deals first with the interpretation of the main
structures in Xp.s. spectra of crystalline PTHF on the
basis of theoretical calculations, and second, compares
the simulated and measured Xp.s. valence-band spectra
of PTHF in both crystalline and amorphous phases.

(a) Bonding nature of the levels in the valence band of
crystalline PTHF. Simulated and experimental spectra
of crystalline PTHF polymer (planar zigzag form) are
shown in Figure 4 and positions on the binding-energy
scale of the main peaks are summarized in Table 3. As
previously mentioned in similar studies on oxygenated
polymers'3-17, four distinct regions, called A, B, C
and D, are clearly identified in the Xp.s. valence-band
spectra. They are the fingerprints of molecular levels
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Figure 4 (a) Experimental Xp.s. valence-band spectrum of PTHF in
crystalline phase and (b) simulated Xp.s. valence-band spectrum of
BDDBE molecule with planar zigzag conformation

where the main atomic orbital participations are:
02s (A), C2s-02s (B), C2p—02p-H1s (C) and O2p (D).
Good overall agreement between simulated and measured
spectra is found.

Region A. This region contains one peak located at
26.3¢eV (26.07 eV in simulated spectra). This structure
issues from molecular levels originating from bonding
interactions between adjacent oxygen and carbon atoms
forming the ococ (25) ether bond. The presence of an
intense structure at about 26 eV is thus a signature of an
ether function in the monomeric unit, as discussed
previously for other polyethers such as poly(ethylene
oxide)!**®, There is a marked difference in the FWHM
of peak A in the experimental (FWHM=3.5eV) and
theoretical (FWHM = 1.5 eV) spectra. The origin of this
difference is beyond the scope of this work; it could be
due to bulk effects, but correlation effects®, not
accounted for within the level of theory used in this work,
cannot be ruled out.

Region B. In both simulated and measured spectra,
three structures (B;, B, and B;) can be seen: their
predicted intensities and positions on the binding-energy
scale are in good agreement with the measured ones. In
order to understand the origin of these peaks, a simple
scheme representing the main character of the molecular
orbitals in this energy region for the BDDBE model
molecule is shown in Figure 5. The three deeper
energy levels represent mainly o bonding interactions
in tetramethylene segments; they give rise to the
B, peaks at 19.4eV (20.19 eV in simulated spectra). The
second B, structure, calculated at 17.38 ¢V, is due to
molecular orbitals with a mixed ooc bonding and
6co antibonding character, as shown in Figure 35;

Xp.s. characterization of PTHF: P. Boulanger et al.

the corresponding experimental structure is located
at 17.2eV. Finally, antibonding interactions between
carbon in tetramethylene groups, oo, and a smaller
contribution in ether functions, o, are located around
a binding energy of 14.8 eV and give rise to the simulated
(and experimental) peak B;.

Region C. This binding energy region originates from
molecular levels with mixed C2p, O2p and Hls atomic
characters. However, owing to the dispersion of the
molecular levels (theory) and the low signal-to-noise ratio
{experiment), a simple interpretation of these peaks is not
straightforward. We therefore limit our account to a
simple comparison between the shapes of the simulated
and experimental Xp.s. valence band in region C. They
are generally in good qualitative agreement, except for a
shift toward high binding-energy values for the simulated
C; peak.

Region D. Generally speaking, the characterization of
the highest molecular levels, which determine the
chemical reactivity in molecules and of course polymers,
is important. In the case of PTHF model molecules and
polymers, these levels are located in the binding-energy
range of 7-0eV, called region D. In both simulated and
experimental spectra, two peaks, D, and D,, are
distinguished and their predicted positions (D, 5.63 eV,
D, 451¢V) follow the measured data (D; 6.3¢V,
D, 4.0eV). Theoretical results on the BDDBE molecule
allow a simple interpretation of these spectral structures.
In this molecule, the highest occupied molecular orbital
(HOMO) and HOMO-1 with dominant O2p atomic
character (~80%) are almost degenerate; together they
give rise to the D, band. Accordingly, the corresponding
peak in the experimental spectrum, at 4.0 eV, is assigned
to the lone electron pairs centred on the oxygen atoms
in the polymer chains.

The HOMO-3 and HOMO-4 levels in the electronic
structure of the model molecule represent bonding
interactions between C2p,, O2p, and O2s atomic orbitals,
giving rise to oo links. These levels generate structure
D, at 5.63 eV. The high intensity is obviously due to the
large (~ 14%) O2s atomic contribution. This prediction
also fits the experimental data, as the D, peak appears
at 6.1 eV in the measured spectrum.

Table 3 Positions on the binding energy scale (V) and relative
intensities (in parentheses) of peaks in simulated and experimental Xp.s.
valence-band spectra of crystalline PTHF

Theory

Peak label Contracted” Ab initio Experiment
A 26.07 (1.00y 35.24 26.3° (1.00)
B, 20.19 (0.93) 28.09 19.4 (0.83)
B, 17.38 (0.63) 24.67 17.2 (0.77)
B, 14.81 (0.79) 21.54 14.1 (0.98)
C, 11.43 17.43 10.8

C, 9.66 15.28 8.8

C, 7.24 12.34 74

D, 5.63 10.38 6.1

D, 4.51 9.01 40

“ Ab initio binding energies are contracted according to the empirical
relation: E,,, =0.82 E_; i, —2.90

® The intensities are normalized with respect to the A peak intensity
“Peak binding energy values are determined by using the second
derivative procedure
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Figure 5 Schematic representation of the molecular levels giving rise to region B in the simulated valence-band spectrum of BDDBE molecule

with planar zigzag conformation

(b) Influence of the physical state of PTHF samples on
the Xp.s. valence spectra. As mentioned previously, the
chain molecular structure in amorphous PTHF is
modelled by BDPBE derived from a model of folded
hexatriacontane, C,3;H,4. In order to facilitate the study
of the conformational effect, we will also compare
simulated valence-band spectra of this molecule in planar
zigzag and folded conformation.

Since BDDBE and BDPBE in different conformations
will eventually be compared, we first analyse the changes
in the simulated Xp.s. valence spectra of BDDBE and
BDBPE simulated spectra (Figures 6b and c), both in the
planar zigzag conformation. The main difference lies in
region B, where the middle B, structure is lowered in
intensity and broadened owing to the replacement of a
butyl by a propyl segment.

If we now compare simulated spectra of BDBPE having
folded and planar zigzag conformations (Figures 6a
and b), some obvious differences are observed. First,
structure B,, appearing as a shoulder of B, in the
spectrum of the planar zigzag form, disappears under
folding. The most significant difference lies in region B,
where the normalized intensity of B structure is
substantially lowered in the spectrum of the folded
molecule. In addition, region C presents some small
differences such as shifts in binding energy of structure
(C,) and changes of relative intensities (C, peaks).

We shall limit our analysis to the most evident feature,
the relative intensity of structure Bs. On the basis of the
theoretical results, a schematic representation of the
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molecular levels in this energy region is shown in
Figure 7. It is seen that a fold in the molecule
makes level 26 less stable compared to the corresponding
level (26a’) in the planar zigzag molecule. This is due to
a difference in the participation of the C2p; (i=x, y
and z) atomic orbital in the folded form compared to the
planar zigzag form. As a consequence, the simulated Xp.s.
B; peak will be broadened and lowered in intensity for
the folded form. This is similar to the effect reported
in the case of folds at the surface of polyethylene
lamellae® and recently interpreted in terms of changes
in hyperconjugation interactions along the polymer
backbone when the chain conformation departs from the
planar zigzag form!°,

Comparing experimental valence-band spectra of
PTHF chains in the crystalline and amorphous states
(Table 4 and Figure 8) reveals that the following
differences are also present. (i} As predicted by our
theoretical models, the normalized intensity of peak By
is lower in the spectrum of molecules in the amorphous
state. This observation supports the validity of a folded
molecule to model polymeric chains in non-crystalline
regions. (ii) The shape of region D in both spectra is
different: for the crystalline polymer, structures D; and
D, are located at lower binding energies (6.1 and 4.0¢eV,
respectively) while they appear at 6.5 and 4.3 eV for the
amorphous polymer. In addition, an experimental C,
peak appears as a shoulder of structure D, in the
spectrum of the chains in the crystalline phase; this is
not explained by our theoretical model.
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Figure 6 Simulated Xp.s. valence-band spectra of BDPBE molecule
with (a) folded and (b) planar zigzag conformation and (c) BDDBE
with planar zigzag conformation
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As the observed differences in spectral D regions are
not revealed in the theoretical spectra presented in
Figure 6, we suggest two explanations. First, we
can suppose that calculations performed on a simple
folded molecule containing 14 atoms are only able to
account for the most important modifications in the
electronic structure of region B (from 20 to 13eV
on the binding-energy scale). Reliable prediction of
such conformational effects in external electronic levels
(region D) would probably require calculations on
larger molecules having some randomly distributed
folds. Second, it is reasonable to stress a difference
in polarization energy between the amorphous and
crystalline states to explain the relative destabilization of
D peaks in the crystalline polymer. Indeed, a shift toward
lower binding-energy values is observed for most of the
peaks in the spectrum of crystallized PTHF (see Table 4).
As previous measurements on molecular solids?® have
clearly demonstrated, the crystallinity affects the polariz-
ation energy values. This is in line with the observed
differences in region D of our measured Xp.s. spectra of
PTHF, and can probably be attributed to secondary
effects consecutive to the photoionization process.

CONCLUSION

A comparison has been made between measured Xp.s.
valence-band spectra of PTHF in the crystalline and
amorphous states. On the basis of rather simple
theoretical calculations on model molecules of limited
size, differences clearly appear in the spectral region B
(20-13 eV binding energy). the main difference is an
intensity decrease of the antibonding structure B, in the
spectra of amorphous PTHF. With the aid of theoretical
calculations, they are interpreted as the influence of the
polymer chain conformation on the electronic structure
of PTHF.
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Figure 7 Schematic representation of the molecular levels generating the B Xp.s. structures in the valence-band spectra of BDPBE molecule with

folded and planar zigzag conformations
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Table 4 Binding energy (¢V) and normalized intensities (in parentheses) of peaks in the simulated and experimental Xp.s. valence-band spectra

of PTHF in crystalline and amorphous states

Crystalline Amorphous
Peak label Theory” Experiment Theory” Experiment
A 33.48, 24.62 (1.00)® 26.3 (1.00) 33.50, 24.64 (1.00) 26.5 (1.00)
B, 27.90, 20.03 0.79) 194 (0.83) 27.83, 20.00 (0.89) 19.7 0.79)
B, 25.06, 17.70 0.49) 17.2 ©0.77) 25.20, 17.81 (0.55) 17.2 0.75)
B, 23.50, 16.42 (0.38) - - 23.64, 16.53 0.42) - -
B, - - - - 21.88, 15.08 0.52) - -
B 21.05, 14.40 0.63) 14.1 0.97) 20.90, 14.28 0.52) 147 (0.88)
C, 17.04, 11.11 (0.09) 108 (0.35) 16.60, 10.74 0.13) 110 0.33)
C, 14.69, 9.18 0.19) 88 - 14.94, 9.38 0.19) 9.7 -
C, 12.24,7.16 (0.19) 74 0.33) 12.31,7.22 0.22) - -
D, 9.60, 4.99 0.22) 6.1 0.38) 9.48, 4.89 0.23) 6.5 0.37)
D, - - 40 (0.18) - - 43 0.21)

° Ab initio, contracted values; ab initio binding energies are contracted following the empirical relation: E,,,, =0.82E; ;;;, —2.90

b Intensity normalized with respect to A peak intensity

Peak binding energy values are determined by using the second derivative procedure
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Figure 8 Experimental Xp.s. valence-band spectra of PTHF in
amorphous and crystalline states

In addition, experimental spectra of polymers in both
phases present some particular features in region D at
lower binding energy (< 7 eV), consisting mainly of a shift
of 0.3eV of D, and D, structures towards the lower
binding-energy values in the spectrum of the crystallized
polymer. This may be related to a difference in the
polarization energy between amorphous and crystalline
polymers.

However, we have to recall that in this study, the
polymer chains in the amorphous state are modelled by
a folded molecule of limited size (14 atoms). So, in the
future, it is obviously necessary to develop theoretical
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models able to perform similar theoretical calculations
on larger molecules having randomly distributed folds of
varying structures. It would also be most interesting to
record similar spectra with the more resolved Scienta
instrument and carry out variable angular analysis.
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