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Calculation of C 1s core-level shifts in polyethylene terephthalat9 and comparison
with x-ray photoelectron spectroscopy
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Using a first-principle approach, we investigate the £cbre-level shifts of polgethylene terephthalate
The geometrical structure of the polymer is first fully relaxed, then the €ote-level shifts are obtained using
an approach that includes core-hole relaxation. We compute shifts without geometry relaxation of the excited
system, as well as with this relaxation, and find that one of the relative core-level shifts is affected by as much
as 0.7 eV by this choice. We compare @lr initio core-level shifts with experimental x-ray photoelectron
spectroscopy measurements.

[. INTRODUCTION of a screened hole in the core of the atom for which the shift
is desired. Further, we demonstrate the applicability of
Density-functional theoryDFT) has recently been pro- Vanderbilt ultrasoft pseudopotentifi® the calculation of C
posed as a tool for computing x-ray photoelectron spectrosls core-level binding-energy shifts. The fact that the
copy (XPS) core-level shifts in the case of small organic or ultrasoft-pseudopotential scheme allows one to treat rather
inorganic system$:® Such an accurate theoretical schemelocalized orbitals with a small plane-wave cutoff, combined
proves useful in this context because a simpler analysis dith the fact that the pseudopotential approach does not treat
the experimental core-level shifts often leads to incorrecfOre states explicitly, allows for the treatment of large sys-
conclusions for moderately complex systems. Therefore, thMs Wwith only rather modest computational demands. To
availability of an accurate methodologie.g., including perform our study, the molecular structure of the polymer is

final-state effectsto predict those shifts, applicable to large ggs;tafﬁlcl)sllererlzrai%tii;daﬁzerc;aiilca(::j-livseirlghitﬁgin\ggjnddig?biIt
systems(e.g., polymers or metal/polymer interfages of ultrasoft-pseudopotential scheme. Finally, the theoretical re-

great importance, especially when unknown surfaces or in: ; .

terfaces are considered. sults are compared with experimental x-ray photoelectron
Pehlke and Schefflerobtained relative core-level shifts spectroscopyXpPS) data.

thanks to differences in DFT total energies, within a

pseudopotential-plane-wave technique, as described later. Il. THEORETICAL

They used the same technique for the computation of surface

core-level shifts of some di metals? Pedocchiet al® suc- ,

cessfully applied an all-electron Gaussian-orbital approach to 1he Polyethylene terephthalat¢PET) polymer that is

calculate the shifts in the carbon binding energies for a serig§'€ SUbject of the present study is shown schematically in

of molecules. Later, Pasquarek al* extended the use of Fig. 1. The monomer consists of ten carbon, four oxygen,

DFT for the computation of Si @ core-level shifts at and eight hydrogen atoms forming a short aliphatic chain

Si50, mierfaces. They lso aund a good overalagree{1 SUVET SUmares w8 1 SomaLe e e
ment between theory and experiment with an error of less 9 P group.

. 5 S model geometry that we have selected for study is shown in

than 3%. More recently, Rignaneseal” used a similar ap- . 78

. . . . . Fig. 2% It is planar(except for the hydrogen atoms on the
proach to study nitrogen incorporation at the Si(001)-SiO _;: . . . .
! . . aliphatic chain, all atoms are in a plangith a transconfor-
interface by evaluating the Nslcore-level shifts for several
model systems of the above interface. Their study highlights
the crucial role of core-hole relaxation and, to a lesser extent,

[
second-nearest-neighbor interactions. ‘< O—C—@—C —0—CH,—CH,

A. Geometry

In this paper we apply the methodology proposed by
Pehlke and Schefflerto a larger system, specifically poly-
(ethylene terephthalgteWe determine the relative Csl
binding energy with respect to a reference configuration by FIG. 1. Molecular structure of the pdlgthylene terephthalgte
making use of a pseudopotential that simulates the presen¢PET) repeat unit.

n
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FIG. 2. Molecular and optimized geometric structure of the (milylene terephthalat€PET) repeat unit.

mation of the oxygen atoms in the glycol segment. In this In both cases, the computation is carried out in the pres-
configuration, the €=O groups are alternately distributed on ence of a negative background to satisfy the charge neutrality
each side of the polymer backbone. The bond lengths angquirement. Because both C atoms belong to the same mol-
bond angles, fully optimized in the framework of density- ecule, determining the electronic ground state of the system
functional theory(DFT) within the local-density approxima- with a regular PP for all C atoms is unnecessary. In what
tion (LDA) (see Sec. Il B are also displayed in Fig. 2. In- follows, we will use a notation in which the C atom whose

teractions between neighboring chaifong they andz  core electron has been removed is underlined: e.g., the ref-
directiong could be neglected thanks to the creation of an

: c—o
. . . ; erence energy i§;—E—.
interchain vacuum region-3.2 A wide. Such a calculation entails a certain number of assump-

tions. In our study, electrons are relaxed to screen the core
hole and we assume that the use of a modified PP can be
) restricted to only those atoms whose core states energies are
For the relaxed structure of PET, the relative core-leveky pe calculated. Regarding the geometrical relaxation, we
shifts were deduced following the method discussed in Refirst evaluate the core-level shifts under the assumption that
1. Briefly, this technique consists in performing two separat@he molecular structure is the same in the initial and final
calculations. First, we calculate the total energy of a systendates(vertical transitiop. Then, we perform another set of
[Efer °1 in which the pseudopotentié@PP) of a particular C  calculations in which we allow the atoms to adapt adiabati-
atom, for instance €0, is replaced by another PP that cally to the photoexcitation: the geometry of the polymer is
simulates the presence of a screened core hole in its core. glly relaxed after photoexcitatiofi.e., using the modified
will refer to the energy characteristic of that calculation aspp for theC atom) prior to the shift evaluation. In the re-
being the reference. Then, a second calculation, inV0|Vingnainder of this paper, we present results related to both
the replacement of another C atdfior which the shift i cases. Finally, we found no effect on the computed core-
core-level binding energy is desineid undertaken following  |evel shifts when doubling the size of the unit cell, so we can
the same procedure, giving another total enerB).(The  be confident that our results are converged with respect to
desired core-level shift relative to the reference C is thenhe supercell size.
given by For reasons of convenience, the PET atomic relaxation
was carried out in the framework of DFT as implemented in
c—o the ABINIT code? while the core-level shift calculation was
Ai=Ei—Err . (2.1)  performed using DFT as implemented in the Cusp c¢8de.

B. Methodology
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The latter use a conjugate-gradient techntue minimize -35209
directly the Kohn-Sham total-energy functional. In both
cases, the core electrons are frozen and for a given geometi
of the ions, only the valence electrons are explicitly consid-
ered using pseudopotential®P’'y to account for core- [
valence interaction¥. For the structural relaxation, norm- & .35304
conserving PP’s are used for all atoms whereas for the corez [
level shifts calculations, atoms are described by Vanderbiltf:f [
ultrasoft PP’s. The exchange and correlation energy wa& -35359 10.8 A
evaluated within the local-density approximatidrDA) in
the Ceperley-Alder formi® The Brillouin zone was sampled
using thel’ point. The wave functions were expanded on
plane-wave bases defined by cutoffs of 18 hartiebartree I
=27.211 eV for the structural optimization and 12.5 hartree  .3545]
for the core-level shift calculation. For the structural optimi- [
zations, the forces on each ion were relaxed to less that [

10 %eV/A using the Broyden-Fletcher-Goldfarb-Shanno — 3550ttt plobb s by

(BFGS algorithm.“ 18 19 20 21 22 23
Lattice parameter, x [Bohr]

35254

Total

-3540

lIl. EXPERIMENT o o .
FIG. 3. Determination of the optimized lattice constant of the

A. Sample poly(ethylene terephthalat¢PET) repeat unit along the polymer

12-um-thick, biay stretched semicrystalline pajhylene ~ 0ackbone.
terephthalate (PET) films (Mylar, Du Pont de Nemours—
Luxembourg were used as substrates. Samples of 12 cmues for the @—0O;, and Q,—Cy bonds are, respectively,
were fixed on the sample holder by means of a double-side#l.34 and 1.36 A, characteristic of single bonds. In Ref. 14 it

tape and analyzed without further treatment. is reported that the length of a double=O bond ranges
from 1.19-1.26 A and the length of a single-@ bond is
B. X-ray photoelectron spectroscopy—XPS analysis typically between 1.26-1.37 A. Our computed values for

) bond angles inside the ester group are also found to be in

_ XPS measurements were carried out at room temperatuig,oq agreement with the data reported in Ref. 14. The phe-
in a Kratos XSAM 800 surface analysis systénsual oper- v ring and the ester groups are linked to each other through
ating pressure during rapid sample introduction and measurey single carbon-carbon bond of lengt{C-C)~1.49 A

78 . . . .
ment was~10"" Torr), equipped with a dual anod®g/Al)  Again, it is interesting to compare this value with the one
x-ray source and a 100-mm radius concentric hemsphencqurted in Ref. 14(the length of a single C-C bond is
analyzer. In our study the XPS core-level spectra were rej 49 A) or with the one obtained by Calderoee all®
corded using unmonochromatized Mg radiation (1254 (1 50 A) in the case of an acetoxyethylmethylterephthalate
eV). The pass energy was 80 eV for the survey spectra anthemT) ‘molecule. The bond lengths inside the cycle are
20 V for the high-resolution studies. The build-up of positive jhqicative of its aromatic character e.g., all C-C bond
ch_arge occurring on the polymer surface was neutralized bbéngths are about 1.39 A long. Finally, the ester function
using an electron floodgun. The floodgun was tuned to sef,qj the aliphatic segment are linked to each other through
the main C 5 component at 285.1 eV binding energy. U”dersingle C-O[0y,— Cq,Cyo— Os4] bonds. Inside the aliphatic
typical working conditions the floodgun electron kinetic en- .po.v the C-C bond displays a single bond character
ergy was set to 10 eV. 150 A).

Analysis of_the XPS spectra incIerd a background sup- The lattice parameter along the polymer chaindirec-
traction and line-shape decomposition based on Gaussigfyn \yas also fully optimized. The results are presented in
functions. The data fitting was performed by using minimi-gjq 3 5 equilibrium value is determined as the one which
zation criteria based on the’ method. minimizes the total energy. We deduce for the equilibrium

lattice parameter a value 0f10.8 A.
IV. RESULTS

A. Initial geometry of PET B. Core-level shifts in PET

The atomic coordinates of the representative structure of Figure 4 summarizes the calculated G ghifts for the
the polymer(Fig. 2) were fully relaxed using a periodically PET configuration under the assumption that the molecular
repeated unit cell of dimensions 10:78.07x8.07 A3. The  structure is the same in the initial and final statesrtical
results of the BFGS geometry optimization are presented itransition. As already mentioned, the shifts are given with
Fig. 2. The results show that the structure reproduces quiteespect to the binding energy of the carbon involved inGhe
well the chemical heterogeneity of the polymer. Indeed, the=0O bond. Positive values of the calculated shift correspond
carbon-oxygen bond lengths inside the ester functiono lower binding energies.
(0=C—O0) are accurately reproducétthe G=0,; bond The results provide evidence for three distinct groups of C
length is found to be 1.23 A whereas the corresponding valatoms. Group |, which constitutes the reference group, in-
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FIG. 4. Relative C % core-level shifts of PET under the as- FIG. 5. Relative C % core-level shifts of PET under the as-

sumption that the geometries of initial and final states are the sam@umption that the geometries of initial and final states are different.
The shifts expressed ifeV) are given with respect t6—0. The shifts expressed i@V) are given with respect t6=0.

volves the two C atoms of the -OC=O0 functionality. = placed by the modified PP. As a general trend, we observe
Group Il is shifted by~1.6 eV with respect to group |, and that the bond angle values fluctuate by approximately 1% to
corresponds to the two carbons that belong to th€-O- 4% with respect to the values inside the polymer prior to
segment in which the C atom is single bonded to its O neighphotoexcitation(initial state. The table shows that these
bor. In group I, the core-level binding-energy shift rangesfluctuations in the geometrical parametévsnd lengths and
from 3.6 to 3.8 eV. This last group can be divided into two bond anglesaffect mostly the ester and ethylene parts of the
subcategories. The first one, which gives a shift of aboutmolecule. As result of these fluctuations, the calculated
~3.6 eV with respect to group |, is attributed to the carbon(adiabati¢ core-level shifts, presented in Fig. 5, are found to
atoms of the phenyl ring (8&-=C—C—C) having a highly be 2.3 eV(between groups | and)lland 3.9 eV(between
electronegative O of the==0 bond as a second neighbor group | and Il). It is seen that the shifts between the core-
(i.e., directly connected to the ester functionalitfhe sec- level binding energies of th€—O and C=O are much
ond one, for which the relative binding energies aremore sensitive to the geometry of the polymer as compared
~3.8 eV with respect to group |, is related to the four re-to the one between the—C/C—H and theC=O0.
maining C atoms that belong to the aromatic ring. We there-
fore estimate that the presence of. a high]y electroneg{:ltive V. DISCUSSION—COMPARISON WITH EXPERIMENT
double-bonded O as a second neighbor induces a shift of
about 0.2 eV. Based on the polymer chemistry, the two C atoms in-
A geometry optimization was performed for each of thevolved in theC=0 bonds are expected to be characterized
previously discussed cases after the replacement of the modiy higher binding energies because of their highly electrone-
fied PP and prior to the evaluation of the core-level shiftsgative chemical environment. We also expect the six C at-
Table 1 illustrates the changes in bond lengths and bon@ms involved in theC—C andC—H bonds inside the phe-
angles when the regular PP of a given carbon atom is reayl ring to appear at the lowest binding energy, due to the

TABLE |. Final-state effects on the geometrical parameters of PET. A geometry optimization is per-
formed after the replacement of the modified PP and prior to the evaluation of the core-level shifts. The
results of the geometry optimizations are presented for a few selected cases.

Angle Initial C, & Cs Gy Cio

C;—C3—0yy 124.73 123.51 122.72 120.83 125.85 133.21
0;,—Cg— 0y, 124.24 124.17 125.42 129.21 121.73 119.40
C,—Cg—012 111.03 112.31 111.86 109.97 112.42 107.39
Cs— 04— Cy 112.82 111.20 113.20 114.22 108.27 105.43
01,— Cy—Cyp 103.50 102.41 102.86 101.08 102.73 105.58

Cy—C1p—0Oy3 103.55 102.10 103.10 104.59 105.59 102.70
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to expect that the photoemission process occurs on a time
scale that is too short to allow such structural relaxation. If it
is included, our methodology leads to a global underestima-
tion of the shifts by about-0.1 eV in the best case.

Thus, it is important to look for other possible sources of
error in the theoretical calculations. We carried out several
checks to test whether our calculations are converged for the
model system that we considered, namely, an isolated poly-
mer chain. For example, under the assumption that the
atomic geometries are the same in the initial and final states,
we varied the interchain distance in théirection but found
no effect on the core-level shifts values. We also doubled the
size of the unit cell in thex direction to see how the presence
294 202 288 284 280 of a negative background could affect our data, and again,
found no effect on the computed core-level shifts. The ad-
justment of the interchain distance in thelirection, which
could affect the interaction between the delocalized electrons
of the benzene rings, was not as carefully tested. However,
the real experimental system is not composed of isolated
chains, and it could be that the interchain interactions in the
real polymer might modify the core-level shifts significantly,

term_ediate binding energies. i for example by providing a modified screening environment.
Figure 6 shows the CSLXPS spectrum of the PET film. 5|54 it is difficult to estimate the inherent errors in the

On the basis of the considerations of the previous paragrapRye.jevel shifts associated with the use of our basic approxi-
we used four different contributions to fit the G peak. The mation, the LDA approach to DFT. In particular, any
low binding-energy peak, centered at 285 eV, is resolvedgependent-particle theory of the excitation process is un-
into two componentgone forC—C andC—H, the other for - apje 1o account for correlation effects beyond a mean-field
C—O, while the high binding-energy peak, located atjeye|, although they are at the origin of the shake-up feature
~288.3 eV, is attributed to the doubly bonded C of the estegeen in the spectrum. These correlation effects might also
function (0=C—O). The ratio between the intensities of affect the magnitudes of the core-level shifts to some degree.
these three components is approximately 3:1:1 as expectgshqocchiet al? investigated different approximations to
from the polymer stoichiometry. Finally, a fourth component peT: the |ocal-density approximation, as well as a nonlocal
associated with shake-up processes is centered @leneralized gradientapproximation. They found that the
~290.8 eV. The relative binding-energy shift between com-ye|ative core-level shift errors in the LDA ranged between
ponent 1 C—C,C—H) and component 3G=O0) is found 0.1 and 0.8 eV, and were somehow reduced within the
to be 4 eV, whereas that between componen€2-O) and  generalized-gradient approximation. They also compared
component 3 is about 2.4 eV. These values are in googdiabatic versus vertical transitions for four small molecules
agreement with those —obtained previously by otheryith C—H,C=C and C=0 bonds. For these, relaxation
groups®'’ (4 eV between components 1 and 3, and 2.5 eVeffects on the relative core-level shifts were always less than
between components 2 andl 3 ~0.1eV. Thisis in contrast with our finding of a large relative
Because of the short-time scale of photoelectron emissionyhift hetweenC—0O andC=0 in an extended system.

one normally assumes that the geometries in both the initial Fyrther studies of molecules that show a large relaxation
and final states are identical. Under this assumption, Weffect on relative core-level shifts are needed to assess
found that the calculated core-level shift of 8e-O com-  \yhether the better agreement observed here for adiabatic
ponent with respect to the—O is underestimated by about ghifts is due to a fortuitous cancellation of errors, or whether
30% as compared to its experimental value. Surprisingly, Wepecial circumstances weaken the previously mentioned the-

find that the discrepancy with experiment regarding this shifipretical reason against the inclusion of the relaxation effect.
is almost entirely removed if we allow for structural relax-

ation in the final statéi.e., in the presence of the core hple
On the other hand, the shift between group | and group llI
transitions appears to be less sensitiveO(1 eV) to the
geometry of the final state. We successfully applied density-functional theory to pre-

The inclusion of the final-state structural relaxations isdict the core-level shifts in the case of large molecules,
clearly problematic. On the one hand, our calculations givgpolymers. We found an overall good agreement between
an unambiguous prediction of the structural relaxations thatheory and experiment if both electronic and structural relax-
would occur in the presence of the core hole; these are typation are carried out after photoexcitation. However, if only
cally ~1% to 4% with respect to the initial configuration, electronic relaxation is considered, assuming that the ejec-
and occur mainly in the ester/ethylene parts of the moleculdion of a photoelectron leaves the geometrical structure of the
If these relaxations are included in the core-level shift calcupolymer intact, we find a less satisfactory agreement with
lations, we find greatly improved agreement with experi-respect to the experimental measurements of thes Cote-
ment. On the other hand, there are strong theoretical reasofevel shifts.

Binding Energy [eV]

FIG. 6. XPS C & spectrum of PET.

presence of a “neutral” chemical environment. Finally, we
expect the two C atoms of th@—O bond to appear at in-

VI. CONCLUSION
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