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The valence X-ray photoelectron spectra (XPS) of 30 polymers{three Cl-, five COO-, four F-,
ten N-, two S-, and six Si- containing groups] were analyzed by the semiempirical hydrogenic
atoms in molecules, version 3 (HAM/3) and deMon density-functional calculations using the
model oligomers or monomers. Calculated AIKa valence photoelectron spectra were obtained
using Gaussian lineshape functions of an approximate linewidth (0.10 /,_for the model mol-
ecules): I =TI - WD, as adopted in previous works. The vertical ionization potential (VIP), I,
was calculated by restricted diffuse ionization (rDI) model. The theoretical spectra showed

good agreement with the experimental spectra of the polymers between 0-40 eV.

Introduction

In the previous works [1-6], we performed
better assignment of valence X-ray photoelectron
spectra(XPS) of polymers by semiemprical
Hydrogenic Atoms in Molecules, version
3(HAM/3) MO {7-9] and deMon density-func-
tional theory (DFT) [10] calculations using the
model molecules. The reason relies on both
HAMY/3 and deMon programs in that the results
can be directly compared with experiment, be-
cause it uses the idea of "transition state"[11]
rather than Koopmans' theorem to predict verti-
cal ionization potentials(VIPs).

In recent study [12], we simulated the valence
XPS of thirty-three polymers involving O-, CO-

and COO-groups with HAM/3 program using the
model molecules, by considering an energy shift
WD to account for solid-state effects [2-6,13-16].
Here, we used the same procedures of HAM/3
and deMon DFT calculations to simulate the va-
lence XPS of Cl-, F-, N-, S-, Si-, and COO-con-
taining polymers [(CH,-CXY) (X;Y)= {(H;Cl)
(PVC), (CL,C)) (PVDC), (H;CH,CI) (P4CS),
(H;F)(PVF), (F,F) (PVDF), (H;0COCF),)
(PVTFA), (H;CN)(PAN), (H;CONH,)(PAM),
(CH,; CONH,)(PMAM), (H,C,NH,)(P4VP),
(H;C,HNO)PNVP)}, (CH,(CH,),-CH,CO0),
(PCL), (CH, (CH,)-CO0)_(PL), (CH -CO0),
(PG), (CH,-CH(C,H,)-CH(CO0)CH(CO)).
(PSCMA), (C,H,-C(CH,),-C.H,~OCOO)_
(PBAC), (CF,-CF,)_ (PTFE), (CH,-CH,-NH)_
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(PEI), ((CH,),-CO-NH) (N6), (C(C,H,)
(OCH,CH,N)_ (PEOx), (CO-NHCH,-CH,-
C,H,-NH-CO-NH-(CH,),-NH)_(PUa), (CO-
NHCH,-CH,-CH -NH-COO(CH,),-O)_(PU),
(CH,-CH,S), (PETHS), (C,H,S) (PPS),
(Si(CH,),), (PDMS), (Si(CH,,),) (PDHS),
(Si(CH,) CH,) (PMPS), (Si(CH,)XCH,)-CH,),
(PMPSM), (Si(CH,),-O)_ (PDMSO), (Si(C-H,)
(C,H,)-O) (PMPSO)]. The simulation of the va-
lence spectra was performed on the model oligo-
mers or monomers using standard convolution
techniques by a Gaussian lineshape and using the
Gelius model {17] for molecular photoionization
crosssection. The linewidth of a peak of ioniza-
tion energy /, was taken to be 0.10 I, (propor-
tional to the ionization energy), as in previous
studies.

Computational Approach

As indicated in previous works [1-6,12], we
used the relation between calculations for mol-
ecules of the oligomer or monomer model and
experiments on a solid polymer, [ (E) =T, - WD,
where [ _is the ionization energy relative to the
Fermi level. I' and WD denote computed VIPs
and the sum of the work function of the sample
and other energy effects, respectively.

For ionization of an electron from molecular
orbital(MO)¢,, for example, we can apply the
Janak theorem [18] and set F(1/2)to - € _at x =1/
2: we defined E(x) =Zx*E,, where E(0) and E(1)
correspond to the initial and final states, respec-
tively, and x is assumed to be a continuous vari-
ables. We also defined the first delivative F(x) =
JE(x)/ gx. In the case of the VIPs of the valence
regions, we use the restricted diffuse ionization
(rDI) approximation which As-bnnk et al. 7] pro-
posed in the HAM/3 method. In the rDI model,

one can spread the partial electron removal over
the whole set of valence molecular orbitals(MOs),
hence allowing the determination of all VIPs in
one single run. Thus, only two SCF calculations
are needed to calculate the whole valence XPS
spectrum~within the DFT/rDI approximation,
whatever the size of the system.

The model oligomer or monomer molecules
[ H-(CH,-CXY),-H (k = 3, 2 or 1)] without and
with Cl-, S- and Si-atoms were calculated by the
MO calculations using HAM/3 and deMon DFT
programs, respectively. For the geometry of the
molecules, we used the optimized cartesian co-
ordinates from the semiempirical AM1 (version
6.0) method [19]. The deMon calculations were
performed with the exchange-correlation poten-
tial labeled as B88/P86, made from Becke's 1988
exchange functional [20] and Perdew's 1986 cor-
relation functional [21]. In the program, we used
a nonrandom grid and a polarized valence
double-zeta (DZVP) basis [10] of (621/41/1*) for
Cand O, (41) for H and (6321/521/1%*) for Cl, S
and Si to calculate VIPs of model molecule with
auxiliary fitting functions labeled (4,4;4,4) for C,
and O, (3,1;3,1) for H and (5,4;5,4) for Cl, S and
Si.

In the calculation of core-electron binding
energies (CEBEs) between 100.0 and 600.0 eV,
we needed the accurate numbers of five figures,
while the valence XPS in the range of 0-50 eV
were able to be simulated considerably well with
the three significant figures. The valence spectra
can, thus, be analyzed with a polarized valence
double-zeta (DZVP) basis set and without a larger
consistent-correlation polarized valence triple-
zeta (cc-pVTZ) basis. In order to simulate the
valence XPS of polymers theoretically, we con-
structed from a superposition of peaks centered
on the VIPs, Ik. As was done in previous works
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[1-6,12] each peak was represented by a Gaussian
curve. The intensity was estimated from the rela-
tive photoionization cross section for Al Ko ra-
diation using the Gelius intensity model. For the
relative atomic photoionization crosssection, we
uséd the theoretical values from Yeh [22]. In the
case of the line-width (WH(k)), we used WH(k)=
0.10{ for the models, as adopted in previous
work;. For polymers except for Si-containing
groups, we cited the experimental valence XPS
by Beamson and Briggs [23]. In the case of Si-
containing polymers, we referred to experimen-
tal results by us [5].

Results and Discussion

A feature of the present study is the use of the
rDI model using deMon program for the simula-
tion of valence spectra of Cl-, S- and Si-contain-
ing polymers, since we were only able to calcu-
late the valence XPS of polymers involving C,
N, O and F atoms with the HAM/3 program. In
previous work [25], we simulated thirty three
polymers [ hydrocarbons(11), O-groups(12), CO-
groups(3), and COO-groups(7)] by HAM/3 cal-
culations using model oligomers or monomers.
The simulated spectra showed good accordance
with experimental ones. Here we calculated va-
lence XPS of COO-, N- and F-containing poly-
mers using HAM/3 program, and simulated the
valence spectra of Cl-, S- and Si-containing poly-
mers using deMon DFT program.

(a) Cl-containing polymers

For PVC, PVDC, and P4CS, the intense
peaks( at around 6 or 5 eV) are due to 3p lone-
pair orbitals of the pendant Cl of the polymers.
Broader spectra between 15 and 22 eV are deter-
mined by the Cl 3s main contributions, respec-

tively. We showed the orbital characters of PVC,
PVDC, and P4CS in tables. The WD was under-
estimated as 4.0 and 3.0 eV for models of PVC
and (PVDC, P4CS) polymers, respectively.

(b) COO-containing polymers

The theoretical spectra of PCL, PL, PG,
PSCMA, and PBAC polymers with the spectral
patterns show good accordance with the expen-
mental valence binding energy spectra. The in-
tense spectra, which are due to O 2s-dominant
contribution at around 28 eV, correspond to the
theoretical values of s-6 (O 2s-C 2s)-bonding and
p-0 (O 2s-C 2p)-bonding orbitals. In the assign-
ment of these polymers, the s-G and p-G orbitals
depend on the two components, -O- and >C=0.

(¢) F-containing polymers

For PVF, PVDF, PTFE, and PVTFA poly-
mers, the intense spectra in the range of 30-40
eV, characteristic of F 2s contributions, corre-
spond to the VIP of s-¢ (F 2s-C 2s)- and p-c (F
2s-C 2p)-bonding orbitals. For PVTFA, the shoul-
der peak between 25 and 30 eV is due to the s-6
(02s-C2s) and p-6 (02s-C2p)-bondings of the
side chain -O- and O=C groups. In these figures,
the peaks at around 20 eV correspond to the VIP
of s-¢ (C 2s-C 2s)-bonding orbitals which result
from the main chain -C-C- groups.

(d) N-containing polymers

Theoretical spectra of PEI, PAN, PAM,
PMAM, N6, PAVP, PNVP, PEOx, PUa, and PU
polymers appear to show good agreement with
the observed ones. For PA4VP, intense spectra in
the range of 20-25 eV are determined by N 2s
main contributions, while large peaks between
20 and 30 eV for N6, PEOx, PUa, and PU are
due to both N 2s and O 2s main contributions,
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respectively. In these spectra, the double peaks
between 12 and 20 eV result mainly from p-o (C
2s-N 2p) and s-¢ (C 2s-C 2s) bonding orbitals.
The peaks(at around 5 eV) are due to lone-pair
orbitals of main chain N and/or O for these poly-
mers.
(e) S-containing polymers

For PETHS and PPS, the theoretical spectra
also appear to show a considerably good agree-
ment with the experimental ones. We showed the
orbital characters in the tables.

(f) Si-containing polymers

In figures of PDMS, PDHS, and PMPS, there
exist the characteristic spectra,-in the range of
12-22 eV, due to the difference between the pen-
dant groups( - CH -CH and-C H ) Simulated
spectrum of PMPSM sholw good accordance with
the observed ones. The intense peak at around
17 eV is due to s-o (C 2s-C 2s) and s-0 (C 2s-Si
3s) bonds of the pendant phenyl group and main
chain -Si-C, respectively. The peaks (around 21.0
and 14.0 eV) at both sides of the intense signal
result from s-¢ (C 2s-C 2s) and p-¢ (C 2s-C 2p)
bonding orbitals of the pendant phenyl, respec-
tively. The spectrum at around 10.5 €V relies on
the p-c (Si 3s-C 2p) bonds of the main chain.
For PDMSO and PMPSO, the intense peak (at
around 26 eV) is due to s,p-c (O 2s-Si 3s, 3p)
bonds of the main chain, respectively.

In the case of the simulated spectra using
model monomer, dimer or trimer molecules, the
spectra appeared to show good agreement with
the experimental ones, when we used an approxi-
mate linewidth of 0 .10 /.. It is very interesting
that we can observe the characteristic spectra
which are due to the photoionization cross-sec-

tion of any contributing atomic orbitals of the con-
stituent elements of the functional groups. For
these thirty polymers, we have clarified the or-
bital nature of the finger-print spectra which were
characterized from the constituent elements(C,
CL F N, O, S and Si) in the range of 0-40 eV.

Conclusion

We have calculated the valence XPS of Cl-,
COO-, F-, N-, S-, and Si-containing polymers by
HAMY/3 and deMon DFT calculations using the
model monomers or oligomers. We emphasize
that the calculated VIPs using rDI by HAM/3 and
deMon programs showed better correspondence
with experiment than were those predicted by
Koopmans' theorem.
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