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The HAM/3 method was used to provide a better assignment of the valence X-ray photoelectron spectra
of 16 polymers involving nitrogen, oxygen, fluorine, a glucose unit, and a benzene nucleus using the monomer,
dimer or trimer model molecules without consideration of the contraction factor of the energy scale. The cal-
culated Al Ko photoelectron spectra were obtained using Gaussian functions of a fixed approximate linewidth,
0.10 I and L=I,—-WD, where I is the vertical ionization potential of each MO and WD is an approximate
shift to account for the work function of the sample and other energy (polarization energy and so on) effects.
We assumed that WD corresponds to the shift that we must apply before we can compare the calculated
spectrum for the single model molecule with the observed spectrum for the solid. The approximate linewidth
corresponds to the experimental result that the inner valence spectra are broader. The theoretical spectra

showed good agreement with the spectra of the polymers observed between 0—40 eV.

Recent studies!—'® have shown that information on
polymer structures can be obtained from ultraviolet-ray
photoelectron spectra (UPS) and X-ray photoelectron
spectra (XPS) when interpreted with MO calculations
on simple model oligomers. To analyze the photoelec-
tron spectra of polymers, we need to estimate the wave-
function of the cationic state corresponding to each MO
losing an electron after X-ray irradiation. However, we
can simulate the XPS using Koopmans’ theorem and
the usual MO calculations of the ground state for N
electrons using ab initio and semiempirical MO meth-
ods. In previous studies,’'*® we used shifts of about
10 eV on Koopmans’ values to analyze the valence XPS
of polymers using MO calculations by the HONDO and
PM3 programs.**1%

As is often the case in the framework of the MO tech-
niques, the calculations of the ground-state yield very
wide valence electronic structures and the contractions
of the energy scale become necessary to obtain the best
fit between the theoretical energy levels and the exper-
imental XPS peak positions. The contraction factors,
then, vary with the system under study. For exam-
ple, the values of 0.77 and 0.82 for valence effective
hamiltonian (VEH)*'" and STO-3G basis® ab initio
investigations, respectively, have been used in compar-
isons made between the calculated and the experimental
valence spectra. Thus, for a better assignment of the

valence XPS of polymers in nitrogen, oxygen, and flu-
orine, we tested the performance of the semiempirical
MO method called hydrogenic atoms in molecule, ver-
sion 3 (HAM/3).1¥29 This MO method does not need
a contraction, because it uses the idea of “transition
states”?? rather than Koopmans’ theorem to predict
the vertical ionization potentials (VIPs) for the photo-
electron spectra.'?

For simulating the valence XPS using MO meth-
ods, the linewidth of the peak shape represented by a
Gaussian or a Gaussian—Lorentian function was gener-
ally used as instrumental resolution values (e. g. 0.5, 0.7
eV and so on). Here, we used the Gaussian functions
of an approximate linewidth (0.10 k),?® implying that
the spectra of the inner valence levels are broader.

In a previous study,>® a new approach was
tested by comparing the valence XPS of six poly-
mers [(-CH,-CHR-),, (R=H, CHjz, OH, and F),
(—CHQ—CHz—NH—)n, and (—CHz—CHz—O—)n] with
HAM/3 results on the model n-mer molecules (n=2
to 5). The results suggested that the trimer model is
quite adequate in simulating valence XPS of solid poly-
mers, when we introduced a shift WD to account for
a sum of the work function and other energy effects.
Consequently, the trimer model was used to study ten
more polymers.?¥ By now, we have simulated valence
XPS of 60 polymers by this MO method. Here, we
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used the monomer, dimer or trimer model molecules for
16 polymers (poly(vinylidene fluoride) (PVDF), poly-
(tetrafluoroethylene) (PTFE), poly(trifluoro vinyl ac-
etate) (PVTFA), poly(4-vinylpyridine) (P4VP), poly(2-
ethyl-2-oxazoline) (PEOX), nylon 6(N6), polyurethane
(PU), polyurea (PUA), cellulose (CEL), ethylcellulose
(ECEL), poly-4-hydroxystyrene (PHS), poly(2,6-di-
methyl-1,4-phenylene oxide) (PDMPO), poly(oxyphen-
yleneoxyphenylenecarbonylphenylene) (PEEK), poly-
(styrene-co-maleic anhydride) (PSCMA), poly(ethylene
terephthalate) (PET) and poly(bisphenol A carbonate)
(PBAC)) to analyze the X-ray photoelectron spectra
of the polymers by the HAM/3 method. The simula-
tion was obtained by taking the VIP for each MO from
the HAM/3 calculation and using the Gelius model?¥
for molecular photoionization cross-section (PICS). The
theoretical spectra were constructed from a superposi-
tion of the peaks centered at the calculated VIPs. The
peak shape was represented by a Gaussian function.

Theoretical Background

When one uses the diffuse ionization model'® in the
HAM/3 method, the eigenvalues give the VIPs directly.

Because calculations for single molecules based on
the trimer model are compared to experiments on a
solid, we must shift each computed VIP I by a quan-
tity WD?® as I (Ep)=1I)—WD. This quantity (WD)
denotes the sum of the work function of the sample
and other energy effects, such as the polarization en-
ergy, the width of the interchain band formation and
the peak broadening in the solid state.?*26—2% In this
work, approximate values of WD ranging from 4 to 5
eV were chosen to the nearest 0.5 eV by inspection to
provide the best agreement on the location of the main
features of the simulated spectrum.

The successful trimer model was used for many of the
polymers (PVDF, PTFE, PVTFA, P4VP, PEOX, PHS)
in the present study. For other polymers, we tested the
model dimers and monomers. In those cases, the num-
ber of atoms in the model n-mer is at least 35. It should
be noted that the model monomer is not the same as the
monomer. For simplicity, consider teflon (PTFE) as an
example (although we actually used the model trimer
for it). The monomer is CF9=CF;, while the model
monomer is CF3—CF3. Thus, the model molecules
[H-(CHy—CF3)3-H, F-(CF,—CF3)3-F, H-(CH,-CH-
(OCOCF3))3—-H, H-(CHo—-CH(CsH4N) (4- vinylpyri-

dine))g—H, H—((CzH5)C—O—CHz—CHg—N(2—ethy1—2—0)(—
azoline))s—H, H-((CH,)5~CO-NH),-H, H-(CO-NH-
C¢H4—CH,~CsH4~NH-CO-O—(CH,) 4—0)-H, H-(CO-
NH- CgHy4~CH,-CgH,~NH- CO-NH- (CH,)3-NH)-H,
H- (CgH1005)2-H, H-(Ci2Hz205)-H, H-(CH,—CH-
(CeH4OH))3-H, H~(CgH3(CHj)2—0)s-H, H-(CeH,—O-
CeHs~O—-CgHs—CO)-H, H-(CHy—CH(CgH; )-CH-

- 1
(CO0)-CHCO));-H, H-(0-CO-CgH4-CO-0-

Bull. Chem. Soc. Jpn., 68, No. 2 (1995) 529

(CH2)2)2-H, H-(C¢H4—C(CH3)2-CsH4—O-CO-0)-H]
were calculated by the semiempirical HAM/3 program
(the new version extended by Chong).>?) For the geom-
etry of the molecules, we used the optimized structures
from the semi-empirical AM1 (version 6.0) method.!®
In the HAM/3 and AM1 programs, we enlarged the
maximum number of occupied MOs and atoms as 300
and 75, respectively, to calculate the model molecules.

In the HAM/3 program, we can obtain the semiem-
pirical relative PICS of the Gelius model,?¥ and the
ab initio relative PICS for both Mg Ka (1253.6 eV)
and Al Ko (1486.6 eV) radiation of Nefedov et al.3V
based on the Hartree—Fock-Slater methods. The atomic
PICS, as described by Nefedov, was obtained under
the assumption that the electrostatic atomic field was
spherically symmetrical. In the present study, we used
the relative PICS values for each AO in Table 1.

In order to simulate the valence XPS of polymers
theoretically, we constructed from a superposition of
peaks centered on the VIPs, I,. The peak shape is
represented by a Gaussian function,

f(2) = A(k) exp {~B(k)(z - L)}, 1)

where the intensity (A(k)) is estimated from the rela-
tive PICS for Al Ka radiation. For B(k), we use the
linewidth WH(k)=2(Ln?/B(k))!/2. The linewidth is
introduced for two reasons: (a) we are approximating
the density of states by discrete MO levels, and (b)
each state has a natural line width due to instrumental
resolution, electronic relaxation processes, vibrational
broadening and so on. By trial and error, we found
that simulated spectra have a reasonable appearance
when we choose a simple form for the linewidth as WH-
(k)=0.10 I for monomer, dimer, or trimer molecule.

Experimental

The experimental photoelectron spectra of 16 polymers
were obtained on a Perkin—Elmer model PHI 5400 MC
ESCA spectrometer, using monochromatized Al Ka radia-
tion. The spectrometer was operated at 600 W, 15 kV, and
40 mA. The photon energy was 1486.6 eV. A pass energy
of 35.75 eV was employed for high-resolution scans in a va-

Table 1. Relative Photoionization Cross- Section
(PICS) of Each Atomic Orbital for H, C, N, O,
and F Atoms (Relative to C2s)

Atomic Orbital AlKa (Nefedov et al.®V)
H 1s 0.0093
C 2s 1.0000
2p 0.0324
N 2s 1.8210
2p 0.0902
o) 2s 2.9480
2p 0.2029
F 2s 4.4290
2p 0.4016
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Table 2.

Simulation of XPS of Polymers Involving F, N, O

PVDF [(The Gap between Observed and Calculated VIPs)=4.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
33.0 38.66;38.25;37.97 F2s so(F2s—C2s)-B, F-C
(28—40)® 36.34:36.00;35.94 F2s po (F2s-C2p)-B F-C
20.5 25.48;24.10;22.43 C2s(0.8), F25(0.2) so(C2s-C, F2s)-B ~C(main chain), C-F
(18—24)®
16.0 20.85;19.79;19.60  (C2s(0.4), F2s, F2p {po(C2s-F, C2p)-B, C-F, —C(main chain)
(14.5—18)% so(C2s-F2s)-B} C-F
13.0 {17.87;17.85;17.48; F2p, C2p, F2s {po(C2p-F2s)-B, C-F, —C(main chain)

(11.5—14.5)¥ 17.25;17.22}

(16.10—16.86)

F2p, C2p, F2s, C2s

p7p(F2p, C2p-C2p)-B}
{ pmp(F2p, C2p—C2p)-B,
po(C2p—C2s)-B}

C-F, -C(main chain)

9.5 (13.05—13.99) F2p p7 (lone pair)-NB F-C
(5—11.5) Below 15.09 eV
many adjacent levels )
15.09;14.77;14.22 F2p pmp(F2p, C2p—C2p)-B C-F
12.15;11.61;10.97 F2p, C2p pr (lone pair)-NB F-C

a) Shows the peak range.

b) 7 indicates the pseudo 7 orbitals of the C-F. B and NB mean bonding and nonbonding,

respectively. (C, F2s—2p) means (C2s—C2p) and (F2s-F2p), (C2p, F2p-C2p) denotes (C2p—C2p) and (F2p—C2p), and

80 on.

Table 3. Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of
PTFE [(The Gap between Observed and Calculated VIPs)=4.0 eV]
Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
35.5 41.63—38.78 F2s so(F25-C2s)-B, F-C
(28—40)* 38.65-—37.93 F2s po (F2s-C2p)-B F-C
21.5 26.71;25.56;24.13 C2s(0.7), F25(0.3)  s0(C2s-C, F2s)-B  —C(main chain), C-F
(20—25)®
16.0 20.43—19.03 F2s, F2p, C2s {po(F2p—C2s)-B, F-C
(14—20)® po(C2p—F2s)-B}
22.79;21.93;21.82 F2s, F2p, C2s {po(F2p—C2s)-B, F-C
po(C2p-F2s)-B}
11.5 Below 17.66 eV F2p {pm(lone pair)-NB, F-C
(8—14)¥ Many adjacent levels pmp(F2p, C2p)-B}

a) Shows the peak range.

b) mp indicates the pseudo 7 orbitals of the C-F. B and NB mean bonding and nonbonding,

respectively. (C, F2s—2p) means (C2s—C2p) and (F2s-F2p), (C2p, F2p—C2p) denotes (C2p—C2p) and (F2p—C2p), and

S0 on.

Table 4.

PVTFA [(The Gap between Observed and Calculated VIPs)=4.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
33.0 39.87;39.64;39.62 F2s so(F2s—C2s)-B, F3C-
(30—40)® {36.88;36.84;36.67; F2s po (F2s—C2p)-B F3C-
36.63;36.60;36.57}
28.0 33.44;33.10;33.08 02s so(02s—C2s)-B -0-C, C=0
(22—30)” 31.93;31.58;31.49 02s po(02s-C2p)-B C=0, -0-C
18.0 {25.20;23.98:23.04;  C2s(0.7), 02s, F2p s, po(C2s-02s, F2p)-B  —C-C—C, O-C—C-F
(16.5—22)®  22.67;22.4521.85}  F2s(0.4), C2s, F2p s, po(C2s-F2s, 2p)-B C-F
14.0 18.14—18.52 F2s(0.5), F2p po (F2s-C2p)-B F-C
(12—16.5)» 18.72—20.48 C2s, F2p, 02p po(C2s-F, 02p)-B C-F, C-0, C=0
16.78—17.56 02p, C2s po(C2s-02p)-B C-0, C=0
10.0 13.13—14.80 F2p(0.8), O2p, C2p prp(F, O2p—C2p)-B, O0-C-C-F
(7—12)» Many adjacent levels
15.00—16.18 02p, 02s, C2s pm, po(0O2p—C2p, 25)-B -0-C, 0=C
12.02—13.03 O2p, C2p pmp, m(02p—C2p)-B -0-C, C=0
5.5 11.73;11.48;11.04 0O2p p7(lone pair)-NB -0-C, C=0
(4—7)% 10.63;10.36;10.34 02p pr(lone pair)-NB C=0, -0-C

a) Shows the peak range.

b) 7, indicates the pseudo 7 orbitals of the C-F. B and NB mean bonding and nonbonding,

respectively. (C, F2s—2p) means (C2s—C2p) and (F2s-F2p), (C2p, F2p—~C2p) denotes (C2p—C2p) and (F2p—C2p), and

SO on.
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Table 5.
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P4VP [(The Gap between Observed and Calculated VIPs)=5.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
22.5 28.06;27.94;27.86 N2s(0.6), C2s(0.4) so(N2s—C2s)-B, —C-N=C—(pyridine)
(21—26)%
18.0 21.70—22.95 C2s(0.8), N2s so (C2s—2s)-B —C=C—(pyridine)
(16—21)% 23.28—26.13 C2s(0.6), N2s(0.2) so(C2s-N2s)-B {-C—(main chain);
=C-N=C—(pyridine)}
15.0 18.82;18.72;18.69 C25(0.6), N2p po(C2s-N, C2p)-B —C=C-N=(pyridine)
(12—16)® 19.29—20.16 C2s so(C2s—C2s)-B —C—(main chain)
17.50—17.84 C2s(0.6), N2s, C2p  so, po(C2s, 2p—-N2s)-B =C-N=C—(pyridine)
10.5 15.44—16.03 C2s, N2s, C2p po(C2p—C2s, N2s)-B {=C-N=C—(pyridine),
(6—12)®  Many adjacent levels —C—(main chain)}
13.54—15.36 C2p, N2p pr, pmp(C, N2p—C2p)-B =C-N=C-, -C-
11.41—12.91 N2p, C2p pr, pmp(N, N2p—C2p)-B =C-N=C-, -C~
4.5 8.90;8.77;8.70 N2p, C2p pm(N, C2p—C2p)-B =C-N=C—(piridine)
(3—6)% 9.11—9.92 C2p, N2p pr(C, N2p-C2p)-B =C~-N=C—(piridine)

a) Shows the peak range.

b) B and NB mean bonding and nonbonding, respectively.

(C2s-C2p) and (N2s—N2p), (C2p, N2p—C2p) denotes (C2p—C2p) and (N2p—C2p), and so on.

(C, N2s—2p) means

Table 6. Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of
PEOX [(The Gap between Observed and Calculated VIPs)=5.0 eV]

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
26.5 31.17;30.59;30.28 02s(0.8), N2s, C2s so(0, N2s—C2s)-B C-0-C, C-N-C
(25—30)2
23.5 28.55;27.93;27.31 {N2s(0.5), 025(0.4), so (N, 02s-C2s)-B, C-0-C, C-N-C
(21—25)® C2s(0.1)} po (N, 02s-C2p)-B C-0-C, C-N-C
18.5 {24.34;24.19;23.90; C2s so(C2s—2s)-B -C-C-
(17—21)®  22.68;22.64;22.31} C2s(0.7), O2s, N2s so(C2s-0, N2s)-B C-0-C, C-N-C
15.5 18.65—21.14 {C2s(0.5), O2s, {po(C2s-N2p)-B, —~C-N-C-
(14—17)® N2p, C2p} po(C, 02s-C2p)-B} -C-C, C-0-C
(6—14)® 11.20—17.61 02p, N2p, C2p po(O, N, C2p-C2p)-B  C-0-C, C-N-C
Many adjacent levels prp (0O, C, N2p—C2p)-B C-0-C, C-N-C
4.0 10.27;9.99 O2p, N2p pr(lone pair)-NB —O-, -N-
(2.5—5) 8.63—9.44 N2p, 02p pr(lone pair)-NB -N-, -O-

a) Shows the peak range.

b) 7, indicates the pseudo 7 orbitals of the C-O, C-N, C~C bonds. B and NB mean

bonding and nonbonding, respectively. (C, N2s—2p) means (C2s—C2p) and (N2s—N2p), (C2p, N2p—C2p) denotes

(C2p—C2p) and (N2p—C2p), and so on.

Table 7.

N6 [(The Gap between Observed and Calculated VIPs)=5.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
26.5 30.66;30.37 02s(0.7), N2s, C2s {s0(02s-C2s)-B, -C=0
(24.5—30)> po(02s-C2p)-B}
23.0 28.24;27.32 N2s(0.6), 02s(0.4) po (N, 02s-C2p)-B -N-C, 0=C
(21—24.5)
19.0 22.79—24.79 C2s so(C2s-2s)-B -C-C~
(16—21)» 21.41:20.67 C2s so(C2s—2s)-B -C-
14.0 18.06—19.59 C25(0.7), N2p, 02s po(C2s-N2p)-B -C-N
(12—16)®
10.5 10.87—16.96 0O2p, N2p, C2p {pm (O, N, C2p—C2p)-B, C=0, -C-N
(5—12)® Many adjacent levels po(C2p-H1s)-B} —CH;
3.5 ) 9.07;8.91;8.74;8.60 O2p, N2p pr(lone pair)-NB 0=C, C-N
(3—5)*

a) Shows the peak range.

b) B and NB mean bonding and nonbonding, respectively. (C,

(C2s—C2p) and (N2s-N2p), (C2p, N2p—C2p) denotes (C2p—C2p) and (N2p—C2p), and so on.

N2s—2p) means

531
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Table 8.

Simulation of XPS of Polymers Involving F, N, O

[(The Gap between Observed and Calculated VIPs)=4.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of PU

Orbital nature®

Functional group

Peak (eV) VIP (eV) Main AO PICS
26.0 {31.87;31.82;29.93 02s(0.8), C2s, N2s
(21—32)» 29.86;29.83 02s
28.70;28.58 N2s(0.6), O2s, C2s
26.38;25.60 C2s(0.7), N2s, O2s
17.5 22.41;22.39;22.05 C2s
(15—21)® 23.93;23.42 02s
19.54—21.36 C2s(0.8)
13.5 18.04;17.81 C2s(0.5), N2p, O2p
(12—15) 18.51;18.78 C2s(0.4), 02s, N2p
17.57;17.70 C2s(0.5), N2p, C2p
10.0 13.53;13.48 02s(0.6), O2p, C2p
(7—11)»  Many adjacent levels
13.62—16.53 02p, N2p, C2p
12.29—13.22 02p, N2p, C2p
5.5 9.20—11.35 O2p, N2p
(2.5—7)®  Many adjacent levels
11.41—11.97 C2p
8.10—8.90 O2p, N2p, C2p

{sa (0, N2s-C2s)-B,
po (02s-C2p)-B}
po (N, O2s—C2p)-B
so(C2s—C, N2s)-B
so(C2s-C2s)-B
so(C2s—2s)-B
po(C2s-0, N2p)-B
po(C2s-N, O2p)-B
po(C2s-N, C2p)-B
po(C2s-N, C2p)-B

po(02p—02s, C2p)-B

pa(O, N, C2p—C2p)-B
pr, mp(O, C, N2p-C2p)-B

pr(lone pair)-NB

pr(C2p—C2p)-B
pr(lone pair)-NB

~0-C, 0=C, -N-C
0=C, -0-C
-N-C, 0=C, -0-C
-C-, C=C-, -C-N-
~C-, C=C-
-C-, C=C-
-C-, -C-N-, -C-0
-C-, -C-N-, C-0
-C-, -C-N-, C-0
-C-, -C-N-
0=C

-C-, -C=, N-C-0, C=0

-C=C-, C=0, N-C-0
C-N-

—C=C-
0=, -O-, -N—, -C=

a) Shows the peak range.

and (N2s—N2p), (C2p, N2p—C2p) denotes (C2p—C2p) and (N2p—C2p), and so on.

b) B and NB mean bonding and nonbonding, respectively. (C, N2s—2p) means (C2s—-C2p)

Table 9. Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of CEL
[(The Gap between Observed and Calculated VIPs)=5.0 eV]

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
26.0 30.52—32.39 02s so(02s-C2s)~-B -0 C-
(22—32)® 29.85--30.31 02s so, po(02s-C2s, C2p)-B ~0-C-
18.0 {24.71;24.15; C2s(0.7), O2s s0(C2s—C2s, 02s)-B C-C-, C-O-
(17—21)» 23.33;23.12} €25(0.9), 02s s0(C2s—-C2s, 02s)-B C-C-, C-O-
14.0 17.97—19.99 C2s(0.6), O2p so, po(C2s—C2s, 2p, O2p)-B Cc-C-, C-O-
(12—17)? 21.42;21.03:20.58 C25(0.8), O2s s0(C2s—C, 02s)-B Cc-C-, C-0
7.0 10.75—12.98 02p(0.6), C2p pr (O, C2p-0, C2p)-B -0-C-, C-C
(3—12)» Many adjacent levels
13.17—16.82 02p(0.5), C2p pm(C2p, O2p—C2p)-B -0-C-, C-C
9.20—10.13 O2pP pr(lone pair)-NB -O-

a) Shows the peak range.

and (02s-02p), (C2p, O2p—C2p) denotes (C2p—C2p) and (O2p—C2p), and so on.

b) B and NB mean bonding and nonbonding, respectively. (C, O2s—2p) means (C2s-C2p)

Table 10. Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of PHS
[(The Gap between Observed and Calculated VIPs)=4.5 eV]

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
27.5 30.96;30.91;30.88 02s {s0(02s-C2s)-B, -0-C-
(24—31)¥ po(02s-C2p)-B}
20.5 24.74—26.68 C2s so(C2s-C2s)-B —C~C-, —-C=C—(benz)
(19—24)®
17.5 21.09—23.87 C2s so(C2s—C2s)-B -C=C—(benz), -C-C-
(16—19)
14.5 18.22—19.58 C2s so(C2s—C2s)-B —C=C—(benz), -C-C-
(11.5—16)% 16.12—17.43 02s(0.7), 02p  po, so(C2s-02p, C2s)-B —C-0, -C=C—(benz)
10.0 13.20—14.14 C2p, O2p pr(C2p—C, O2p)-B —C=C—(benz), C-O-
(5—11.5)  Many adjacent levels
14.22—15.64 C2p, C2s pw, po(C2p—C2p, 2s)-B —C=C—(benz), -C-C-
10.44—12.94 O2p, C2p pm(O, C2p—C2p)-B -0-C, -C=C—(benz), -C-C-
4.5 8.19—9.07 O2p, C2p {pm(lone-pair)-NB, -O-
(2—5)® pr(C2p~C2p)-B} ~C=C—(benz)

a) Shows the peak range.

b) B and NB mean bonding and nonbonding, respectively. (C, O2s—2p) means (C2s—C2p)

and (02s-02p), (C2p, O2p—C2p) denotes (C2p—C2p) and (O2p—C2p), and so on. (benz) means benzene nucleus.
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Table 11.
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[(The Gap between Observed and Calculated VIPs)=5.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of PEEK

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
27.0 31.50;31.10;30.50 02s(0.9), C2s {s0(025—C2s)-B, —0-C-, 0=C
(23—31)% po(02s—C2p)-B}
20.5 26.50;26.01;25.48 C2s(0.8), O2s sa(C2s-C, 02s)-B {-C=C—(benz),
(19—23)% C-0-, C=0}
17.5 21.43—23.13 (C2s(0.9), O2s sa(C2s—C2s)-B {-C=C—(benz),
(16—19)* C-0-, C=0}
14.0 17.29—18.65 C2s(0.6), O2p po, so(C2s-02p, C2s)-B {-C=C—-(benz), -C-O-
(11.5—16)® 16.01—16.62 O2p, C2p, C2s {po(C2s-02p, C2s)-B, —C-0, -C=C—(benz)
pr(C2p-C, O2p)-B}
9.5 13.02—15.21 C2p, 02p, C2s {pm(C2p—C, O2p)-B, {C-0-, C=0,
(5—11.5) Many adjacent levels po(C2p—C2s)-B} —C=C—(benz)}
10.52—12.70 O2p, C2p pr(O, C2p—C2p)-B -0-C, -C=C—(benz), -C=0
3.5 8.12—9.49 0O2p, C2p {pm(lone-pair)-NB, -0-, =0
(2—5)2 pr(C2p-C2p)-B} —-C=C—(benz)

a) Shows the peak range.

b) B and NB mean bonding and nonbonding, respectively. (C, O2s-2p) means (C2s—C2p) and

(02s-02p), (C2p, O2p—C2p) denotes (C2p~C2p) and (O2p—C2p), and so on. (benz) means benzene nucleus.

Table 12. Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of PSCMA
[(The Gap between Observed and Calculated VIPs)=5.0 eV]
Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
28.0 31.8633.07 02s(0.9), C2s so, po(02s—C2s, 2p)-B ~0-C, 0=C
(23—32)2 30.53 ; 30.37 02s po, so(02s—C2p, 2s)-B 0=C, -0-C
20.0 25.28—27.16 C2s so(C2s—C2s)-B {-C=C—(benz),
(19—22)® —~C—C(main cahin)}
17.0 20.41-—24.07 C2s s0(C2s-C2s)-B {~C=C—(benz),
(15—19) —C—C(main cahin)}
13.5 17.20—19.74 C2s(0.6), O2s, O2p po, sa(C2s—-02p, O, C2s)-B {-C=C—(benz), -C-O-,
(12—15)% —C-C(main cahin), C=0}
11.0 13.4415.16 02p, 02s, C2s, C2p {pm(0, C2p-C2p)-B, {0=C, ~C=C—(benz)
(7—12)» Many adjacent levels po(C2p-C, O2s)-B} -C-C, -C-0-}
15.41—16.14 0O2p, C2s, C2p pm, po(O, C2p—C2p, 2s)-B —C=C—(benz), 0O=C, -O-C
11.30—13.36 O2p, C2p pm (0O, C2p—C2p)-B 0=C, -C=C—(benz)
6.0 9.84—11.05 O2p {pm(02p—C2p, lone-pair}-B, NB 0=C, -O-
(2—7)» 9.01—9.37 C2p pm(C2p—-C2p)-B} —C=C—(benz)

a) Shows the peak range.

b) B and NB mean bonding and nonbonding, respectively. (C, O2s—2p) means (C2s—C2p) and

(02s-02p), (C2p, O2p—C2p) denotes (C2p—C2p) and (O2p—C2p), and so on. (benz) means benzene nucleus.

Table 13.

[(The Gap between Observed and Calculated VIPs)=4.0 eV]

Observed Peaks, VIP, Main AO PICS, Orbital Nature, and Functional Group for Valence XPS of PET

Peak (eV) VIP (eV) Main AO PICS Orbital nature® Functional group
27.0 31.28;32.04;31.95 02s(0.9), C2s so(02s-C2s)-B -0-C-, O0=C
(23—32)% 29.44;30.37 02s po(02s-C2p)-B 0=C, -0-C
18.5 21.25;23.82 C2s so(C2s—C2s)-B -C=C—(benz), -C-C-
(16—22)2 25.66—26.87 C2s(0.8), O2s so(C2s-C, 02s)-B —C=C—(benz), O=C-O-
14.0 17.12—19.96 C2s(0.5), O2p so, po(02s—C2s, O2p)-B —C=C—(benz), O=C-0—
(12—16)® 15.60—16.84 O2p, C2p, C2s pm, pa(0O, C2p—C2p, C2s)-B 0=C-0, -C=C—(benz)
11.0 14.09—14.86 02p, C2p, O2s {pm (0, C2p—C2p)-B, 0=C-0, -C=C—(benz)
(6—12)  Many adjacent levels po(C2p—02s)-B} 0=C-0
11.66—13.79 O2p, C2p pm (0O, C2p—C2p)-B 0=C-0, -C=C—(benz)
5.0 9.12—10.65 0O2p, C2p pm(O, C2p—-C2p, lone pair)-B,NB  0=C-0, —-C=C—(benz)
(3—6)» 7.44—7.88 02p, C2p pr(02p-C2p)-B 0=C-0

a) Shows the peak range. b) B and NB mean bonding and nonbonding, respectively. (C, O2s-2p) means (C2s-C2p) and
(02s—-02p), (C2p, O2p—C2p) denotes (C2p—C2p) and (O2p—C2p), and so on. (benz) means benzene nucleus.
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Fig. 1. Valence XPS of PVDF with the simulated
spectra and with the spectral patterns of the trimer
model molecules as calculated using HAM/3.
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Fig. 3. Valence XPS of P4VP with the simulated spec-
tra and with the spectral patterns of the trimer model
molecules using HAM/3.
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Fig. 5. (a) and (b). Valence XPS of PU and PUA,

respectively, with the simulated spectra and with the
spectral patterns of the monomer model molecules
using HAM/3.

lence binding energy analysis (50 eV of range). The angle
between the X-ray source and the analyzer was fixed at 45°.
The spot size in the measurement was 3x1 mm.

The use of dispersion compensation yielded an instrumen-
tal resolution of 0.5 eV with the full width at half-maxi-
mum on the Ag3d line of silver. Multiple-scan averaging on
a multi channel analyzer was used for the valence binding
energy region, although a very low photoelectron emission
cross section was observed in this range.

We used commercially-available poly(vinylidene fluoride)
(PVDF) (Aldrich Chemical Co., Inc.; M, 534000), poly-
(tetrafluoroethylene) (PTFE) (Scientific Polymer Products,
Inc.), poly(trifluoro vinyl acetate) (PVTFA) (Scientific
Polymer Products, Inc.), poly(4- vinylpyridine) (P4VP)
(Scientific Polymer Products, Inc.), poly(2-ethyl-2-oxazo-
line) (PEOX) (Aldrich Chemical Co., Inc.; M, 200000), ny-
lon 6 (N6) (Aldrich Chemical Co., Inc.), cellulose (CEL)
(Scientific Polymer Products, Inc.; M,, 64800—81000), eth-
ylcellulose (ECEL) (Hercules, Inc. N200), poly-4-hydroxy-
styrene (PHS) (Scientific Polymer Products, Inc.), poly-
(styrene-co-maleic anhydride) (PSCMA) (Scientific Polymer
Products, Inc.; M, 50000), poly(oxyphenyleneoxyphenyl-
enecarbonylphenylene) (PEEK) (ICI Chemical Co., Inc.),
poly(2,6-dimethyl-1,4-phenylene oxide) (PDMPO) (Aldrich
Chemical Co., Inc.; M, 244000), poly(ethylene terephtha-
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(a) and (b). Valence XPS of CEL and ECEL,
respectively, with the simulated spectra and with the
spectral patterns of the dimer and monomer model
molecules using HAM/3.

Fig. 6.

late) (PET) (ICI Chemical Co., Inc.) and poly(bisphenol
A carbonate) (PBAC) (Aldrich Chemical Co., Inc.; My
64000). For PVDF, PTFE, PEEK, PDMPO, and PET, we
used the film or the pressed disc. Other samples, except
for PVTFA, were prepared by cast-coating the polymer so-
lution on an aluminium plate, while water, methanol, eth-
anol, chloroform, HFIP, THF, dioxane, and acetone were
used for the CEL, P4VP, ECEL, PEOX, N6, PBAC, PHS,
and PSCMA polymers, respectively. For PVTFA, the sam-
ple were prepared by derivatization of polyvinyl alcohol film
on Al plate with trifluoroacetic anhydride. A low-energy
electron flood gun was used in order to avoid any charg-
ing effect on the surface of the sample. The Cls line po-
sitions of the CHz, CF3, and CgH4 (or phenyl) groups on
the polymer films or discs were used as calibration refer-
ences of (285.0; 286.5), (292.5), and (284.5; 285.0) eV for
(PVTFA, P4VP, N6, PEOX; PVDF, CEL, ECEL), (PTFE)
and (PEEK, PET, PBAC; PHS, PDMPO, PSCMA), respec-
tively.

For polyurethane(PU) and polyurea(PUA), we cited the
valence XPS spectra by Beamson and Briggs.3?
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Fig. 7. (a) and (b). Valence XPS of PHS and PDMPO

with the simulated spectra and with the spectral pat-
terns of the trimer and dimer model molecules, re-
spectively, using HAM/3.

Results and Discussion

Vertical ionization potentials predicted by Koopmans’
theorem are often too high, by approximately 8%. In
contrast, the VIPs calculated by the HAM/3 method
have an average absolute deviation of about 0.4 eV .30:3%
Moreover, wrong assignment of peaks in photoelectron
spectra by the HAM/3 method is extremely rare. Based
on such performance, we have some confidence in the
modeling polymers by applying the HAM/3 method on
the monomer, dimer or trimer model. The agreement
between simulated and observed XPS of polymers gives
us further assurance about our interpretation of the dif-
ferent regions of the spectra in this and other related
studies.

(a) Valence XPS of 3 Polymers Involving Flu-
orine. In Figs. 1 and 2 (a,b), the simulated spectra of
PVDF, PTFE, and PVTFA with the spectral patterns
are compared with the observed XPS. As mentioned

Simulation of XPS of Polymers Involving F, N, O
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Fig. 8. (a) and (b). Valence XPS of PEEK and

PSCMA with the simulated spectra and with the
spectral patterns of the monomer and dimer model
molecules, respectively, using HAM/3.

earlier, the simulation used a Gaussian lineshape func-
tion for each MO with a model linewidth of 0.10 I and
I,=1/—WD. The simulated spectra using the trimer
model are in very good accordance with the observed
spectra of the polymers. The shift due to the WD effects
was estimated as 4.0 for PVDF, PTFE, and PVTFA,
respectively.

Tables 2, 3, and 4 show the observed peaks, the VIPs,
the main AO PICS, the orbital nature and the func-
tional group for PVDF, PTFE, and PVTFA, respec-
tively. The intense spectra in the range of 30—40 eV
(Figs. 1 and 2 (a,b) and Tables 2, 3, and 4), charac-
teristic of F2s contributions, correspond to the VIP of
so (F2s—C2s)- and po (F2s-C2p)-bonding orbitals. For
PVTFA, the shoulder peak between 25 and 30 eV is
due to the so (02s—C2s) and po (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 so
(C2s—C2s)-bonding orbitals which result from the main
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Fig. 9. (a) and (b). Valence XPS of PET and PBAC

with the simulated spectra and with the spectral pat-
terns of the dimer and monomer model molecules,
respectively, using HAM/3.

chain —C-C- group.

(b) Valence XPS of 5 Polymers Involving Ni-
trogen. For P4VP (Fig. 3), intense spectra in the
range of 20—25 eV are determined by N2s main con-
tributions, while large peaks between 20 and 30 eV for
PEOX, N6, PU, and PUA (Figs. 4 and 5) are due to
both N2s and O2s main contributions, respectively. In
these spectra, the double peaks between 12 and 20 eV
result mainly from po (C2s-N2p) and so (C2s~C2s)
bonding orbitals. The peaks (at around 5 eV) are due
to lone-pair orbitals of main chain N and/or O for these
polymers. We showed the orbital characters of P4VP,
PEOX, N6, and PU in Tables 5, 6, 7, and 8. The shift
due to work function effects was estimated as 5.0, 5.0,
and 4.0 eV for (P4VP and PEOX), N6, and (PU and
PUA), respectively. For these molecules also, the spec-
tra appeared to show good agreement with the observed
ones when we used an approximate linewidth of 0.10 I
for monomer, dimer and trimer.
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(c) Valence XPS of 8 Polymers Involving Glu-
cose Unit, and Benzene Nucleus and Oxygen.
For the eight polymers (Figs. 6, 7, 8, and 9), the the-
oretical spectra with the spectral patterns show good
accordance with the experimental valence binding en-
ergy spectra. The differences of the fingerprint spec-
tra between functional groups of the monomer unit
for each polymer seem to be reflected in both the ob-
served and simulated spectra. The shift due to WD
effects was obtained as 4.0, 4.5, and 5.0 eV for (ECEL,
PET), PHS, and (CEL, PDMPO, PEEK, PSCMA, and
PBAC) polymers, respectively.

In Figs. 6, 7, and 8, the intense spectrum, which is
due to O2s-dominant contribution at around 27 eV,
corresponds to the theoretical values of so (02s-C2s)-
bonding and po (O2s—C2p)-bonding orbitals. In this
assignment of the polymers which have both —O- and
>C=0 groups, for PEEK, PSCMA, PET, and PBAC,
the so and po orbitals depend on the two components,
—-0- and >C=0. Tables 9, 10, 11, 12, and 13 show the
orbital characters of the spectra for CEL, PHS, PEEK,
PSCMA, and PET (similar tables for ECEL, PDMPO,
and PBAC are omitted).

It is very interesting that we can observe the char-
acteristic spectra which are due to the PICS for any
atomic orbital of the constituent elements of the func-
tional groups. For these 16 polymers, we have clarified
the orbital nature of the fingerprint spectra which were
characterized from the constituent elements (F, C, N,
and O), in the range of 0—30 V.

(d) Spectral Linewidths of Valence XPS for
Polymers. As mentioned in a previous paper,'?) the
spectral linewidths below 12 eV are determined by the
broadening due to many adjacent MO energy levels.
In contrast, the linewidths in the range of 13—40 eV
may be governed by the relaxation of the inner valence
2s electron states for the MO levels. In this section,
since the linewidths of F2s, N2s, or O2s spectra of the
polymers were obtained as 2.5—4.0 eV, we describe the
reason of the broadening.

The broadening of the inner-valence binding energy
is partly due to the same reason as for gas-phase single
molecules: The breakdown of the one-particle picture
accompanying shake-up phenomena. The foot and the
wing of the broader peak of the inner valence ionization
result from transitions considered as mixing between
single ionization and simultaneous ionization—excitation
(shake-up) configurations.30-35—38)

In another previous paper,?? we proposed the mean-
ing of the Gaussian functions of an approximate
linewidth (0.10 I). This corresponds to the experi-
mental result that the linewidth of spectra in the inner
valence energy levels is broader than in the outer energy
levels. In this study, the linewidth of 2s spectra (2.5—4
eV) was also broader than that of the 2p spectra. Let us
assume that the linewidth being larger than the instru-
mental resolution of 0.5 eV can also be partly caused by
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lifetime effects, and consider why the hole in the inner
valence region has a shorter lifetime than that in the
outer valence region. The hole of the 2s-orbital levels
of polymers involving second-row atoms by X-ray ra-
diation will be filled by electrons from the outer many
adjacent occupied p-orbital levels through ultraviolet-
ray emission process; the hole of the 2p-orbital levels
is far from being filled by electrons, since there are no
occupied levels above the 2p-orbital levels. Thus, the
lifetime of the 2s-hole will be shorter than that of 2p-
hole. Our approximate linewidth suggests the experi-
mental results in the range of the valence band, 0—50
eV. A good fit between our simulation and the observed
spectra of polymers seems to confirm that our general
interpretation (discussed above) is reasonable.
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