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Ultraviolet Photoelectron Spectroscopy of Some Fundamental Vinyl
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UV photoelectron spectra were measured for polypropylene (PP), poly(vinyl fluoride) (PVF), 1,2-poly-
butadiene (1,2-PBD), poly(vinyl chloride) (PVC), and poly(vinyl alcohol) (PVA). Their threshold ionization
energies were found to be 8.5, 9.2, 7.5, 8.8, and 8.0 eV (1 eV=0.1602 a]J), respectively. The evolution of their elec-
tronic structures (from those of small related molecules) were analyzed, mainly, by using the photoelectron
spectra of these small compounds (including the new data of 1,2-propanediol). The data of previously measured
polyethylene (PE) and polystyrene (PS) were analyzed together. With the results, the polymers were classified
into three groups according to the increasing order of localization of the positive hole in the cationic state:
(1) PE, PP, and PVF, (2) 1,2-PBD, PVC, and PVA, and (8) PS as a representative of aromatic-pendant polymers.

[Vol. 58, No. 3

Ultraviolet photoelectron spectroscopy (UPS) has
been developed as a powerful tool in studying the elec-
tronic structure of organic solids.!=% In particular, an
important quantity obtainable by UPS is the threshold
ionization potential of a solid, which gives the loca-
tion of the top of a valence band. Together with the
energy of the bottom of a conduction band, it gives
a basic picture of the electronic structure of a solid.
However, so far studies of organic polymers by UPS
have been concentrated on polymers with aromatic
groups,5® polyethylene (PE) and its model com-
pounds,” and some conducting polymers.® There
seems to be no report on vinyl polymers with pendants
other than aromatic rings, except for a relevant report
by Vilesov et al.? on the photon-energy dependence of
the photoemission quantum yield. Pireaux et al.19
reported an X-ray photoelectron spectroscopy (XPS)
study of vinyl polymers, but the low intensity and the
broadness of the spectral features prevented a detailed
study of the valence bands.

In this work, we report a UPS study regarding a
series of vinyl polymers {CH:CHX}, with non-
aromatic pendant X, i.e., polypropylene (PP, X:CHzs),
poly(vinyl fluoride) (PVF, X:F), 1,2-polybutadiene
(1,2-PBD, X:CH=CHz2), poly(vinyl chloride) (PVC,
X:Cl), and poly(vinyl alcohol) (PVA, X:OH).

Our aims are (1) to obtain reliable experimental
data regarding threshold ionization energy, and (2) to
interpret the observed threshold energies (and other
spectral features) in terms of intramolecular and inter-
molecular factors. The results of previously measured
polyethylene (PE, X:H)™ and polystyrene (PS,
X :CgHs5)5? were also analyzed.

For aim (2), the electronic structure of an isolated
single polymer chain is used as the base of interpreta-
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tion. The intermolecular contribution can be deduced
by comparing it with the observed solid state results.
Unfortunately, however, the gaseous state of a polymer
is not realizable, and theoretical calculations are not
quantitatively reliable, either. In order to overcome
this difficulty, we estimated the electronic structure of
an isolated chain from the gas-phase photoelectron
spectra of related small molecules by analyzing the
pendant-chain and also pendant-pendant interaction.
Since no information in the literature was available for
1,3-propanediol, which is related to PVA, we measured
its gas-phase photoelectron spectrum. Theoretical
band calculations for an isolated polymer chain!0-13
and solid XPS results!® also helped in the interpreta-
tion for some polymers.

“This method of analysis shows how the electronic
structures of polymer solids evolve from those of small
units. The results indicate various patterns of evolu-
tion, depending on the polymers. In particular, the
degree of delocalization of the positive hole in the
cationic state ranges from almost complete localiza-
tion in a pendant to extensive delocalization over the
principal chain. Although rather rough approxima-
tions are involved in the present treatment, we believe
it gives a general viewpoint for analyzing the elec-
tronic structures of polymers.

Experimental

Standard samples of PP (isotactic), PVF, PVC, and PVA
were available from Scientific Polymer Products Inc. (cata-
log Nos. 130, 022c, 038c, and 002, respectively). Low-
crystallinity 1,2-PBD was provided by Japan Synthetic
Rubber Company. PP was twice reprecipitated from a
decalin solution with cyclohexane as a poor solvent; PVF
twice from N,N-dimethyl formamide (DMF) with meth-
anol; PVC three times from tetrahydrofuran (THF) with
methanol; and 1,2-PBD once from a benzene solution with
methanol. PVA was used without further purification.
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The UPS spectrometer consists of a light source and a T v

retarding-potential-type electron energy analyzer, which was
reported previously.’¥ Two kinds of light sources were used. PP
One was hydrogen discharge lamp attached to a 0.5 m Seya-
Namioka-type monochromator and the other was a rare-gas
resonance lamp capable of He I (21.2eV), Ne1(16.8¢eV), and
Ar I (11.7 eV) emissions. The same ionization energies were
obtained by both two light sources.
Since these polymers are insulators, we had to use thin hvieV
film samples to avoid charging. The films were prepared by
putting a few drops of a hot solution (=0.2 wt%) of a poly- 10.33

mer on a Cu-disk (12 mm diameter) substrate, followed by
the rotation of the substrate. The rotation spreaded the solu-
tion, and the solvent vaporized, leaving a thin film.1® The
temperatures of the solution and the substrate were kept at
60—70 °C except for the case of 1,2-PBD, where the film was
prepared at room temperature. The solvents used for PP, 9.18

2 3

PVF, 1,2-PBD, PVC, and PVA were decalin, DMF, benzene,
DMF, and redistilled water, respectively. s -

In this sample preparation procedure, we paid close atten- Exev 0 !
tion to the suppression of the emission from the substrate, Fig. 1. Photoelectron spectra of polypropylene. The
because the threshold energy of the substrate was inferred to RhOton energy of the exciting light is shown at the
be smaller than those of polymers. This requires both a side of each curve.
good uniformity of the film and a sufficient average

thickness. We found that the uniformity significantly '
depends on the adhesive property of the solution to the sub-
strate. For example, PVC films of poor (net-like) quality
were obtained from THF solution even if a large amount of
solution was used, while a uniform film was obtained by
using DMF and heating the substrate and the solution.
After choosing appropriate solvents, we increased the
amount of deposited polymer sample until there was no

further change in the spectrum. The concentration and
procedures described above gave satisfactory films for
getting an intrinsic spectra of the polymers without charg-
ing, although we had to use very weak light for some
specimens in order to avoid charging. The nominal average
thickness of a film was =2 pm, but the polymers tended to Ek/ev 0 2
accumulate at the periphery of a substrate surface when the . . .
solvent vaporized away. Therefore, the real average Fig. 2. Photoelectron spectra of poly(vinyl fluoride) and
thichness on a substrate surface should be smaller. The polypropylene by He I (21.2 V) light source.
absence of charging was verified by the sharpness of the cut
off at the low-kinetic-energy side of the spectra.

The He I gas-phase photoelectron spectrum of 1,3-
propanediol was measured on the photoelectron spectrome-
ter which was reported previously.1®

hv=21.2eV
PVF
PP
L6 8 10 12 % 16

Results and Discussion

Threshold Ionization Energies. In Figs. 1-5,

the photoelectron spectra of the polymers are shown.
The abscissa represents the solid ionization energy I,
which is related to the kinetic energy of a photoelec-
tron by I;=hv—Ex, where hv is the photon energy. The
values of the threshold ionization energy are given by
Ih=hy—EP**, where EP* is the maximum Kkinetic 8.26
energy of photoelectrons. They are listed in Table 1.
These values are the averages of at least six times mea- Eyev 0 1 2 3 2
sprements for each compound. The standarc'l devia- Fig. 3. Photoelectron spectra of 1,2-polybutadiene.
tion was less than ‘0.2 eV. 'Table 1 also lists our The photon energy of the exciting light is shown at
previous data for high-density PE? and PS,5? the the side of each curve.

9.18
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assignment of the character of the HOMO (discussed
below), the threshold (adiabatic) ionization energies of
the corresponding “‘unit” compounds CH3CH2X in
the gas phase [j(unit),6-1® and the difference AI=
I(unit) —Ith. (Pireaux et al.'® used CHs=CHX for
the unit compound, but this is inadequate since the
character of the highest occupied orbital can change
from the 7 orbital in CH2=CHX to ¢ or lone pair
orbitals in the polymer, as shown below).

Vilesov et al.? reported the It" values of PVA, PVC,
poly(N-vinylcarbazole) (PVCz), and PS to be 6.0, 6.0,

16.8

EJv 0 2 4 6 8 10 12
Fig. 4. Photoelectron spectra of poly(vinyl chloride)
by He I (21.2 V) and Ne I (16.8 €V) light sources.

—T T T —T

PVA

hv/eV
16.8

1.7
E/ev 0 2 4L 6 8 10
Fig. 5. Photoelectron spectra of poly(vinyl alcohol)
by Ne I (16.8 eV) and Ar I (11.7 eV) light sources.

TaBLE 1.

[Vol. 58, No. 3

5.8, and 7.0 eV, respectively. The values for PVA and
PVC are much lower than the present results, while
those for PVCz and PS are in good agreement with our
results (5.85 eV59 and 6.95 eV5? obtained with the pre-
sent instrument). Since the preparation of uniform
films was more difficult for PVA and PVC than for
polymers with aromatic pendants, we may conclude
that the data by Vilesov et al. are questionable for PVA
and PVC.

Pireaux et al. reported XPS data on the location of
the top of the valence band for some of these poly-
mers,!® but threshold energies derived from their
data with estimated work functions (Eit+¢ in
Table 6 of Ref. 10) are 0.5—2eV larger than the
present directly-measured values.

Method of Analyss. It is known that for molec-
ular solids, a solid photoelectron spectrum resembles
the gas-phase spectrum of the compound if a shift is
made in the ionization-energy scale.’® The similarity
indicates the preservation of the electronic structure of
a molecule in a solid, and that the photoemission from
a molecular solid can be regarded as the ionization of a
molecule in the solid. The shift can be attributed to
the stabilization of the molecular cation by the po-
larization of the surrounding molecules; hence, it
is called the polarization energy P.1:49 According to
an analysis of the contribution of molecules in the
bulk and at the surface, we already noted that
the bulk polarization energy can be evaluated as the
difference of the threshold energies of the gas and
solid phases rather than the difference in the peak
energies.49

In the case of a polymer solid, each chain corres-
ponds to a molecule in the above discussion. Thus,
the discussion regarding a photoelectron spectrum of a
polymer solid can be divided into that of (1) the elec-
tronic structure of an isolated chain and (2) the polar-
ization energy. The character of the occupied orbitals
and their relative energy difference is determined by
the former factor, while both factors affect the absolute
energy scale.

Figure. 6 illustrates our way of interpreting the
observed thresholds and spectral features. At first we

THE THRESHOLD IONIZATION ENERGIES OF VINYL POLYMERS (I/®) AND THE GAS PHASE

THRESHOLD IONIZATION ENERGIES OF THEIR “UNIT’’ COMPOUNDS (I3)

Compound I eV Assignment Unit compound I} (unit)/eV AlleVs®)
PE 8.5 backbone CH,CH, 11.79 3.2
PP 8.5 backbone CH,CH,CH, 11.19 2.6
PVF 9.2 backbone CH,CH,F 11.79 2.5
1,2-PBD 7.5 pendant CH,CH,CH=CH, 9.79 2.2
PVC 8.8 pendant ng, CH,;CH,Cl 11.09 2.2
PVA 8.0 pendant ng CH,CH,OH 10.39 2.3
PS 6.9, pendant CH,CH,C.H; 8.6 1.7

PP: polypropylene, PVF: poly(vinyl fluoride), 1,2-PBD: 1,2-polybutadiene, PVC: poly(vinyl chloride), PVA:

poly(vinyl alcohol), PE: polyethylene, PS: polystyrene.
a) Ref. 7a). b) Ref. 5a). c) Ref. 21a). d) Ref. 16.

€) Ref. 17. f) Ref. 18. g) AI=I*(unit)—I}*.
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Fig. 6. Schematic representation of the evolution of
the electronic structure of a vinyl polymer solid from
those of small units.

estimate the electronic structure of an isolated polymer
chain (e) from data for small related molecules, by
analyzing the effects of the following steps.

(I) The combination of a pendant with a short alkane
C:zHs to form a unit compound CH3CH2X, which is
the repeating unit of a vinyl polymer.

(II) The extension of an alkyl chain to form a “‘tad-
pole” compound CH3(CH2)=X.

(III) The attachment of other pendants to the chain to
form an isolated polymer chain.

The remaining difference between the estimated struc-
ture of an isolated chain and the observed results for a
polymer solid (f) is ascribed to the effect of

(IV) aggregation of chains to form a polymer solid.

Steps (I) and (II) jointly correspond to the inter-
action of a pendant and the principal (backbone)
chain, (III) to the interaction among pendants
through space or through the principal chain, and
(IV) to the interaction among chains. For small
compounds from (a) to (d) in Fig. 6, gas-phase
UPS spectra are available. Further, additional infor-
mation on the isolated polymer chain (e) and poly-
mer solid (f) are available from theoretical band
calculations?0-13 and XPS spectra,1® respectively.

In this analysis, we distinguish the ionization ener-
gies for the onset and peak of a band in a photoelec-
tron spectrum. In the gas phase, the peak energy for
the ionization from a MO corresponds to ionization
without a change in the molecular geometry, while the
onset corresponds to the ionization to a relaxed molec-
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ular geometry.2® When we assume Koopmans’ theo-
rem, the former corresponds to the orbital energy of the
MO.29 Thus, peak energies are more suitable for dis-
cussing the evolution of the electronic structure of a
molecule. However, bands originating from different
MO’s often overlap and no clear peak can be observed,
as in some of the compounds studied here. In such
cases, we can still discuss the change in the electronic
structure using onset energies, assuming that the
onset-peak energy separation changes little among
similar molecules. In the solid spectrum, on the other
hand, the physical meaning of the peak energy is
ambiguous owing to various mechanisms of peak
broadening.4>-9 Further, no clear peak can be observed
for some of the polymers studied here. Fortunately,
however, the polarization energy is obtained as the
difference between the thresholds of gas and solid
states, as described above. Thus, we don’t need the
peak energies in order to evaluate the intermolecular
effects.

Taking account of such a situation, we will mainly
use the onset energies in the following analysis, but
will also use peak energies when they are available and
useful. We denote the threshold (adiabatic) ionization
energies of a tadpole compound and a polymer chain
as I3(tadpole) and IZ(polymer), respectively. As mate-
rials for discussion, Table 2 lists the data?? for small
alkanes with corresponding pendants, i.e. the ioniza-
tion energies of the highest occupied orbitals among
(1) orbitals localized on the pendant (I:), and (2)
orbitals delocalized over the chain (I2).

Electronic Structure of an Isolated Chain. A diffi-
culty in the analysis of step (I) for the small pendants
studied here is the choice of a compound embodying
the “pendant” X. For larger pendants such as aro-
matic ones, the attchment of an H atom to X has little
effect on the electronic structure of the molecular
orbitals, and HX is a natural choice. For small X,
however, an H atom strongly affects the electronic
structure of HX. Therefore, we will not discuss pro-
cess (I) in detail and will start from CH3CH:zX,
although we also list the threshold ionization ener-
gies of HX2V in Table 2. This difficulty is the
reason why we listed [g(unit)’s in Table 1.

The effect of chain extension (II) can be estimated by
examining the dependence of the ionization energies
on the carbon number n. As shown in Fig. 7, the
ionization potentials of normal alkanes form a good
linear relation with 1/n. The decrease of Iz with n is
due to the delocalization of the highest o orbital. Also
the first vertical ionization energies of alkyl alcohols
from CeHs0H (1/n=0.5) to n-CsH1s0H (1/n=0.125)21
are also linear with 1/n within 0.03 eV. This corre-
sponds to a change of the inductive effect to the Og,
lone pair orbital. These empirical relations suggest
that we can estimate the threshold ionization energy of
a tadpole compound by extrapolation to 1/n=0 with a
probable error of =0.1 eV. Such plots are shown by
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TABLE 2. IONIZATION ENERGIES OF ONSETS OF ORBITALS LOCALIZED ON PENDANT GROUP (I;)
AND DUE TO PRINCIPAL CHAIN (OR CHAIN-PENDANT BOND) (I,) OF SUBSTITUTED ALKANES
CH,CH,- CH,CHX- CH,CH,CH,- CH,XCH,- CH,XCH,-
-X HX  CH,CHX cp’x *  cH| CHX = = X H,
-H L/eV 15.43% 11.65% 11.07» 11.07 10.632 11.65% 11.072
-CH, LjeV 12.982 11.072 10.63» 10.55» 10.35% 10.63% 10.35»
-F I /eV 16.059 15.39 14.79 — — — —
L/eV — 11.79 11.30 — — — —
-CH=CH, I,/eV 10.519 9.79 9.40 9.58) 9.40 9.3m 9.1®
I,/eV — 11.39) 10.80 — 10.69 10.7m 10.7w
-Cl IL/eV 12.759 11.09 10.79 10.79 10.69 11.19 10.99
L/eV — 12.59 11.89 12. 19 11.49 13.1Y 12.3Y
-OH I/eV 12.629 10.39 10.19 10.09 10.0Y 10.39 9.9
L/eV — 11.69 11.39 11.09 11.0v 11.89 11.4
~CeH; I, /eV 9.259 8.69 8.69 8.69 8.6% 8.70 —
L/eV — 10.8» 10.79» 10.7% 10.49 10.79 —
a—j) Ref. 21. Values were read from reported photoelectron spectra unless an explicit value was given in the
reference.
TaBLE 3. IONIZATION ENERGIES OF NORMAL ALKANES, v
METHYL SUBSTITUTED ALKANES, AND CYCLOALKANES I/ev X =-CH=CH
2
[Normal] [Branched]
Compound L/eV Compound LfeV
CH,CH,CH, 11.07» CH,CHCH, 10.55»
|
CH,
CH,CH,CH,CH,; 10.63» CH,CHCH,CH, 10.30»
CH,
CH,(CH,),CH, 10.35» CH,CHCH,CH,CH, 10.09»
CHj,
cyclohexane 9.889  methylcyclohexane 9.86®
a) Ref. 21a). b) Ref. 21b). c) Ref. 22.
IleV X=-CH 1/n
3 Fig. 8. Dependence of onset ionization energy I of
12 F monovinyl-substituted n-alkanes on the reciprocal of
the chain carbon number n. 1: onset of 7 ionization
(I, ), 2: onset of principal chain ionization (I,, O),
and 3: I of unsubstituted alkanes from Fig. 7 as a
reference. Values of I, (M) and I, (@) of 1,3-di-
1 1 substituted propane are also shown.
real lines 1 in Figs. 7—10 for X=CH3s, -CH=CH3, -Cl,
and -OH, respectively. The plot for X=F was impos-
10t 1 sible owing to a lack of data. By assuming a linear
7 relation between Iz and 1/n also, we see that there will
T’ be no crossover between I; and Iz in a tadpole com-
pound, with X=Cl being a case that is a little
9 L e T ambiguous.
o o1 02 0'3” 04 05 06 The further introduction of pendants will affect the
. o . electronic structure through (1) the inductive effect
Fig. 7. Dependence of the ionization potential I, of

normal alkanes (2, ®) and their methyl-substituted
derivatives (1, O) on the reciprocal of the chain carbon
number n. The value of 1,3-disubstituted propane is
also shown (@).

and (2) the interaction among pendants. The details of
these effects depend on the polymers, so we will now
discuss each polymer.

Polyethylene (PE) and Polypropylene (PP): There are
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Fig. 9. Dependence of onset ionization potential I of
monochloro-substituted normal alkane on the reciprocal
of the chain carbon number n. 1: Cly, ionization
(I;, (J), 2: principal chain ionization (I,, O), 3: I
of unsubstituted alkanes as a reference. Values of
I/, (W) and I, (@) of 1,3-disubstituted propane are
also shown.

I/ev X=-OH

-
-

Fig. 10. Dependence of onset ionization potential I of
monohydroxy-substituted normal alkanes on the re-
ciprocal of the chain carbon number n. 1: Oy
ionization (Z;, (1), 2: principal chain or C-O bond
ionization (I, O), 3: I of unsubstituted n-alkanes
(----) as a reference. Values of I, (B) and I, (@)
1,3-disubstituted propane are also shown.

only o-electrons in these polymers, and orbitals are
delocalized over the principal chain.

Table 3 lists the Io’s of methyl-substituted alkanes.
The values of monomethyl-substituted alkanes are
also shown in Fig. 7 (O). The latter are lower than
those of unsubstituted compounds (®), but the
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difference decreases with the increase in n and be-
comes almost zero for n—oo. Although the introduc-
tion of a second CHs group lowers the Iz for n=
3 (@) a little, band calculations of isolated chains
of PE and PP give a negligible difference between
the orbital energies of the HOMOs.1® Such an
insensitivity to the CHs substitution can be un-
derstood when we consider that (1) the attachment
of a CHs group does not affect the range of
delocalization of the HOMO on the whole chain, and
(2) the CHs group has almost no inductive effect to
alkyl chain.

Therefore, we can expect the BE(polymer) of PP
to be the same as [(tadpole). The latter can be
estimated to be 9.6 eV from the extrapolation in Fig.
7 to 1/n=0. A similar extrapolation for PE gives
3(polymer)=9.4eV, which is indeed similar to
that of PP.

Poly(vinyl fluoride) (PVF). Band calculations0-12
and XPS19 show that Fg, orbitals have higher ioniza-
tion potentials than o orbitals derived from atomic
orbitals of carbon and hydrogen. This tendency has
already been seen for compounds listed in Table 2.
The increase in the length of the alkyl chain seems not
to change this situation because of the large difference
between I1 and I2. Thus, we can expect that the highest
occupied orbital is a delocalized one over the principal
chain as in the case of PE and PP. The ionization
potential of fluoroalkanes in Table 2 are higher than
those of corresponding alkanes due to the inductive
effect of the fluorine atom. Thus, we expect a higher
A(polymer) of PVF than those of PE or PP. Un-
fortunately, the data of small related compounds are
not sufficient for making a quantitative estimation of
3(polymer).

1,2-Polybutadiene (1,2-PBD):  For this polymer, there
is a double bond in the side chain with 7 electrons
localized in it. It determines the value of I,. The
right-hand peak in the spectrum for hv=10.33 eV (Fig.
3) should correspond to this orbital, since such a dis-
tinct peak does not appear in the spectra of PE.7

The effect of introducing more than one vinyl group
can be seen in CH2=CH(CH32)sCH=CH: (B, @ in Fig.
8) in which the number of carbon atoms between the
pendants is the same as in the polymer. As seen from
the vertical ionization energies listed in Table 4, the
interaction of the two vinyl groups results in a split-
ting of 0.4eV between the 7 ionization energies of
CH2=CH(CH3)3CH=CHg, while their centroid does not
shift from the 7 ionization energy of CH3(CHz)2CH=
CH2. This means that the inductive effect of the vinyl
group is small, and only the n-xz interaction is impor-
tant. The change of Iz by the inductive effect is also
very small. As a result, I; is more decreased than Iz and
the I3(polymer) is determined by the 7 orbitals.

The effect of n-n interaction in an isolated infinite
polymer chain can be evaluated by a simple theory of a
one-dimensional chain with only the nearest-neighbor
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TaBLE 4. VERTICAL I0N1ZATION ENERGIES oF CH;CH,CH,X anp XCH,CH,CH,X (N eV)

X CH,CH,CHX XCH,CH,CH,X Splitting Shift
1, I In In—I (hi+In)[2—1y
CH-=CH, 9.7 9.5,» 9.9,» 0.4, 0.0,
Cl 10.849 11. 1,0 11.5;9 0.3, 0.4,
OH 10. 449 10.2,® 10.9y® 0.6, 0.0
a) Ref. 20f). b) Ref. 20h). c) Ref. 16. d) Ref. 20i). e) Present results.

interaction 8 among the units. According to this for-
malism, the splitting for a dimer is 28 and the energy
spread for an infinite chain is 48, which is symmetric
with respect to the energy of one unit.2? Therefore, the
lowest ionization potential in the infinite chain
should be lower than that of one unit by the amount of
the splitting in the dimer. Assuming the same amount
of decrease in the threshold ionization energy as that in
the peak energy, we can expect that the value of I}
(polymer) is 0.4eV smaller than I(tadpole), which
can be estimated to be 9.1 eV from the extrapolation
in Fig. 8. This gives A(polymer)=8.7 eV.

Poly(vinyl chloride) (PVC): The values of I, are
determined by the two Cls, lone pairs. In the He 1
spectrum, three features at Ex=11.0, 9.0, and 6.5eV
(I,=10.2, 12.2, and 14.7 V) can be clearly seen. These
features were also observed in the reported XPS spec-
trum,1® with a good agreement of intervals. They
should be due to the Cl atoms.

The effect of multiple Cl-substitution can be exam-
ined as in the case of 1,2-PBD using the ionization
potentials in Table 4. Similar to 1,2-PBD, the intro-
duction of the second Cl atom in CH3CH2CH2Cl gives
a splitting of 0.4eV in the Cls, lone-pair bands.
Unlike 1,2-PBD, however, the large inductive effect of
the Cl atoms raises the centroid of these bands by
0.5 eV from that of CHsCH2CH2Cl. As a net result of
these conflicting effects, I1 is even increased by 0.3 eV
(B in Fig. 9). On the other hand, I2(@®) experiences
only an inductive effect, and is significantly increased
(=0.5¢V).

With the simple theory described for 1,2-PBD, the
interaction among the lone pairs in an infinite PVC
chain will lower the Cls, ionization energy by 0.4 eV
relative to that of CH3(CHz2)=Cl. The inductive effect
will not change the centroid of the Cl 3p levels signifi-
cantly from that in CI(CH2)sCl by further CI-
introduction, judging from the small change of
ionization energy from CH2CICH2Cl (11.41 eV)!® o
CHCI:CH2Cl (11.48eV)® and CCIsCH2Cl (11.45
eV).1® With these conflicting effects, we expect that
I, will change only a little (=0.1 eV increase) from
CHj3(CHz2)<Cl to {CH2CHCIl¥». The value of Iz will be
increased by an inductive effect. With these values and
the extrapolation of the lines in Fig. 9 to 1/n=0, we see
that the HOMO of the polymer is derived from the Cls,
lone-pair orbitals with I (polymer)=I(tadpole)=
10.3eV. The peak at I=10.2eV in Fig. 4 should

correspond to this. This assignment agrees with that
from XPS.19 For deeper levels, contributions from
lone pairs, C-Cl bonds, and alkyl chains overlap and
form peaks of I,=12.2eV and 14.7eV. Since these
peaks do not appear in the spectrum of PE, we will
tentatively follow the assignments by Pireaux et al.19
to lone pair and C-Cl bonds, respectively.

Poly(vinyl alcohol) (PVA): There are two Og, lone
pairs per oxygen atom, which determine the value of
I.

The way of discussing the effect of the multiple
introduction of OH groups is the same as those for
1,2-PBD and PVC, but we must pay attention to the
effect of possible hydrogen bonding.2¥ Such hydrogen
bonding should lead to a larger interaction than the
usual van der Waals interaction. As for the intramo-
lecular hydrogen bond, the data of HO(CHz)sOH in
Table 4 indeed gives a large splitting of 0.6¢eV for
orbitals. The inductive effect of the new OH group is
small (0.1 eV increase) for both the mean ionization
energy of such a split pair and I (Table 4). With a
similar discussion as for 1,2-PBD and PVC, we can
estimate a decrease of I, by 0.6 eV from CH3(CH 2)-OH
to { CH:CHOH}.

In the case of an intermolecular hydrogen bond, the
inductive effect by the OH groups in the same chain
will remain small, but the intramolecular Oz,—Oz2p
interaction should be smaller than for the case of an
intramolecular hydrogen bond. Instead, the intermo-
lecular interaction of OH groups should cause a
lowering of the ionization potential comparable to
that from methanol (10.96eV) to methanol dimer
(10.42€V).29 Although this is not an intramolecular
effect, the total difference between I (tadpole) and 1"
should be similar to that in the case of an intramo-
lecular hydrogen bond.

In any case, the ordering of I; and Iz in a polymer
chain is not changed from that in CH3(CHz2)~OH esti-
mated by the extrapolation in Fig. 10, and Og, lone
pairs will form the HOMO. Pireaux et al.!® made the
same assignment from XPS. The estimated value of I
(tadpole)=9.7 eV gives 2 (polymer)=9.1 eV for a poly-
mer chain with intramolecular hydrogen bonds.

Polystyrene (PS): As seen above, the highest occupied
states of 1,2-PBD, PVC, and PVA are rather localized
on a pendant group, in contrast to the case of PP and
PVF where the highest occupied orbital is delocalized
over the principal chain. A hole in the cationic state of
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aromatic-pendant vinyl polymers is also known to be
localized in a pendant group.® Therefore it is interest-
ing to compare the present results described above
with those of aromatic-pendant polymers.

We will examine polystyrene (PS) as a typical exam-
ple. In PS, the highest occupied orbital gives a much
smaller ionization energy (/1) than that of the princi-
pal chain (I2), as in most other aromatic-pendant poly-
mers. Further, I; does not depend on the length of
alkyl chain as shown in Fig. 11. Similar insensitivity
to the size of alkyl group can be also seen in the
small difference between N-ethylcarbazole and N-
isopropylcarbozole.2® Such an independence of the
chain length is different from the tendency observed
for the polymers studied above. This small interaction
should be a result of the large difference in energy
between 7 and o orbitals and the small difference in
electronegativity between the chain and the pendant.
Another difference is an almost negligible interaction

3
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Fig. 11. Dependence of onset ionization potential I of
monophenyl-substituted normal alkanes on the re-
ciprocal of the chain carbon number n. 1: z ionization
I, (), 2: ¢ ionization (I,, O), 3: I of unsubstituted
n-alkanes as a reference. Values of I, (ll) and I,
(@) of 1,2-disubstituted ethane are also shown.
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between the aromatic rings as seen in the small dif-
ference of I; values for ethylbenzene and bibenzyl
in Table 2.

The value of It» is thus determined almost solely by a
pendant phenyl group. In this sense, the picture of the
ionizatipn of one chromophore is more adequate in
the aromatic-pendant polymers than in the other poly-
mers studied here. As a result, both (tadpole) and
E(polymer) are expected to be the same as the
threshold of ethylbenzene (8.6 eV).

Polarization Energies. Table 5 lists the esti-
mated values of E(tadpole), Ii(polymer), and the
polarization energy as the difference Ii(polymer)—Ith.
It also lists the refractive indices np?® as a
guide for the polarizability. Possible errors of P is
+0.3eV for PE, PP, and PS, while those for 1,2-
PBD, PVC, and PVA should be larger (say, +0.5
eV), mainly due to the uncertainty about the con-
formational dependence of the pendant-pendant
interaction. Thus, we cannot discuss the latter group
in detail. We only note that the value of the latter
group are within the range covered by those of the
former group.

On the average, these values are comparable or a
little smaller than the common value of 1.7 eV for aro-
matic hydrocarbons,4® while aliphatic hydrocarbons
have similar values. (Although PS hasa P=1.7 eV, itis
still smaller than the value 2.1 eV for benzene solid?).
A possible factor contributing to such a trend is the
polarizability of the molecules. The refractive indices
in Table 5 are comparable to those of aliphatic
solids,2” but smaller than those of aromatic hydrocar-
bons. (e,g, np of anthracene for the three optical axes
are 1.550, 1.775, and 2.0439).

Further, we also note two differences of polymer
solids from molecular solids. (1) For some polymers,
the positive charge is delocalized in a long chain in
contrast to the localization in a molecule. At present
there is no satisfactory theoretical method of esti-
mating P for such a case. This situation may con-
tribute to the small P of PE and PP. (2) Even for a
localized positive charge, considerable part of the
medium surrounding the charge may belong to the
same molecule. Thus, the polarization effect from
other molecules will be smaller than for molecular

TaBLE 5. EsTIMATED VALUEs I¢(tadpole), I}(polymer) AND P

Polymer I} (tadpole) eV I} (polymer) /eV PleV ny
Polyethylene 9.4 9.4 0.9 1.545
Polypropylene 9.6 9.6 1.1 1.502
Poly(vinyl fluoride) — — — 1.45»
1,2-Polybutadiene 9.1 8.7 1.2 1.519
Poly(vinyl chloride) 10.3 10.3 1.5 1.54—1.55%
Poly(vinyl alcohol) 9.7 9.1 1.1 1.49—1.53»
Polystyrene 8.6 8.6 1.7 1.59

a—c) Ref. 29.



898 CHEeN S. X, K. Seki, H. INokucHl, S. HasaiMoTo, N. Ueno, and K. Sucita

5o seny 8%

Bt Iitadpole)  ISpolymer) 12

2- |
i
1" -
T o—0,
10 - GI) nl |
S~ PVF
9- ?\’\' PVC
A — %%PE, PP
8- \g PVA
® 1,2-PBD
7- I PS

Fig. 12. Change of threshold ionization energy (in eV)
from unit compounds to polymer solids.

solids. This may contribute to make the P of PS
smaller than for benzene.

Summary of the Evolution of the Electronic Structure.
Fugure 12 summarizes the change of threshold ion-
ization energy from the unit compounds to polymer
solids. As stated above, the estimated values might
not be very accurate, in particular for 1,2-PBD,
PVC, and PVA. Nevertheless, Fig. 12 clearly shows
how a change of thresholds depends on the class
of polymers.

For polymers with the HOMO delocalized over the
principal chain, an extention of the chain length
decreases the threshold energy effectively by delocaliza-
tion, as seen in PE and PP. Although we could not
make a quantitative examination, compounds related
to PVF should also follow this trend. This delocaliza-
tion is the reason for the larger values of 41 for PE, PP,
and PVF in Table 1 than the other polymers. The
introduction of methyl groups into a polymer chain in
PP does not affect the thresholds, but we can expect
some inductive effect by pendants with a very different
electronegativity from carbon, (e.g. X=F). Such an
inductive effect should be the main reason of the much
larger It» of PVF than that of PE and PP. Similar large
I»’s were also found for other fluoropolymers.3? As
seen in Table 5, the polarization energies of these poly-
mers are a little smaller than those of other polymers.
It may be partly due to the extended distribution of the
positive charge over the chain.

In polymers with aromatic pendants, represented by
PS, neither a chain extension beyond CH3CHz2X nor a
pendant-pendant interaction affects the threshold.
This fact comes from the well-localized nature of the
hole, and makes 41 smaller than those of the other
polymers in Table 1, although the polarization energy
is a little larger than for the other polymers.

Other polymers with small nonaromatic pendants
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(1,2-PBD, PVC, and PVA) show an intermediate behav-
ior between the two classes of compounds described
above. A chain extension causes a small decrease in
the threshold energy, owing to the inductive effect of
the alkyl chain. The introduction of many pendants
also results in some change, but its magnitude and
sign depend on a balance between the pendant-
pendant interaction and the inductive effect.

The above discussion shows that an analysis of the
change of ionization energy at the transition from a
unit compound to a polymer solid is a fairly complex
task. Even the inversion of the order of the threshold
energies happens among different polymers. Such a
situation is much more complex than for the case of
simple molecular solids, where the polarization energy
is the only origin of a lowering of the threshold energy
from a free molecule. However, as shown above, if the
analysis is properly made, it gives a deep insight into
the electronic structure of polymers.

We also note that a group of polymers with an inter-
mediate delocalization is new in UPS studies regard-
ing polymers. The polymers so far studied could be
classified into two extreme cases where the HOMO is
either well delocalized (PE and fully conjugated pol-
ymers such as polyacetylene and (SN)x)® or well local-
ized (vinyl polymers with aromatic pendants® and
poly(p-phenylene-ethylene,® where benzene rings are
in the principal chain). The present study shows that
the degree of delocalization of the cationic state covers
a wide range from almost complete localization to
extensive delocalization.

The authors express their sincere thanks to Dr. Y.
Achiba for the measurement of the photoelectron spec-
trum of 1,3-propanediol, and to Dr. N. Sato, Prof. J.
Delhalle, and Prof. K. Ishii for helpful discussion.
Chen Shang Xian is indebted to Yamada Science
Foundation for financial support.
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