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Abstract: He 1 photoelectron spectra have been obtained for 1,4-benzoquinone (PBQ) and some selected derivatives. A correla
tive study, which is based on the vibronic characteristics of the various ionization events and on the differential sensitivities of 
these events to chemical substitution (usually methylation, fluorination, or chlorination) on the benzenoid ring, leads to an MO 
assignment for the low-energy ionization regime. The assignment for PBQ, in order of decreasing MO energy, is n_ > n+ > 
w® > 7T_; that for tetrafluoro-1,4-benzoquinone (TFPBQ) is n+ > n_ > 7r_ > irffi. The perfluoro effect on PBQ induces shifts 
of the n orbitals which are ~1 eV. The perfluoro shifts of the ir orbitals are somewhat smaller than those of the n orbitals. 
CNDO/2 computations provide uniformly poor agreement with the experimental data and retain no assignment utility unless 
used in a perturbative sense. 

The topmost, filled molecular orbitals (MO's) of 1,4-ben
zoquinone (p-benzoquinone or PBQ) consist of two "lone pair" 
n MO's and two "delocalized" x MO's. These four MO's, as 
calculated using the CNDO/2 algorithm,2 are shown in Figure 
1. The ± subscripting on n refers to the phasing of the 2p^ AO's 
on the two oxygen atoms. The subscript on x® (Read: "pi circle 
plus") denotes the phasing of the carbon-carbon double bonds 
and implies that the MO has significant x amplitude on the 
oxygen centers. The meaning of the x_ notation is self-evi
dent. 

The He I photoelectron spectra (UPS) of PBQ and several 
of its derivatives have been reported.3"5 Turner and co-work
ers311 have assigned the two n ionization events to the first UPS 
band in the 10.0-10.5-eV region (see Figure 2). Unfortunately, 
they cited no reasons for this assignment. Brundle and co
workers,313 during the course of their investigation of the 
"perfluoro effect", made a tentative assignment of the UPS 
of both PBQ and tetrafluoro-1,4-benzoquinone (TFPBQ). 
These latter assignments for PBQ, cited, per Koopmans' the
orem,6 in an MO energy basis, are: nu(n+) > X4(x©) > X3(x_) 
> ng(n_). The corresponing assignments for TFPBQ imply 
that the perfluoro effect shifts the n MO's to higher binding 
energy by ~ 5 eV—an amount which is clearly too large. 

Cowan and co-workers4 performed extended Hiickel cal
culations on PBQ and assigned the MO's in the 10-11.5-eV 
UPS region as n_ > X4(x©) > n+ > X3(x_). On this basis, the 
experimental splitting An = n_ — n + is 0.9 eV for PBQ. Ko-
bayashi5 reported the UPS for PBQ, toluquinone (TQ), and 
2,5-dimethyl-l,4-benzoquinone (25DMPBQ). On the basis 
of CNDO/2 calculations and certain empirical judgements, 
Kobyashi5 concluded that the MO order for PBQ was that 
obtained by Cowan et al.4 The net result of these last two works 
is that semi-empirical calculations of both the extended Hiickel 
and CNDO/2 type produce an identical MO order for 
PBQ. 

The purpose of the present work is to make an empirical 
assignment of the UPS of PBQ. Toward this end, we have 
studied the photoelectron spectra of PBQ and certain of its 
derivatives. The vibronic structure of UPS bands and substi
tution effects, particularly those produced by ring methylation, 
are used to correlate the UPS bands of different molecules. 
MO calculations are used sparingly and only in a perturbative 
sense: The electron densities on the various atom centers of 
PBQ, for example, may suggest that certain differential effects 
will be produced by substitutions of different types. 

Experimental Section 

The He i photoelectron spectra of PBQ, TFPBQ, 25DMPBQ, 
tetramethyl-1,4-benzoquinone (TMPBQ), tetrachloro-1,4-benzo

quinone (TClPBQ), 2,3-dichloro-5,6-dicyano-l,4-benzoquinone 
(DClDCNPBQ), 1,2,4,5-tctrachlorobenzene (TClBz), and hexa-
chlorobenzene (HClBz) were obtained on a Perkin-Elmer PS-18 
photoelectron spectrometer. Resolution was 25 meV or better at the 
start of each spectral run. Xe and Ar were used as internal standards 
for calibration. The samples were obtained from commercial sources 
and were purified by vacuum sublimation. The temperature during 
each spectral run was maintained constant to within ±2 0C for those 
compounds that required heating to obtain enough vapor pressure to 
record a spectrum. 

Semiempirical quantum chemical calculations were performed 
using the CNDO/2 routine.2 Geometrical parameters were taken 
from electron diffraction data7 for PBQ and benzene and form crys
tallography data7 for 25DMPBQ, TMPBQ, TCIPBQ, TCIBz, and 
HClBz. The geometrical parameters used for TFPBQ, 2,5-difluoro-
1,4-benzoquinone, and DCIDCNPBQ are also listed in ref 7. 

Results and Discussion 

A. 1,4-Benzoquinone (PBQ), 2,5-Dimethyl-l,4-benzoquinone 
(25DMPBQ), and Tetramethyl-l,4-benzoquinone (TMPBQ). 
The UPS of the low-energy region of PBQ, 25DMPBQ, and 
TMPBQ are shown in Figure 2. The ionization energies, vi
brational frequencies, and assignments are listed in Table I. 

The equal cross sections (i.e., relative band areas) of the two 
low-energy ionization bands in PBQ suggest that each band 
contains two ionization events, that is, one half of the total of 
four ionization events expected in this region. The origins of 
events /(1) and /(3) are quite intense and sharp and, as ex
pected, the accompanying vibronic transitions are of much 
lower intensity. The second transition within each band is more 
diffuse: 1(2) is somewhat structured and possesses a definite 
vertical transition at 10.29 eV, while /(4) is unstructured and 
partially hidden under /(3). 

Inspection of Figure 1 suggests that methylation of PBQ will 
destabilize the x orbitals, particularly x_, more than the n 
orbitals, since the methylation occurs directly onto the car
bon-carbon double bonds. The two bands comprising the 
low-energy region of PBQ converge as one proceeds toward 
TMPBQ. The decrease PBQ — DMPBQ is AIM/2 =- 0.2 eV 
and DMPBQ — TMPBQ is AIM/2 =* 0.2 eV, where AIM/2 is 
the total spectral half width of any spectrum of Figure 2. This 
observation suggests that the two x-orbital ionization events 
are contained in the second UPS band (i.e., that /(3) and /(4) 
of PBQ are / (x) events). 

The vibrational structure attributed to /(3) in PBQ is re
tained in /(4) of both 25DMPBQ and TMPBQ, and provides 
an unambiguous correlation of these ionization events. If we 
retain our initial assumption (i.e., that both the x ionizations 
are contained in the second UPS band of PBQ), the inversion 
of orbital ordering which is suggested by the spectral data of 
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Table I. Vertical Ionization Energies (eV)a of 1,4-Benzoquinone, 2,5-Dimethyl-l,4-benzoquinone, Tetramethyl-l,4-benzoquinone, and 
Tetrafluoro-l,4-benzoquinone 

/(D / (2 ) / (3) / (4) 

PBQ 
MO assignment 
y(D2h) 
J-Mb(Cm"1, ± 5 0 ) 

25DMPBQ 
MO assignment 
7(Gh) 
j-vib ( c m - 1 , ±50) 
TMPBQ 
MO assignment 
y(D2h) 
DvIb(Cm-1, ± 5 0 ) 
TFPBQ 
MO assignment 

i>„ ib(cm - 1 , ±50) 

9.99 
n_ 
b3g 

725» 
1500/ 
9.60 
n_ 

H 
1500 
9.25 
n_ 
b3g 

10.96 
n+ 

b2u 
1650 

10.29 
n+ 

b2u 

700 

9.50 
TT-

b | g 

11.21 
n-
b3g 

1350?* 

10.93 

b3u 

1600 

10.05 ±0 .1 
7T_ 

bg 

and n+ 
bu 

9.75 
n+ 
b2u 

11.3 ±0 .1 
IC-. 

b | g 

11.1 ± 0 . 1 

10.51 
7T© 

au 
1600 
10.02 

b3u 
1600 
11.53 

7T© 

b3u 
1700 

" All ionization events listed are ±0.05 eV unless otherwise indcated. The 7(point group) symbols refer to MO symmetries; the MO assignments 
are empirical and are largely based on the orbital pictures of Figure 1. * The question mark denotes our uncertainty as to whether the peak 
at 1 1.4 eV is either vibrational or the vertical component of the w- ionization event. 

® s 

n_ n. 

ITa 7T_ 
1 J 8 

Figure 1. Pictorial representations of the four highest energy occupied 
MO's of 1,4-benzoquinone (PBQ) as generated by QCPE 141, CNDO/2. 
The diameter of the circular lobe is proportional to the size of the atomic 
orbital coefficient. 

Figure 2 must originate in the IT- orbital of Figure 1: methyl-
ation must cause a larger destabilization of 7r_ than T9 because 
of the larger MO coefficients of the former on the centers of 
substitution. 

The n_/n+ orbital energy splitting, An, can be estimated 
from that observed in the saturated analogue of PBQ (i.e., 
1,4-cyclohexanedione4) for which An =* 0.15 eV. In any event, 
the An value in PBQ should not be larger than the 0.6-0.7-eV 
splitting found in 2,2,4,4-tetramethyl-l,3-cyclobutanedione4,8 

(TMCBD). Indeed, the value An = 0.3 eV for /(2) - /(1) in 
PBQ seems to be quite reasonable. 

The band shapes in PBQ, if/(1) and /(2) are assigned as the 
n-orbital ionization events, match those for TMCBD. In PBQ 
and TMCBD, the /(1) events exhibit a coincidence of adiabatic 
and vertical transitions, and similar vibrational structures. The 
7(2) events of PBQ and TMCBD are more nearly Gaussian, 
the vertical and adiabatic transitions being relatively well 
separated. 

The methylation of PBQ to yield 25DMPBQ causes /(2) 
and 7(3) of 25DMPBQ to meld into an unresolved feature. 
Since /(1) and 7(4) of 25DMPBQ are uniquely correctable, 
on the basis of vibronic structure, with /(1) and /(3), respec-
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Figure 2. The expanded scale He I photoelectron spectra of 1,4-benzo
quinone, 2,5-dimethyl-l,4-benzoquinone, and tetramethyl-1,4-benzo
quinone. Vibrational spacings indicated on the spectra are listed in Table 
I along with the vertical ionization energies. 

tively, of PBQ, it follows that 7(2) and 7(3) of 25DMPBQ are 
related to 7(2) and 7(4) of PBQ. The two n MO's of 
25DMPBQ are destabilized relative to PBQ, n_ being more 
affected than n+, with the result that An increases to ~0.5 eV. 
This observation accords with conclusions drawn from Figure 
1: n+ has less electron density on the carbon skeleton and, 
hence, it should be influenced less by methylation than n_. 

All four ionization events are resolved in the UPS of 
TMPBQ. Since methylation has increased An to ~0.5 eV in 
25DMPBQ, and since methylation should also destabilize 7r_ 
more than either n+ or n_, the ionization events 7(2) and 7(3) 
of TMPBQ are best assigned as ir- and n+, respectively. Thus, 
on proceeding from PBQ to TMPBQ, the 7r_ orbital has gone 
from the most tightly bound MO to the second most loosely 
bound MO of the set. 

Further evidence in support of these assignments is provided 
by the additive effects of methylation. The additive effect8-9 
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Figure 3. Schematic of the ionization energy differences between corre
sponding orbitals for 1,4-benzoquinone, toluquinone,5 2,5-dimethyl-
1,4-benzoquinone, and tetramethyl- 1,4-benzoquinone (note that Ko-
bayashi's assignment5 for toluquinone has been altered to accord with the 
interpretation presented here). 
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Figure 5. CNDO/2 correlation diagram for tetramethyl-1,4-benzoquinone, 
2,5-dimethyl-1,4-benzoquinone, 1,4-benzoquinone, 2,5-difluoro-1,4-
benzoquinone, and tetrafluoro-1,4-benzoquinone. 
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Figure 4. UPS correlation diagram for tetramethyl-1,4-benzoquinone, 
2,5-dimethyl-1,4-benzoquinone, 1,4-benzoquinone, and tetrafluoro-
1,4-benzoquinone. 

of methylation on the n-orbital ionization energies of mono-
carbonyls is well documented. That such additivity should also 
be evidenced by such a symmetrical molecule as PBQ is not 
unreasonable. The M values for PBQ, TQ, 25DMPBQ, and 
TMPBQ are shown in Figure 3. The data of Kobayashi5 for 
toluquinone were used in constructing Figure 3 (Note, how
ever, that we have changed Kobayashi's assignments5 to accord 
with our own predilections). The A/(n) values remain rea
sonably constant: A/(n_) decreases whereas A/(n+) increases 
slightly with progressive methylation. 

The variations of I{TV~) and I(ir9) are also included in 
Figure 3. Although certainly not additive, the behavior of 
A/(ir-) is readily rationalized: methylation decreases the 
LCAO coefficients on carbon atoms by providing another 
center, the -CH3 group, on which the charge can "spread out", 
and by reducing the symmetry and, hence, allowing x_ density 
to appear on the carbonyl units. The resulting decrease in 
electron density on the remaining unmethylated carbon centers 
parallels, in a qualitative way, the observed decrease in AI(ir-). 
The behavior of A/(7r®) is puzzling: that monomethylation 
should produce a small effect, whereas substitution of a second 
methyl group should produce a much larger effect is not in
herent in the x® MO diagram of Figure 1. If, however, we 
neglect the TQ data and fixate on the series PBQ —* 
25DMPBQ — TMPBQ, it is found that A/(ir e) is roughly 
additive. 

Trommsdorff10 has also commented on the magnitude of 
the n-orbital splitting in PBQ. Trommsdorff analyzed the 
UV-vis absorption spectra of PBQ and derivatives. He con
cluded that a value An =* 0.2 eV for PBQ was reasonable, and 

1.0 12.0 
ENERGY (eV) 

Figure 6. The expanded scale He I photoelectron spectra of tetrafluoro-
1,4-benzoquinone, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, and 
tetrachloro-1,4-benzoquinone. Vibrational spacings indicated on the 
spectra are listed in Tables I and II along with the vertical ionization 
energies. 

he suggested that the previous assignment,4 for which An =* 
0.9 eV, should be reconsidered. 

Our conclusion concerning PBQ, 25DMPBQ, and TMPBQ 
are presented in the correlation diagram of Figure 4. The re
sults of the CNDO/2 MO calculations are shown in Figure 5. 
It is interesting that, whereas the calculated MO energies are 
particularly poor, the relative changes in orbital energies 
caused by substitution are more faithfully represented. In 
particular, the ir- MO is shown to be the most strongly affected 
by methylation. 

B. Tetrafluoro-1,4-benzoquinone (TFPBQ). The UPS of 
TFPBQ is shown in Figure 6. It is quite different from the UPS 
of Figure 2. This difference is probably responsible for the 
dearth of comment on this molecule. The sole assignment 
available is that of Brundle et al.,3b which relies on a perfluoro 
shift of A/(n) =a 5 eV—by far the largest such shift ever sug
gested. 

With the availability of reasonable, empirical assignments 
for PBQ and certain of its methyl derivatives, a starting point 
exists for the analysis of the UPS of TFPBQ. Our analysis of 
this spectrum is vested in three observations: (1) vibronic 
similarity of the /(4) band of TFPBQ with the ir® bands of 
PBQ, 25DMPBQ, and TMPBQ; (2) orbital energy shift pat-

Journal ofthe American Chemical Society / 99:10 / May 11, 1977 



3237 

Table II. Vertical Ionization Energies (eV)a of Tetrachloro-l,4-benzoquinone, 2,3-Dichloro-5,6-dicyano-l,4-benzoquinone, 
1,2.4,5-Tetrachlorobenzene, and Hexachlorobenzene 

TClPBQ 
MO assignment 
y(D2h) 
i>vib(cm-', ±50) 
DClDCNPBQ 
MO assignment 
T(C 2 , )" 

<Mb(cm"' ,±50) 

TClBz 
MO assignment 
l(D2h) 

1/VIb(Cm- ' , ± 5 0 ) 

HCIBz 
MO assignment 
y(D6h) 

ZMb(Cm-1, ±50) 

/(O 

9.90 
n_ 
b3 g 

1300 
10.58 

n_ 
b2 

120On 
or 

1450 ' 
9.20d 

X 

b i g 

320 J 
and 1 
1130 J 
9.31<" 

7T 

320| 
and I 
12101 

/(2) 

10.1 ±0 .1 
n+ 
b2u 

10.76 
n+ 
ai 

1200 ± 100 

9.67 
TT 

b2 g 

1250 

10.95 
nci 

/(3) 

11.20 
7T© 

bi 

11.21 
nCi 

1130 

11.06 
nci 

1210 

/(4) 

10.65 
7T- a n d 7Te 

b i g b 3 u 

11.4±0.1 
7T-

b, 

11.68 

11.67 

/(5) 

10.8 ± 0.1 

11.58 

1350 
and 
1750 
11.96 

11.90 

/(6) 

11.0 ±0 .1 

12.4 

12.15 

12.20 

/(7) 

11.8 

12.49 

12.35 

" All ionization energies listed are ±0.05 eV unless otherwise indicated. The y(point group) symbols are MO symmetry labels; the MO 
assignments are empirical and are based on MO pictures of Figure 1. The heavy mixing of the Cl "lone pair" orbitals with the PBQ orbitals 
renders the designations n+, n_, IT®, and 7r_ only approximately descriptive of the orbital composition in the chlorinated derivatives. h The 
symmetry axes devolve from Z)2/, —- C2,- as x — x, y• -*• z. and z — y. '' The 10.76-eV peak contains a shoulder at 10.73 eV. It seems apparent 
that one of these two entities is a vibrational member built on the 10.58-eV origin; thus, the vibrational listing as either 1200 or 1450 cm"'. 
J This value is one vibrational quantum of energy, 1130 cm"', higher than the value 9.06 eV reported by Streets and Caesar.12 '' This value 
is 1210-320 cm"' higher in energy than the 9.20-eV value reported by Streets and Caesar.12 

terns suggested by CNDO/2 computations2 and based on the 
empirical assignment of PBQ; and (3) band shape comparisons 
with TClPBQ and DClDCNPBQ. 

The UPS of the low-energy regions of TFPBQ, TClPBQ, 
and DClDCNPBQ are presented in Figure 6. The ionization 
energies and vibrational frequencies are listed in Table I for 
TFPBQ and in Table II for TClPBQ and DClDCNPBQ. The 
most noticeable feature of the UPS of TFPBQ is the vibra
tional progression o f ~ l 700 c m - ' beginning at 11.53 eV. We 
identify this feature with the 7rffl band of PBQ. This done, 
considerations of the relative cross sections (i.e., band areas) 
suggest that four ionization events are contained in the low-
energy region of TFPBQ. The structures at 10.76 and 10.96 
eV constitute one single electronic ionization event and are of 
interest because of the band shape, which is unusual and 
without precedent in either PBQ or the methylated PBQ's. An 
origin with a band shape reminiscent of n_ of PBQ appears at 
11.21 eV, and is so assigned. The remaining (or fourth) ion
ization event may be associated with the structure at 11.4 eV: 
while this structure may well be a vibronic feature built on the 
11.21-eV origin, it is important to note that relative band area 
considerations do indicate the presence of two ionization events 
in the 11.2-11.4-eV range. 

Some CNDO/2 results for PBQ, 25DMPBQ, TMPBQ, 
2,5-difluoro-l,4-benzoquinone and TFPBQ are presented in 
Figure 5. Since we know that the relative MO order produced 
by the CNDO/2 algorithm is incorrect for the first four MO's, 
as are the An and A7r splittings within each molecule, we will 
limit our use of Figure 5 to consideration of trends in the MO 
energies caused by substitution. For PBQ and its methyl de
rivatives, both the computational and experimental results 
indicate that all four orbitals are destablized by methylation, 
the TT- orbital being most sensitive. Fluorination is expected 
to stabilize all four orbitals. This expectation is borne out by 

computation (see Figure 5) for n_, 7r®, and n+, but not for 7r_. 
If we suppose that the computed pattern of shifts is valid, a 
comparison of the observed spectra of TFPBQ (see Figures 4 
and 6) and PBQ (see Figure 2) indicates that both the 7r_ and 
7T© events, and the n_ and n+ events, have undergone energy 
inversions. 

A comment on the use of the MO calculations is in order. 
Since the empirical correlations are fairly straightforward for 
PBQ, 25DMPBQ, and TMPBQ, and, to some extent, even for 
TFPBQ, we have chosen to invest primacy in them. The 
CNDO/2 results possess little utility but, where they do, they 
support the empirical assignments. We maintain that the re
sidual utility of the CNDO/2 results consists only of the rel
ative energy shifts between different molecules and not of the 
MO order or spacings within any one molecule. The one ob
vious exception to this perturbative use of CNDO/2 results is 
provided by the TT- orbital in the series PBQ —• 25DFPBQ -* 
TFPBQ: the 7r_ orbital does not destabilize upon fluorination; 
it simply stabilizes to a lesser extent than does IT® (see Figure 
4). 

The band shape of the lowest energy ionization event in 
TFPBQ has no precedent in any UPS spectrum discussed so 
far in this work. Consequently we have investigated the UPS 
of TClPBQ and DClDCNPBQ. The assignments for the two 
latter molecules will be presented in section C. Here, we con
tent ourselves with the observation that the n_ and n+ orbital 
ionization events correspond, respectively, to 7(1) and 7(2) in 
both TClPBQ and DClDCNPBQ. Very little can be learned 
from the band shape in TClPBQ. The spectrum of 
DClDCNPBQ, however, provides clear vibronic structure for 
the n+ event: two peaks occur at ~ 10.76 and 10.9 eV, the high 
intensity of the 10.76-eV peak being due not only to the n+ 
event, but also to a vibrational member associated with the n_ 
origin at 10.58 eV. (Note that even though 10.76 eV is the band 
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Figure 7. The He 1 photoelectron spectra of tetrachloro-1,4-benzoquinone 
and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. 
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Figure 8. The He I photoelectron spectra of 1,2,4,5-tetrachlorobenzene 
and hexachlorobenzene. 

maximum, a quite definite structure also occurs at 10.73 eV. 
Which of these two bands is most properly associable with the 
10.58-eV origin is not determinable.) 

C. Tetrachloro-l,4-benzoquinone (TClPBQ) and 2,3-Di-
chloro-5,6-dicyano-l,4-benzoquinone (DClDCNPBQ). The full 
He I UPS of TClPBQ and DClDCNPBQ are shown in Figure 
7. Cross section considerations, based on the assumption that 
the band at 11.8 eV in TClPBQ represents a single orbital 
ionization event, indicate that two MO ionization events occur 
in the band at ~10 eV, and that four such events occur in the 
band between 10.5 and 11 eV. For DClDCNPBQ, two MO 
ionization events are expected to lie within the structured band 
between 10.3 and 10.8 eV, three in the band from 10.9 to 12.0 
eV, and one under the band at 12.4 eV. Obviously, the low-
energy set of orbitals for these molecules consists of more than 
the two n and two x MO's pertinent for PBQ and TFPBQ. 

Another problem is provided by the heavy mixing of the 
chlorine lone pairs—both n and x type—with the low-energy 
MO basis set of PBQ. We will continue to use the n and 7r or
bital labels pertinent to PBQ and, as necessary, we will aug-

I3.0(-

Figure 9. Correlation diagram based on LPS data for benzene,1' tetra-
chlorobenzene, hexachlorobenzene, tetrachloro-1,4-benzoquinone, 1,4-
benzoquinone, and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone. 

ment this set with chlorine n and x lone pair MO's. However, 
this is merely a convenience tactic which, we hope, does not 
cause confusion. The mixing of the low-energy MO set of PBQ 
with CH3, F, and C=N orbitals is more or less negligible. 
Thus, the n_, n+, x©, and x_ nomenclature for PBQ, meth
ylated PBQ's, and TFPBQ is totally meaningful. In particular, 
the lack of mixing of the C=N orbitals of DClDCNPBQ with 
the low-energy PBQ set makes this molecule akin to a 2,3-
dichlorinated PBQ, at least insofar as the lower energy ion
ization events are concerned. Indeed, the highly electronegative 
nature of the C = N group should merely shift the low-energy 
MO ionization events of 2,3-DClPBQ to higher energy. 

No clear empirical correlations of the UPS spectra of 
DClDCNPBQ or TClPBQ with that of PBQ is feasible. 
Consequently, in order to better comprehend chlorination ef
fects, we have investigated the series benzene —»• 1,2,4,5-
tetrachlorobenzene (TClBz) —• hexachlorobenzene (HClBz). 
The topmost MO of benzene (D^h) and HClBz (approximately 
D(^h)1 are formally degenerate. The UPS of benzene" is 
known. The He I UPS of TClBz and HClBz are shown in 
Figure 8. The lowest energy ionization(s) in these molecules 
(9-11 eV) is (are) known12 to be x and to correspond to the eig 
MO of benzene, now heavily mixed with chlorine x type lone 
pair orbitals. 

The correspondence of interest in these molecules is the ef
fect of chlorination on the low-energy x orbitals. The as
sumption is made that the effect of chlorination on the low-
energy x MO's of benzene—whether stabilization, destabili-
zation, or a null effect—will be mimicked by similar effects 
of chlorination on PBQ. The empirical correlations of interest 
for the benzene series and the PBQ series are presented in 
Figure 9. The ionization data for TClBz and HClBz are listed 
in Table II. 

The correlations of Figure 9 are quite clear. The lowest en
ergy ionization event of benzene and HClBz are essentially 
identical. Additionally, two events, undoubtedly two Cl lone 
pair ionization events, occur at ~11 eV in HClBz. Conse
quently, the correspondences between PBQ and TClPBQ be
come almost self-evident. The further correlation with the 
DClDCNPBQ data merely confirms the assignments. The very 
electronegative C=N groups, while contributing no low-
energy ionization events of their own, delete one of the two 
"extra" ionizations expected for TClPBQ. The chlorine origin 
of the extra ionization events is thus demonstrated. 

CNDO/2 MO calculations were also performed on this 
same set of molecules. No correlation of the calculated and 
experimental data was obvious. The disparity of the two data 
sets was quite extreme. Hence, we can offer no computational 
support for the empirical correlations of TClPBQ and 
DClDCNPBQ. 
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Conclusions and Remarks 

The primary conclusions of this work are contained in the 
UPS data and assignments presented in Table I and II. That 
these assignments are empirical is their greatest strength. It 
appears that parametrization of the CNDO/2 program is to
tally inadequate for PBQ and all of its derivatives. 

From the absorption spectroscopic work of Trommsdorff,10 

we know the following: (i) that the Tn-77* transition occurs at 
20 060 cm-1 and the Tn+77* transition occurs at 20 315 cm-1; 
and (ii) that the exchange term, as measured by the singlet-
triplet splitting, is very small, ~200 cm"1, for both transitions. 
The energy splitting of the n_/n+ orbitals as determined here 
is 0.30 eV, while that for Tn+7T* - Tn̂ 77* is 0.03 eV. To a first 
approximation, the 0.27-eV difference between the orbital 
energy split and the optical transition split must be caused by 
differences of the Coulomb intergrals, Jn+7T* and Vn-Tr*- To be 
in accord with the experimental data, .Zn+71-* must be the larger 
of the two. Indeed, using the CNDO/2 generated LCAO-MO 
coefficients and a one-center approximation, we found Jn+77* 
to be larger than J„_w*. Thus, even a calculation at this crude 
level suggests that the energetic splitting of the ' Fn-77*/' Tn+77-* 
transitions should be less than that of the n_/n+ orbitals, in 
accord with experimental observations. 

This work, therefore, together with that of Trommsdorff, 
provides a very complete experimental determination of the 
electronic structure of PBQ. 

PBQ is a relatively small, very symmetrical molecule which 
is of considerable biological importance.13 Ab initio compu
tational efforts, therefore, would appear to be mandatory. Two 
such efforts, in fact, are available in the literature.14'15 Un
fortunately, the crystallographic molecular structure16 used 
in these computations differs considerably from the more re
cent electron diffraction7 structure. Despite this, the agreement 
of both sets of computed results with the absorption spectro
scopic data is very good; however, the ground state MO pre
dictions, namely 7rffi > n- > TT- > n+, are not in accord with 
photoelectron spectroscopy. 

Finally, we reemphasize that the UPS assignments pre
sented here do not accord with either semiempirical or ab initio 
computational results. The discord with semiempirical results 
is unfortunate and is undoubtedly correctable by reparame-
trization. The discord with the ab initio results may be a 
function of the nonoptimized, minimal basis-set nature of these 
calculations and the questionable geometry alluded to pre
viously. The calculations by Cederbaum et al.'7 on formalde
hyde suggest, however, that the breakdown of Koopmans' 
theorem may be more to blame. Nevertheless, it was this lack 
of computational support which provided the impetus for a 
rather complete empirical assignment. The calculated results 

of the vertical ionization energies for PBQ as per the method 
of Cederbaum et al.17 would be welcome. 
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