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Though this paper is formally focused on the tetrachloro-
ethylene (TCE) molecule, we were prompted in this direction 
by a consideration of the interesting spectroscopic and geo
metric problems presented by ethylene, the parent molecule. 
Consequently, we open with a brief discussion of the transition 
to the lowest Rydberg state of ethylene in order to present a 
proper frame of reference for an evaluation of the results on 
TCE. The key papers on the electronic excitations in ethylene 
are those of Wilkinson and Mulliken1-2 and the more recent 
analyses by Merer and Schoonveld3a and Foo and Innes.3b 

Reviews on the spectra of olefins can be found in ref 4 and 
5. 

The optical or electron-impact excitation of an electron from 
the w MO of ethylene (b3u) into the lowest Rydberg orbital, 
3s, displays a vibronic envelope very much like that observed 
in the photoelectron spectrum corresponding to ionization from 
the IT orbital.5 Thus it is clear that the 3s Rydberg orbital is 
essentially nonbonding as regards the core, and that the geo
metric changes are induced by the extraction of the electron 
from the TT orbital. Removal of an electron from the 7r MO has 
two direct consequences: (a) the C-C bond order decreases, 
and so a progression in the C-C stretch ( J^ ) is excited. This 
vibrational frequency decreases from 1623.3 c m - 1 in the 
ground state to 1368 c m - ' in the (TT, 3S) excited state, and si
multaneously the C-C distance expands from 1.338 to 1.41 A. 
(b) The decrease in C-C 7r-bond order on excitation dramat
ically decreases the force constant for torsional motion (i>4), 
such that its frequency drops from 1023 cm - 1 in the ground 
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state of ethylene-/^ to only 96 cm"1, and from 726 cm - 1 to 
only 41 cm - 1 in ethylene-^4. 

In the (7r, 3s) upper state of ethylene, the twisting potential 
is centered about the planar geometry (for V4 > 2 in the tor
sional mode C4), and so in the electronically allowed excitation 
the V4 vibrations can appear only as changes of double quanta, 
i.e., 0 —»• 2, 0 -* 4, 1 —- 3, etc. Even though allowed by sym
metry, such vibrations in general are not expected to be very 
intense, for, as explained by Herzberg,6 in the usual case where 
a vibrational frequency w" of ca. 1000 cm - 1 decreases by 20% 
or so upon excitation, but the potential curves are not displaced, 
99.4% of the Franck-Condon intensity remains at the origin, 
according to the formula 

/(0,0) = lyflJZf 

£/(0, v) 0' + w" 
V 

In fact, in the extraordinary case of ethylene, the double-
quantum excitation of v4' in the one-photon spectrum is quite 
prominent, and indeed the formula above predicts that, owing 
to the extreme reduction in vibrational frequency, only 56% 
of the intensity is found at the origin. Moreover, irregular in
tensities in these twisting doublets, as well as irregularities 
observed in their frequencies, also suggest a double minimum 
along the torsional coordinate in the upper state. Further ex
perimental and theoretical analysis7'8 confirms that in the 
upper level the ethylene molecule (and positive ion) is twisted 
by 25-30°, with a barrier height of 280 c m - ' . 
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Abstract: Hyperconjugation has been identified by Mulliken as the cause of nonplanarity in the (71-, 3s) Rydberg state of ethyl
ene. This nonplanarity is signaled by the highly abnormal contributions of the torsional mode to the one-photon vibronic spec
trum. The two-photon resonance to the corresponding excited state in tetrachloroethylene is observed to be much sharper than 
its one-photon counterpart, and vibronic analysis of it shows a near absence of torsional activity, consonant with a planar upper 
state and no hyperconjugative interaction. The two-photon polarization ratio as measured in the multiphoton ionization spec
trum is very close to zero (<0.05), as appropriate for a totally symmetric vibronic upper state. The major intensity-inducing 
vibrations in the two-photon spectrum (v\ { and v\i) have b3U symmetry, and the electronic origin is at 50 429 cm-1. 
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Mulliken offers an interesting explanation.8 Consider the 
2B3U positive ion in the valence-bond formulation as resonating 
between the two forms 

H 2 =C-C" 1 =H2 H 2 = C + - C = H 2 

Hyperconjugation could lead to further stabilization of the ion 
due to structures such as 

H 2 = C = C - H 2
+ ** H 2

+ - C = C = H 2 

except for the fact that in planar ethylene the two types of 
structure do not mix owing to symmetry. However, this re
striction is relaxed in the twisted ion, where the competing 
effects of C-C 7r-bond order, which favors a planar structure, 
and C-H 7r-bond order (hyperconjugation), which prefers a 
90°-twisted structure, equilibrate to produce a compromise 
dihedral angle of 30°. Since the optical electron in the (ir, 3s) 
Rydberg state is nonbonding, the argument given above for the 
positive ion is applicable to the Rydberg state as well. 

Recapitulating, the unusual activity of vj in the (ir, 3s) 
Rydberg state of ethylene arises from the huge decrease of 
torsional force constant upon excitation. In turn, this decrease 
is a consequence of the stabilization of the twisted configura
tion by hyperconjugation. 

The interesting questions as to the geometric and spectro
scopic situations in derivatives of ethylene have not been in
vestigated as yet. The reason in large part is that, with the 
heavier substituents, the torsional frequency drops consider
ably, and relatively highly resolved spectra (5-10 cm-1) are 
necessary for analysis, whereas the ir~»3s one-photon excita
tions of all substituted ethylenes5 are orders of magnitude 
broader than this. We have found, however, that the two-
photon resonance in TCE is sufficiently sharp for vibrational 
analysis. Depending upon the extent of hyperconjugation in 
this molecule, and focusing on the activity of vt, in the transi
tion, we expect either (a) a large fractional decrease of the 
torsional frequency in the Rydberg state (ca. 90%), together 
with prominent progressions of either double quanta of v$ 
(planar upper state) or single quanta of vt, (twisted upper state) 
of high anharmonicity, or (b) a modest decrease in the torsional 
frequency accompanied by a relatively minor role for it in the 
vibronic spectrum, with little v$ intensity away from the origin 
and modest anharmonicity. 

In the one-photon spectrum of TCE, Figure 1, we see that 
there is no hope of observing any v4 activity (expected to have 
a spacing much less than 100 cm -1 in the upper state). 
Studying this spectrum and the corresponding photoelectron 
band,9 one recognizes the long progressions in C-C stretching 
(v\'), to which are added quanta of the totally symmetric C-Cl 
stretch (^2')-10'" These latter stretches appear in the tetra-
halide spectra but not in that of ethylene itself because in the 
former the substituent 7r orbitals are mixed with the C-C x 
MO, whereas this cannot occur in ethylene. 

We turn instead to two-photon spectroscopy, as detected by 
th ree-photon ionization. In this technique, the output pulses 
from a nitrogen-pumped dye laser are focused into a cell con
taining the vapor of interest (ca. 10 Torr) and a pair of paral
lel-plate electrodes biased at 190 V. When the dye-laser fre
quency is scanned into two-photon resonance with the gas, the 
overall ionization cross section rises dramatically as measured 
with an external electrometer and the "multiphoton ionization" 
(MPI) spectrum, resonant at the second photon, results.12 

In ethylene and TCE, the transition in question is 7r—*3s 
(b3U — ag), and is one photon allowed, two photon forbidden. 
In this situation we rely on vibronic allowedness to produce the 
two-photon spectrum. In TCE the possible intermediate states 
for the two-photon 7r-*3s excitation are shown in Scheme I 
with the allowing vibrations shown above the arrows repre
senting the absorption of the second photon. All three of these 
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Figure 1. The one-photon absorption spectrum of TCE recorded with a 
spectral slit width of 30 cm-1. 
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intermediate states followed by nine choices of u-type vibronic 
enhancement are a priori candidates; however, the b2g inter
mediate seems most likely on intensity grounds, though b|g 
(C-Cl a*) may be energetically competitive since the tv^-a* 
A bands are apt to be low lying.5 Of course, any number of 
these paths may be operating simultaneously. With the change 
in selection rules, the two-photon spectrum of ethylene itself 
also would be of interest, but at present it is beyond our spectral 
range. 

There is a striking difference between the one-photon 
spectrum presented in Figure 1 and the two-photon spectrum 
of TCE shown in Figure 2. The latter is richly structured and 
shows no intensity in the region of the one-photon origin (ap
proximately 50 400 cm - ' ) . The absence of the origin is to be 
expected but the narrowness of the lines in the MPI spectrum 
is surprising considering their appearance in the one-photon 
spectrum. Admittedly, the spectral bandwidth of the spec
trometer used to generate Figure 1 was only 30 cm-1, whereas 
that used for Figure 2 was approximately 1 cm-1. Jt is obvious, 
nonetheless, that the natural widths of the bands in the one-
photon spectrum are orders of magnitude larger than those in 
the two-photon spectrum. 

Table I lists the frequencies of the major transitions and their 
assignments. Not shown in Figure 1 is the region from 3750 
to 3590 A, which was broad and only very weakly structured. 
The intricacy of the TCE spectrum comes in part from the fact 
that more than one allowing vibration is present. Each serves 
as a false origin, being decorated with sequences, progressions, 
and hot bands in the totally symmetric vibrations. Thus the 
region 3760-3950 A in Figure 2 appears to be the superposition 
of several identical spectra displaced from one another by the 
differences in the excited-state frequencies of the allowing 
vibrations. 

The three-photon ionization potential wavelength of TCE 
is 3982 A. At longer wavelengths, four photons are required 
for ionization and thus the possibility exists for one-photon 
ionization from a three-photon resonant state. This process is 
expected to be much weaker than a two-photon-resonant/ 
one-photon ionization. We believe that the relatively broad 
bands which intrude on the sharp spectrum above 3982 A are 
due to such a three-photon resonant state lying just below the 
ionization potential. Note the increased sensitivity required 
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Figure 2. Intermediate resonances in the MPI spectrum of TCE, uncorrected for dye gain. The following dye solutions were used: diphenylstilbene 
(4090-3990 A), PBBO (4000-3920 A), dye 386 (3950-3780 A), and PBD (3820-3590 A). 

to record the spectra in the region of four-photon ionization 
from the ground state. 

The most prominent features in the two-photon spectrum 
of TCE are the "false origins" found at 50 670 and 51 403 
cm-1. They are both surrounded by a dense pattern of sequence 
bands, and this pattern is found accompanying every other 
major feature in the spectrum. Where, however, is the true 
origin, invisible in this case due to the two-photon selection 
rule? In the one-photon spectrum, there is evident a clear 
pattern of repeating bands: strong, weak, weak {v\, vi\ "2') 
beginning with two weak, weak features (Figure 1). Extrap
olation to the unresolved strong component (presumably the 
origin) yields a frequency of 50 350-50 380 cm -1. Indeed, in 
the two-photon spectrum, there is a rather wide gap in this 
region, and furthermore the intense band at 50 670 cm -1 has 
a long progression of prominent 456-cm_1 intervals (v2') 
stretching from it to higher frequency, but none can be seen 
below. Thus, the forbidden origin must lie in the 50 300-
50 600-cm_l region. 

The exact position of the origin is most easily determined 
as that point in the 50 300-50 600-cm-' region from which 
one can identify ground-state vibrations on the low-frequency 
side. By trial and error, it is found that with a choice of 50 429 
cm-1 as origin the bands at 50 247,50 120, and 49 650 cm -1 

then have ground-state frequencies of 182, 309, and 779 cm-1, 
to be compared with the IR/Raman values of 177 (v\o", b2u 
CCl2 rock), 309 (v12", b3u CCl2 scissors), and 777 em"1 (i/,,", 
b3u CCl2 symmetric stretch).13'14 Note that the 50 429-cm-1 

choice for the origin is close to the one-photon value, and that 
the three ground-state vibrations are of u symmetry, as pre
dicted by the vibronic mixing scheme postulated above. 

Having identified certain vibrations as vibronically active 
in promoting hot-band absorption, one then expects that they 
would be prominent as well as false origins on the other side 
of the true origin. Of course, other vibrations which might have 
too great a frequency to be appreciably populated at room 
temperature may fail to appear on the low-frequency side of 
the origin, but still may be prominent on the high-frequency 

side. Let us examine the two major features of the spectrum 
at 50 670 and 51 403 cm -1 with this in mind. With respect to 
the origin at 50 429 cm-1, the band at 50 670 cm-1 corre
sponds to an allowing vibration of 241-cm-1 frequency, and 
is most reasonably assigned to ^ 2 ' . With due allowance for 
anharmonicity, the feature at 51 103 cm-1 can be assigned to 
1v\-{. The alternative assignment of this band as yet another 
false origin seems less likely. The band observed at 51 403 
cm"1 is displaced from the true origin by 974 cm -1, and is 
assigned to v\ 1', increased from the ground-state value of 777 
cm-1. 

Having established ,the origin and the allowing vibrations, 
we can return to the $ubspectra associated with each allowing 
vibration. Note that any vibration of g symmetry added to the 
b3u or b2u false origins also leads to a vibronically allowed 
transition. The most prominent of these is v{ (ag, CCl2 sym
metric stretch), increased from 45115 to 457 cm-1 in the ex
cited state. Harmonic progressions with as many as four quanta 
Of^2' are built upon both v\ /and v\{. The increase in Vi fre
quency upon excitation was also seen in the one-photon spec
tra.10,1 ' That the vibrational frequency of the C-Cl stretch 
should increase upon electronic excitation follows from the 
nature of the 7r MO, which is C-Cl antibonding. 

A spacing of 404 cm - ' is found to the high-frequency side 
of all of the major bands, and is assigned as vd (b]g, CCl2 rock, 
347 cm-1 in the ground state). The C-C stretch, v\\ is a 
landmark feature of the one-photon Rydberg spectrum of TCE 
with a value of approximately 1350 cm-1. In the two-photon 
spectrum, quanta of 1270 cm-1 are appended to the v\ \' and 
v\2 false origins, and are assigned to v\ . A sparse showing of 
other vibrations can be assigned as in Table I. 

The excitation of an electron from the b3U ir orbital of TCE 
into the 3s level combined there with a b3U vibration results in 
a state of Ag vibronic symmetry. According to McClain, a 
two-photon transition to such a totally symmetric state will 
have a polarization ratio, Sl, less than 3/2.

16 This quantity refers 
to the ratio of two-photon absorption intensities measured with 
circularly and linearly polarized light. On the other hand, for 



Heath, Robin / Ionization Spectrum of Tetrachloroethylene 1799 

Table I. Vibrational Intervals in the MPI Spectrum of Tetrachloroethylene" 

one-photon 
wavelength, A 

two-photon 
frequency, cm" hv - 5 0 429 cm" hv- 50 670 cm- A c - 51 403 cm- assignment 

4028.2 
4017.7 
3995.6 
3990.4 
3981.3 
3980.3 
3953.4 
3950.5 
3947.1 
3945.5 
3943.4 
3941.7 
3939.9 
3938.2 
3936.6 
3915.9 
3913.7 
3911.8 
3890.8 
3881.3 
3879.4 
3877.2 
3867.7 
3860.9 
3856.7 
3848.1 
3847.3 
3842.9 
3838.1 
3826.7 
3822.7 
3820.7 
3813.9 
3809.8 
3808.3 
3797.1 
3793.5 
3789.6 

49 650 
49 780 
50 055 
50 120 
50 235 
50 247 

589 
626 

50 670* 
691 
718 
740 
763 
785 
805 

51 074 
51 103 
51 127 
51 403 
51 529 
51 554 
51 584 
51 710 
51 801 
51 858 
51 974 
51 985 
52 044 
52 109 
52 264 
52319 
52 346 
52 440 
52 496 
52 517 
52 672 
52 722 
52 776 

-779 
-649 
-374 
-309 
-194 
-182 

241 

645 
674 
698 
974 
1100 
1125 
1155 
1281 
1372 
1429 
1545 
1556 
1615 
1680 
1835 
1890 
1917 
2011 
2067 
2088 
2243 
2293 
2347 

-44 
0 
21 
48 
70 
93 
115 
135 
404 
433 
457 

859 
884 
914 
1040 

1304 
1315 
1374 
1439 

1676 

1826 

"12 

398 
455 

861 
916 

1037 

1269 
1319 
1373 

"11 

V6" 

VU 
V12 

V6" 

"10 

"12' 

"12' 

"12' 

"12 

"12' 

"I2' 

"12' 

+ V7" 
" + V6' 
ft 

+ Vi" + V-I 
» 
' + 2A*/4 
' + AiZ4 

+ Av10 

' + 2Av10 

' + 3Avio 
' + V6' 

3»<12' 

"12' 

"ll' 

"12' 

' + V2' 

'+V2'+ V6' 
3"! 2 + V2 

vn' 
vn' 
Vu' 
"n' 
"12' 

"12' 

"1/ 
L^ 
"n' 
"n' 
"12' 

"n' 
"12' 

L" 
vu' 
"n' 
"n' 

' + Iv2' 
+ lc 

+ V6' 
+ V2 

+ V1' 
+ 2v2' + V6' 
+ Zv2' 

+ V2' + V6' 
+ Iv2' 
+ Vi' + V6' 
+ ic 

+ V]' + V2 

+ V6' 
+ Vx' 
+ 2v2' + V6' 
+ 3v2' 

" Listing only the major features and selected minor ones which are recurring. h The sequence structure indicated on this band is observed 
as well on all other intense features in the table, though not tabulated here. c J is probably a combination band of g symmetry. d L appears 
to be another false origin. 

all other vibronic symmetries (as with a b2U allowing vibration) 
the ratio is predicted to be equal to %. 

Our measurements on the features at 50 670 and 51 403 
c m - 1 gave Q values very close to zero (fi < 0.05), confirming 
their assignments as b3U vibrations. The excitation of au, biu, 
or D2u vibrations will yield an Q value of %• Since the whole 
group of bands around 51 100 c m - 1 as well as those around 
50 200 c m - ' also showed a ratio of zero, the implication is that 
all vibrational bands are of b3U symmetry. However, we are 
unable to offer a systematic assignment involving only b3U and 
ag vibrational modes, Table I. Note that McClain's theory is 
appropriate for a two-photon absorption, whereas we are 
measuring a three-photon current. As a further complication, 
recent mass-spectral work on benzene,17 butadiene,17 and 
acetaldehyde18 has shown that the absorption from the two-
photon resonant state can involve several more than the one 
photon necessary to reach the lowest ionization potential. If 
any of the many optical absorption steps following the initial 
two-photon absorption is not isotropic,19 then it too will con
tribute to the measured polarization ratio. We presume that 
these are important factors in the case of TCE, and make in
terpretation in terms of a two-photon U difficult. 

Sequence bands are also visible in the subspectra associated 
with each false origin. A slightly anharmonic sequence of four 
members is found with the first member shifted 48 cm - 1 to the 
high-frequency side of each main band. In line with its high 

intensity, this sequence is assigned as involving Av = 0 exci
tations in v\0, which is only 180 c m - ' in the ground state. In 
addition, a weak satellite appears 22 cm - 1 to the high-fre
quency side of each of the "10 sequence bands. Though not 
visible in the one-photon TT—*3S transition, the sequences ob
served here at 40 cm"1 to the low-frequency side of each false 
origin also were reported in the one-photon spectrum of the 
higher Rydberg levels.10 They were tentatively assigned to the 
At; = 0 sequence in 1/4, the torsional vibration. We concur with 
this assignment, and conclude that "4 has an upper-state value 
of 68 cm - 1 , reduced from 108 cm - 1 in the ground state. 

There are nowhere present in the two-photon spectrum any 
features which could be ascribed to harmonic or anharmonic 
progressions in double or single quanta of a low-frequency 
vibration such as v*. If the TCE molecule remains planar in 
the (7T, 3s) state with a reduction in the frequency of "4 com
parable to that in ethylene, one expects to see prominent ex
citations in double quanta of "4 appended to each allowing 
vibration. As shown above, there should be appreciable in
tensity in these bands despite the fact that, for double quanta 
of an antisymmetric vibration, the symmetry remains the same 
in both the upper and lower state. Alternatively, progressions 
in single quanta of "4 should be visible if the (TT, 3s) Rydberg 
state has a twisted conformation of large dihedral angle, since 
v$ is the vibration that would take the planar into the twisted 
geometry. For a dihedral angle of modest size, as in the upper 
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state of ethylene, only the double quanta would appear, but 
with grossly irregular spacings. Neither type of progression 
is observed in TCE. Owing to the low frequency of the v4 tor
sion in the ground state (108 cm -1). o n e does expect to find 
the Av = 0 sequences appended to each allowing vibration, 
whether or not a change in geometry has taken place. Some 
lowering of the frequency of the torsional mode must occur 
with the loss of a bonding electron from the TT MO. Conse
quently, the 40-cm-1 sequence in TCE is assigned to the tor
sional vibration (in accord with earlier work), having modest 
anharmonicity and a 68-cm-1 frequency in the {ir, 3s) Rydberg 
state. 

It is quite surprising to find that the two-photon transition 
observed here in TCE has such sharp features compared with 
the one-photon band in the same spectral region, and the 
possibility that the two spectral bands do not represent the 
same electronic transition must be considered. First, in support 
of a common 7r—>-3s assignment for both, we do find that the 
origins, independently determined, are quite close: 50 429 (two 
photon) vs. 50 370 ± 20 cm -1 (one photon). Moreover, since 
no meaningful vibrational analysis is possible under the as
sumption that the false origins are real, it is clear that we are 
dealing with one-photon electronically allowed, two-photon 
vibronically allowed transitions, as predicted for TT—»3s. Two 
other possibilities are imaginable, but less likely. The ir—-ir* 
excitation falls in part in the spectral region under discussion; 
however, the one-photon spectrum shows its origin to be at 
47 600 cm -1.1 ' Furthermore, one expects the (TT,TT*) state to 
have virtually no resistance to Vt, torsion, which is contrary to 
our analysis. Other alternatives involve the a* (C-Cl) MOs 
as terminating orbitals. In chloroalkanes such as CH3Cl, the 
lowest frequency excitation is Cl(3p7r)-»-<r*(C-Cl).5 Known 
as the A bands, these lone pair—*<r* transitions occur in the 
50 000-60 000-cm-1 region generally, in agreement with the 
observation in TCE. However, such upper states are not bound 
with respect to C-Cl dissociation, and consequently the A 
bands never show vibrational structure. Finally, there is the 
possibility that we are observing a w—-a* (C-Cl) excitation 
in TCE. Such a transition has never been identified positively 
in a halogenated 7r-electron system, and so we have no way of 
knowing where such a band might come. Still, such an as
signment seems unlikely, for in this state one should see strong 
decreases of C-Cl stretching frequencies, whereas our vibronic 
analysis shows small to moderate increases. 

The ultimate test of the two-photon band of TCE lies in its 
behavior when the sample is pressurized with a second gas. If 
the transition is to a Rydberg state as claimed, then the sharp 
features will broaden drastically and asymmetrically upon 
adding ca. 100 atm of a second inert gas, whereas for 7r->-7r*, 
7T-*(T*, or A-band valence-shell assignments there will be no 
effect whatsoever.5'18 We have attempted this measurement 
repeatedly, but find that at pressures of only 1-2 atm the MPI 

signal is decreased to zero intensity, regardless of the pres
surizing gas, and long before any broadening can be expected 
to be seen. This effect has been seen in several other systems 
(but not all we have studied), and will be reported upon in the 
future. 

Though our vibrational analysis is not perfect in all respects, 
it is sufficiently self-consistent to lead us to say with confidence 
that in the (7r, 3s) state of TCE there is a "normal" reduction 
of the V4 torsional frequency and that its only activity is in the 
form of Av = 0 sequences which appear largely due to the fa
vorable Boltzmann population of the low-lying Va," level. From 
this observation, there follow directly the conclusions that TCE 
has a planar (7T, 3S) state, and that hyperconjugation in this 
state is of minor importance compared to the situation in 
ethylene. Apparently, the conjugative interaction between the 
7T lone pairs on chlorine and the 7r MO of the C=C double 
bond is sufficiently intense in the planar ion so as to overcome 
totally the tendency to twist and thereby bring the C—Cl a 
orbitals into hyperconjugative interaction with the double bond 
in TCE. 
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