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The T<«—N (n—>m*) transitions in ethylene, all of its methyl derivatives, and 1-butene were observed by means
of He*-impact energy-loss spectroscopy. With a resolution of better than 0.1 eV, a vibrational structure was just

resolved in the T+« N excitation spectrum of ethylene.
ethylenes with a lower resolution.

The T<«N transition energy was measured for the alkyl-
The results are in good agreement with the electron-impact data, indicating

that the vibro-rotational excitation due to the impulsive momentum transfer is negligible in the present method.

The T<«N excitation cross-sections were found to decrease by half upon the unit substitution of alkyls.

The relative

invariance of the T<«N transition energy and the decrease in the T<«N cross-sections upon alkyl substitution
may be attributable to the decrease in the intra- and intermolecular Coulomb and exchange interactions between

n- and n*- orbitals.

The alkylation red shift has been of some interest in
studies of the electronic spectra of ethylene and alkyl-
substituted ethylenes.!=®  After earlier studies using
optical spectroscopy,*® electron-impact methods have
been applied to observe the bathochromic shift in the
spin-forbidden T<«N (n—n*) transition for a series
of fundamental mono-olefinic hydrocarbons.6-8) It has
been revealed that the shift is much smaller in the T«-N
transition than in the optically allowed V,R<«N transi-
tions.

Measurements of energy loss by ion impact have also
proved to be useful for observing spin-exchange transi-
tions.?>-1) In the ion-impact method, a singlet-triplet
transition of a target molecule is induced by electron
exchange between the projectile ion and the target
molecule. Therefore, the proton impact on a singlet
spin-state molecule results in excitations only to singlet
states, whereas the He* impact, for example, can induce
both singlet-singlet and singlet-triplet transitions in the
molecule. Under a suitable collision energy, the lowest
energy singlet-triplet transition of a molecule may be
observed as the most intense peak in the ion-impact
spectrum. Moore and his co-workers have performed
several ion-impact experiments in order to investigate
the effect of substitution on the T,V,R<«N transition
energies in substituted ethylenes? and in methyl-
substituted butadienes!® and the effect of ring size on
the T,V,R<«N transition energies in cycloalkenes.!V)

In the present study, the He*-impact method was
used for observing the T«N transition in ethylene and
alkylethylenes.  Semiempirical calculations of the
transition energies were also performed in order to
analyze the experimental results. The purposes of the
present study were; (1) to achieve a better energy
resolution in the ion-impact spectroscopy; (2) to
accumulate systematic data by means of ion impact
to see if the ion-impact and electron-impact methods
are consistent in determining the T<«N transition
energy; (3) to obtain some insight into the cause of the
alkylation red shift, and (4) to investigate the effect
of alkylation on the cross-section of TN excitation
induced by the ion-molecule interaction.

Experimental

The apparatus consists of an ion source, a mass analyzer,
an energy monochromator for the incident-ion beam, a
collision cell, an energy analyzer for the scattered ions, and a
detector. The projectile Het ions are produced in a low-
voltage plasma source.’® The ions extracted from the source
are focused into a beam, mass-analyzed by means of a Wien
filter (COLUTRON Model 300), and directed into the ion
spectrometer which is schematically shown in Fig. 1.
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Fig. 1.

Schematic of the ion spectrometer.

S1—S7: Apertures, L1: fixed ratio lens, L2: field lens,
L3: variable ratio lens, D: beam steering deflectors,
M1 and M2: parallel plate deflectors for an energy
monochromator, SC: scattering cell, A: hemispherical
energy analyzer, CH: channel electron multiplier.

The mass-analyzed beam is decelerated to an energy of
15—30 eV and focused into the electrostatic energy mono-
chromator. The monochromator consists of two parallel-
plate deflectors with an incident angle of =/4. The two
deflectors are symmetrical in geometry and are directly
connected so that they have a common inner plate. A coupl-
ing hole (5% 10 mm?) is bored at the center of the inner
plate for the ion beam to pass from the first deflecting stage
to the second deflecting stage. The entrance and the exit
apertures (0.5 mm in diam.) are 116 mm apart and are held
on the inner plate equidistantly from the coupling hole.

The ion beam transmitted through the monochromator is
accelerated to an energy in the range of 2—3 keV through an
acceleration-lens system and then enters into the collision cell.
The target gas is introduced into the collision cell at a sufficient-
ly low pressure to assure the single collision condition. The
entrance and the exit apertures of the cell are 0.6 mm in
diameter. The scattered ions are decelerated and focused
onto the entrance aperture of the energy analyzer. The
acceleration and deceleration of the ions are performed by
means of a series of electrostatic cylinder lenses. The lenses
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consist of a variable ratio lens (L1) and a fixed ratio lens (L3).
An einzel lens (L2) is inserted as a field lens between the L1
and L3 lenses. The lenses are designed by using the optical
properties of the two-element cylinder lens calculated by
Read et al.1®

A hemispherical electrostatic deflector is used for the energy
analyzer. The hemispheres are made of aluminum alloy.
The mean radius of the outer and the inner hemispheres is
47.5mm. The entrance and the exit apertures are 0.3 mm
in diameter. The entrance aperture of the analyzer is 132 mm
from the exit of the collision cell. The geometrical acceptance
angle of the analyzer for scattered ions is 6.8 x 10-3 rad in a
scattering plane, which is a measure of the present angular
resolution. The voltage difference between the outer and
inner hemispheres is held constant so as to pass ions at a
constant transmission energy in the range of 15—30 eV.

After passing the analyzer, the ions are again accelerated
and detected by a channel electron multiplier (MULLARD
B318-AL).

The whole system is housed in connected metal vessels and
pumped by means of oil-diffusion pumps. The ultimate
pressure is 3 x 108 Pa, and the working background pressure
is 5X 10~* Pa when the target gas and the ion-source gas are
introduced.

An energy-loss spectrum is obtained by tracing the intensity
of ions transmitted through the analyzer as a function of the
deceleration potential between the collision cell and the
analyzer. A voltage ramp applied to the deceleration lens is
generated by a DJ/A converter, which is controlled by a
personal-computer (SHARP MZ80-K). Output pulses from
the detector are amplified, discriminated, and accumulated in
the computer.

For a small-angle scattering at a high collision energy, the
laboratory energy lost by the projectile is approximately
given by:

AE = (Mp/Mt)Eez +Q,

where M, and M, are the masses of the projectile and the
target respectively; E is the laboratory collision energy; 6, the
laboratory scattering angle, and Q, the change in the internal
(vibrational, rotational, and electronic) energy. The term
proportional to the collision energy, E, is the elastic loss due
to the momentum transfer from the projectile to the target.
The elastic loss can be minimized by observing the glancing
collision at the forward scattering angle (0=0). The internal
energy defect, Q, is also dependent on the scattering angle,
because the vibro-rotational excitation, in addition to the
vertical electronic excitation, is induced by the impulsive
momentum transfer from the projectile to the target.14:15)
The degree of the impulsive vibro-rotational excitation is
dependent on the impact parameter and can also be minimized
in the forward scattering. In the present study, observations
are made only for the forward scattering. Under the present
angular resolution, the energy loss is expected to correspond
to the vertical electronic transition energy, and the vibrational
excitation is expected to follow the Franck-Condon principle.
This is verified by the results to be presented in the following
section. An overall energy resolution of better than 0.1 eV
FWHM is achieved. This enables us to observe the vibra-
tional structures in the electronic excitation spectrum of
ethylene.

Results and Discussion

TN Spectrum of Ethylene. The spectrum of
ethylene in the energy-loss region from 3 to 6eV is
shown in Fig. 2. The spectrum was obtained with a
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Fig. 2. Energy loss spectrum of ethylene by 2.3 keV He*

impact. The inset shows the elastic peak.

resolution of 95 meV FWHM by the impact of 2.3
keV He*. A broad feature modulated by small structures
appears with its maximum intensity at around 4.25 eV.
The shape and position of the gross feature are in good
agreement with those obtained by Moore.® The
whole band has been assigned to the transition of
ethylene from the ground state, N, to the lowest lying
triplet state, 7" (m—x*). The small structures superim-
posed on the envelope are reproducible under the
present resolution and show a spacing of 0.13 eV. The
structures have an essential similarity, both in spacing
and intensity distributions, with the high-resolution
electron-impact spectrum obtained by Wilden and
Comer,'® though the present resolution is lower than
theirs. The structures have been assigned to the vibra-
tional progressions in the C-C stretching mode (v,).
The spacing of 0.13 eV (1050 cm™!) is the vibrational
energy spacing of the », mode in the triplet state.

The similarity of the vibrational structures obtained
from the ion-impact and electron-impact methods is
evidence that the momentum transfer from the projectile
to the target is not significant in the present observation;
it can be thought, then, that the electronic excitation
occurs in the Franck-Condon manner. The T«N
excitation requires exchange interaction between the
collision pair. It should be noticed that the exchange
interaction, whose range is much shorter than the range
of direct Coulomb interaction, is still effective in these
glancing collisions.

Alkylation Shift in T«-N Transition. The energy-
loss spectra obtained by means of 2.5 keV He* impact
are shown in Fig. 3 for ethylene, its six methyl deriva-
tives, and an ethyl derivative. Because of a considerable
decrease in the T<«N excitation intensity in alkyl-
ethylenes, a lower resolution of about 0.35 eV FWHM
was employed to accumulate these spectra. Common
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Fig. 3. Energy loss spectra of ethylene and alkyl-substi-
tuted ethylenes by 2.5 keV He* impact.

spectral features are seen for all of the alkylethylenes
studied. The most intense 7«N band at about 4.2 eV
is followed by weaker V,R<N bands at higher-energy
losses. The relative intensities of the T« N band and
the V,R<N bands are dependent on the impact energy.
The shape and position of the T« N band are relatively
invariant with respect to the alkyl substitution, while
the V,R<«N bands rise at lower energies as the number
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of substitution increases from zero to four. The separa-
tion of the R«N bands from the V<N band is not
possible at this level of resolution, but the growth of the
low-energy tail of the 7eV peak with an increase in
substitution may be attributable to the rapid red shift
of the 2R«N band.”® A small peak at 5.5eV is
distinguishable in the tetramethylethylene; it has been
assigned to the 2R«N (n—3s) transition.”® The
position of the maximum intensity of the T«N band is
listed in Table 1. Data obtained by the use of a variety
of methods are included for comparison. The con-
sistency of the present data with the electron-impact
data indicates again that glancing collision without
any significant momentum transfer is observed on
these target molecules under the present scattering
angular resolution. The present measurement gives
an overall red shift of 0.20 eV for the T« N transition
in going from ethylene to tetramethylethylene. The
degree of shift in the T«-N transition is much smaller
than the corresponding 1.75 eV shift® in the 2R«N
transition.

Mulliken has indicated that the alkylation decrease
in the ionization potential and the red shift in the RN
transition are largely attributable to a change in the
effective nuclear charge of carbons due to charge
transfer within the sigma system, while the red shift
in the V<N transition may be entirely explained by the
hyperconjugation in the pi system. The relative invari-
ance of the T«N transition energy upon the alkylation
has been predicted from VESCF-CI calculations by

TaBLE 1. T+«—N TRANSITION ENERGY IN ALKYL-SUBSTITUTED ETHYLENES
Vertical transition energy/eV
Molecule Other

Prcser)xt

work Ion-impact® Electron-impact Optical
Ethylene 4.25 4.3 4.32,© 4.30, 4.2% 4.6"

4.205, 4.290,2 4.330%

1-Butene 4.25 4.3
Propene 4.25 4.28,° 4,239 4.35% 4.20»
Isobutene 4.20 4.22,° 4.21% 4.09,» 4.2v
cis-2-Butene 4.20 4.2 4.21,° 4.21,9 4.3% 4.20
trans-2-Butene 4.20 4.2 4.24,9 4.22,9 4.4 4.07,m” 4.2v
Trimethylethylene 4.15 4.16,°  4.16% 3.70®
Tetramethylethylene 4.05 4.10,°  4.05% 3.65™

a) The error of the peak position is estimated to be +0.05eV. b) From Ref. 9.

c) From Ref. 7. d) From

Ref. 8. €) From Ref. 6. f) From Ref. 4. g) From Ref. 16. h) From Ref. 5. i) From Ref. 25.
TaBLE 2. CALCULATED RESULTS FOR 71- AND 7t*¥-ORBITAL ENERGIES AND COULOMB AND EXCHANGE
ENERGIES BETWEEN 71- AND 7t*-ORBITALS, AND 7¢—N AND Ve—N TRANSITION ENERGIES
Units are in eV.

Molecule —e, v —Ey y 2K, .+ E(VeN)® E(T<N)¥
Ethylene 11.158 11.377 7.740 4.934 7.581 3.637
Propene 10.429 10.647 7.054 4.188 7.324 3.385
Isobutylene 9.954 10.313 6.845 3.963 7.001 3.467
trans-2-Butene 10.066 10.064 6.613 3.741 6.797 3.235
¢is-2-Butene 9.526 9.598 6.567 3.442 5.899 2.832
Tetramethylethylene 9.234 9.255 6.260 3.309 6.304 2.994

a) The transition energies are the CI results within single-excitation configurations.
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Allinger et al.” and by Watson et al.'® In order to see
more specifically how this invariance arises, semiem-
pirical calculations of the vertical T«N and VN
transition energies were performed by using a CNDO/S
program made by Tajiri et al.'® In the SCF level of the
calculation, the m—x* transition energy is given by;

E(TeN) = (ex—&) — Jur* (1)
for the T« N transition and by;
E(V('—N) = (ex"‘_el - Jxx* + 2Kxx* (2)

for the V<N transition, where ¢, and &,« are the SCF
orbital energies and where J,,+ and K,,. are, respec-
tively, the Coulomb and the exchange energies between
7n- and s*-orbitals. The calculated values for the
quantities appearing in Egs. (1) and (2) are listed in
Table 2. The transition energies, E(V<«N) and
E(T<«N), in the table are the results of partial configu-
ration mixing within single-excitation configurations.
The calculated results of E(T«N) are lower than the
corresponding experimental data by more than 0.5 eV.
This would be improved by taking the configuration
mixing including double excitations at the expense of the
worse agreement for the V<N transition energy.20.2)
Our attention will be confined to the gross results
appearing in the SCF level. The differences (e «—é,)
in the orbital energy, the Coulomb energy, and the
exchange energy decrease altogether upon the methyl
substitution. A remarkable point is that the degrees
of change in (grn—¢,), Jore and 2K, are all com-
parable in their magnitudes. Thus, the changes in
(ex+—€z) and J.« cancel each other to result in a small
net change in the T« N transition energy upon the
substitution. The changes in J;;« and K.« may be
taken to reflect, to some extent, the degree of hyper-
conjugation. The decrease in (gn«—e,) arises mostly
from the change in ¢, which is largely attributable to
the charge-transfer effect in the sigma system according
to Mulliken. Thus, the relative invariance of the T« N
transition energy arises from the cancellation of the
hyperconjugation effect in J ..« with the charge-transfer
effect in (g,.—¢,), while the hyperconjugation effect in
Kype remains, resulting in the red shift in the VeN
transition to an extent similar to the decrease in 2K,..

Alkylation Effect in T<—N Excitation Cross-section.
It was found that the scattering intensity of the T« N
excitation was considerably influenced by the alkyl
substitution. The relative T<«N cross-section decreases
by almost half when the number of substitution increases
by one. The T+«N cross-section of 1-butene is nearly
equal to that of propene. Three dimethylethylenes
(trans- and cis-2-butene, and 2-methylpropene) have
nearly identical T« N cross-sections. These facts indicate
that the number of substitution is more important for
the hypochromic effect than is either the size of a
substituent or the site of substitution. It was also
observed that the V,R«N cross-sections were less
sensitive to the degree of substitution than were the
T« N cross-sections. Quite the same hypochromic effect
has been observed in the ion-impact study of methyl-
substituted butadienes.0

Mechanisms of excitation in heavy-particle collisions
may be divided into two types.?»2) In low-energy
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collisions, an electronic excitation requires a close
encounter of a collision pair. A quasi-molecular descrip-
tion and the potential crossing mechanism will be
adequate for these collisions. In this mechanism, the
threshold law of impact parameter holds and an
excitation occurs for scattering angles larger than a
threshold value. For high-energy collisions, on the other
hand, excitations are possible in a distant encounter by
means of the direct Coulomb or the exchange mecha-
nism. Because of the delocalized character of the
mechanism, one expects an excitation with no definite
impact-parameter threshold. This is the case in the
present experiment. The effective range of the ion-
molecule interaction leading to the T« N excitation
may be longer than the spatial extent of the surrounding
alkyl groups. Otherwise, the momentum transfer
between projectile and target would be considerable
and would violate the vertical excitation. The spatial
shielding effect does not seem to be important for the
present hypochromic effect. ~We suggest that the
hypochromic effect occurs through a change in the -
and s*-wavefunctions upon the alkyl substitution, and
that this in turn causes a decrease in the ion-molecule
interaction. The exchange interaction for singlet-
triplet transition?¥ includes an integral such as;

<)y (2)|rt=(2)x (1) >, 3)
where x is the electronic wavefunction of the projectile
He* ion and where ry, is the distance between the
electrons to be exchanged. Since we have seen the
decrease upon the substitution in the intramolecular
Coulomb and exchange integrals between m- and z*-
orbitals, a decrease can also be expected in the ion-
molecule exchange integral given by Eq. 3. The same
reasoning leads to a decrease upon the substitution in
the ion-molecule Coulomb interaction responsible for
the V,R«N excitation.  However, the alkylation
decrease in the energy defect of the V,R«N excitation
favors for an increase in the cross-section and makes the
hypochromic effect less obvious than in the T«N
excitation.
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