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Temporary Anion States of Dichloroalkanes and Selected Polychloroalkanes
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The electron attachment energies associated with the short-lived occupation of-@lec€ orbitals of
dichloroalkanes and selected polychloroalkanes are measured in the gas phase using electron transmission
spectroscopy and compared with those observed previously in monochloroalkanes. In the dichloroalkanes,
evidence for two well-resolved anion states is found only in the compounds with both chlorines on the same
carbon atom. The effects of methyl substitution on chlorine-bearing carbon atoms are examined in detail and
are observed tgtabilizetemporary anion states lying abowel.5 eV but todestabilizethose lying below.

The spread in energy of the anion states, attributable to their finite lifetimes, is examined as a function of the
vertical attachment energies (VAES) of the anions and found to vary as¥/A&nsistent with the relationship
expected on theoretical grounds for the monochloroalkanes. Calculated energies of the lowest unoccupied

molecular orbitals (LUMOS) are also presented and compared with the measured VAESs.

1. Introduction measured VAEs. Such computed values are widely used to
generate quantitative structure/activity relationships (QSARS)
for reactions in which electron transfer occtrs.
The present work is a vital part of a comprehensive study of
bond breaking induced by electron attachment. In a separate
aper? we present measurements of the total cross sections for
he dissociative electron attachment (DEA) processteAB

The energy of a temporary anion state formed by the short-
lived attachment of a free electron into the lowest unoccupied
molecular orbital (LUMO) of a compound in the gas phase
provides a fundamental measure of the susceptibility of the
compound to electron reduction. Because electron attachmen
is a rapid process relative to the time scale of nuclear motion, __ AB—* — A + B-, in the dichloroalkanes and selected

such energies characterize this property at the equilibrium polychloroalkanes. There, we show the close correlation between

geometry of the neutral mplecule in .its ground glectronic state. e peak DEA cross sections and the properties of the temporary
The energy of such an anion state lies energet'lcqllly above thatanion states described below. An earlier sfdiyscribes related
of the neutral molecule plus a free electron at infinity, and the

state is unstable with respect to autodetachment of the electronWOrk carried out in the monochloroalkanes.
P " Following a brief discussion of our experimental method, we

By convention, molgcules with thes.e.(;haracteristics are said tc)begin by reviewing previous results for the monochloroalkanes
possessiegatie vertical electron affinities (VEAS). The (posi- that were obtained by our group and by others. We continue

g\éi)og ge;'sc tﬁge\;g?tic?;ltgt?a?:trtl?:l::rllrt]%r?é(igg?\l} ,&Sé)co;r:/;?rllzntt\l/zo with our new results for t_he d|chI9roaIkanes and selected
quantities are related by VEA —VAE ’ polychloroalk_anes. In the final section, we relate calculated
. . : ’ . . LUMO energies to our measured VAEs.

It is important to distinguish these quantities from their
adiabatic analogues. Adiabatic electron affinities are given by
the difference in energy between the anion and neutral, with
each at its equilibrium geometry. Such energies have been Electron transmission spectroscopy (ETS), in the format
measured or estimated by a variety of methods over the yearsdevised by Sanche and Schéilis a convenient and efficient

2. Electron Transmission Spectroscopy

and have been employed as indicators of reducidilifpwever, method for locating the sharp structure in total electron scattering
they may not be appropriate measures for processes in whichcross sections arising from the formation of temporary anion
an electron is rapidly transferred to a neutral molecule. states. The application of this technique to organic molecules

In this work, we present measurements of VAEs in a large has been reviewed elsewhéré.Briefly, a magnetically col-
series of dichloroalkanes and selected mono-, tri-, and tetra-limated electron beam produced by a trochoidal electron
chloroalkanes. The reductive properties of this family have been monochromatdtis passed through a collision cell containing
extensively studied in solution, and many of the compounds the target gas at a sufficient pressure to partially attenuate the
are of considerable environmental concern. The |0W_|ying beam. The Unscattered, or transmitted, electron current is
temporary anion states we describe here arise from electroncollected. A peak in the total scattering cross section arising
occupation of combinations of the<Cl o* molecular orbitals, from the formation of a temporary anion creates a minimum in
and in this article, we elaborate on the connections betweenthe transmitted current, and the energy at which this occurs
the structures of the molecules, their VAEs, and the lifetimes corresponds to the most probable or vertical energy of electron
of the anion states. Finally, we explore the extent to which attachment. To enhance the “resonance” structure, the derivative
quantum-chemical calculations of LUMO energies can replicate With respect to energy of the transmitted current is acquired,

and the VAE is assigned to the energy of the midpoint between

* Author to whom correspondence should be addressed. E-mail: the two extrema. Energy scales are calibrated in an admixture
pburrowl@unl.edu. Fax: (402) 472879. of the target compound with Nby reference to the sharp

10.1021/jp000848+ CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/08/2000




7360 J. Phys. Chem. A, Vol. 104, No. 31, 2000 Aflatooni et al.

TABLE 1: Vertical Attachment Energies and Dip-to-Peak Separations (in parentheses) in the Monochloroalkanés

Guerra et al. Burrow et al. Modelli et al. Pearl et al.

compound ref 11 ref 10 ref 12 ref 3 present work
methyl chloride 3.45(2.3) 3.45 (3.05)
ethyl chloride 2.35(1.8) 2.41 (1.72)
1-chloropropane 2.40(1.8)
1-chlorobutane 2.39 (1.8) 2.43 (1.67)
1-chloropentane 2.26 (1.78)
1-chlorooctane 2.24 (1.76)
1-chlorononane 2.23 (1.75)
2-chloropropane 1.99 (1.35) 1.97 (1.34)
2-chlorobutane 2.05(1.4)
t-butyl chloride 1.80 (1.20) 1.86 (1.18)
cyclobutyl chloride 1.98 (1.4)
cyclopentyl chloride 1.93(1.35)
cyclohexyl chloride 2.31(1.70)

a All values are in electronvolts.

LIS L L I L L L B L L B

structure arising from formation of the;NI1,) state. This state,

in turn, was previously calibrated against the Klis2g)
resonance. The energies of the first few positive extrema in the
derivative signal in Mare found to lie at 1.98, 2.22, 2.46, and
2.69 eV. We assign an overall error-60.05 eV to the measured
VAEs. Discrimination against scattered electrons takes place
by applying a retarding voltage on an electrode located between
the collision chamber and the electron beam collector. The closer
this potential is to that of the electron monochromator, the
greater the fraction of scattered electrons that will be rejected.
Unless otherwise noted, the ET data were taken in the “high
rejection” mode of operatioh.

Methy! chloride

Ethyl chloride

3. Vertical Attachment Energies 2-Chloropropane

A. Monochloroalkanes. We begin by reviewing the low-
lying temporary anion states of a number of monochloroalkanes
studied by ETS. The dominant feature in the electron scattering
cross section of each is a resonance ascribed to temporary
occupation of the €CIl ¢* molecular orbital. Anion states
associated with the €C and C-H o¢* orbitals lie at higher
energies, are broad and overlapping, and will not be discussed b b b b b e b b
here. Table 1 summarizes the ETS results for three different 0 1 2 3 4 5 6 7 8
groups of molecules. At the top are normal or linear chain Electron Energy (eV)

chloroalkanes: CkCl by Burrow et ali? CHs(CHy)«Cl with n Figure 1. Derivative with respect to energy of the transmitted electron
= 1-4 by Guerra et al'} and CH(CH,)7Cl and CH(CH,)sCl current through several monochloroalkanes as a function of electron
by Pearl and Burrow Following this are two secondary alkanes, energy. The dip and peak structure characterize temporary anion states
2-chloropropane and 2-chlorobutane (Guerra ettalgnd a associated with occupation of the-Cl o* orbitals. The vertical bars
tertiary alkanetert-butyl chloride (Modelli et al.}? At the indicate the pq:sitions of the v?rticql attachment energies. The dashed
bottom are three cyclic compoundsCaHzn_1Cl with n = 4—6 curve marked “Low Rejection” is discussed in the text.
(Pearl and Burrow}.During the course of the present work, associate with the VAE. We comment on the dashed curve for
we remeasured a number of these compounds, and our NnewCH.CI, labeled “Low Rejection”, later in this section.
values are listed in the right-most column. Numbers inside Typical of substituent effects, the first replacement of H by
parentheses are the energy spacings between the minimum (dipCH; produces the largest change in energy. As far as we are
and maximum (peak) in the derivative signal of each resonance.aware, a convincing theoretical description of the source of the
This separation, which we labAEqp is a measure of the width  difference in anion energies between methyl and ethyl chloride
of the resonance peak as it appears in the total scattering crossias not been given. Pearl and Burfawoted that the €C o*
section and, as discussed later, is related in part to the inverseprbital introduced in going from methyl to ethyl chloride lies
lifetime of the temporary anion state. Within the quoted pelow that of G-H o* but above that of &Cl ¢* and thus
experimental uncertainties, the VAEs determined by the different will perturbatively stabilize the latter. Furthermore, each suc-
groups are in agreement. cessive H atom replacement reduces theGQCbond strength
The most significant changes in VAEs among the mono- somewhag and increases the equilibrium—Cl internuclear
chloroalkanes arise from methyl group substitution on the methyl distance in the neutral molecuté.Both of these results
chloride frame. Figure 1 illustrates this series, plotting the effectively bring the potential curve of the neutral at its
derivative of transmitted current as a function of electron energy. equilibrium geometry closer to that of the anion, reducing the
As indicated earlier, the temporary anion states are manifestedVAE. Returning to the sequence of normal monochloroalkanes,
by a dip followed at higher energy by a peak in the derivative Table 1 indicates that, from ethyl chloride to 1-chlorononane,
signal. The vertical line locates the midpoint energy that we only a slight additional stabilization of the VAE occurs.

Derivative of Transmitted Current (Arb. Units)

tert-Butyl chloride
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A L S S EURLLLE R UL 7/ TABLE 2: Vertical Attachment, Dip, and Peak Energies
30 | 0 Monochloroalkanes - and Dip—Peak Separations in the Dichloroalkanes
—_ r 0515E ™ ] molecular dip  peak dip—peak
> )5 B i compound orbital VAE energy energy separation
8; Tt 1 dichloromethane LUMO 1.01  0.61 1.53 0.92
e L ] LUMO+1 3.17 2.61 3.90 1.29
< 20 b h 1,2-dichloroethane 2.01 1.19 3.33 2.14
g’ ~ L 4 LUMO 1.7 est
= r 1 LUMO+1 2.4est
g C ] 1,3-dichloropropane 191 122 295 173
& L5 C 7] 1,4-dichlorobutane 2.07 1.33 3.06 1.73
n 3 g 1,5-dichloropentane 2.04 1.31 3.16 1.85
=5 C ] 1,6-dichlorohexane 201 132 315 183
A& 1.0 - 1,8-dichlorooctane 218 147 314 167
8 i ] 1,9-dichlorononane 2.30 1.56 3.26 1.70
=" - 1 1,1-dichloroethane LUMO 1.36 1.05 1.73 0.68
A 5L ] LUMO+1 2.68 226 318 092
(ﬁ r ] 1,1-dichloropropane LUMO 1.39 1.07 1.77 0.70
&3] L , B LUMO+1 2.62 2.22 3.16 0.94
0.0 L A AN TS T N N BT 2,2-dichloropropane LUMO 1.41 1.07 1.82 0.74
’ LUMO+1 <25 21 ~265 >0.6
0.0 0.5 1.0 1.3 2.0 25 3.0 3.5 1,2-dichloropropane 1.64 1.19 2.42 1.23
Vertical Attachment Energy (eV ) 1,2-dichloro-2- 1.40 0.97 1.98 1.01
methylpropane

Figure 2. Dip-to-peak separations as a function of the vertical 2,3-dichlorobutane 1.56 1.06 2.32 1.26
attachment energies of temporary anion states of the monochloroalkanestrans-1,2- LUMO 145 1.02 2.03 1.01
The dashed line indicates an earlier linear fit. The solid line shows a  dichlorocyclohexane LUM&@1 274  2.40 3.18 0.78
fit consistent with known threshold law dependences. 1,3-dichlorobutane 179 124 261 1.37

. . . . ) a All values are in electronvolts.
Additional information about the temporary anion states is

contained in the widths of the resonance peaks. Figure 2 showshat the widths will, therefore, vary as VAE The solid curve
the variation of the dip-to-peak separatidtqy,, as a function in Figure 2 shows a power-law fit tAEg, in the monochloro-
of VAE, where we have used our own measurements where alkanes, which yields a dependenceEdf3, in general support
possible. For consistency, we note that earlier ETS results in of this picture.
methyl chloridé® were determined with lower scattered electron  To gain insight into the role of FC effects, we generated
rejection and yielded @Eg, value of approximately 2.3 eV.  Morse potential curves for the neutral and anion states of methyl
As the dashed curve at the top of Figure 1 indicates, the shapechloride but allowed the VAE to range from 3.45 to 0.80 eV,
of the signal changes considerably with retarding voltage in this keeping other parameters the same, thus producing a family of
compound. For consistency with the rest of the data presentedanion curves emulating those of the other monochloroalkénes.
here, we have used in Figure 2 the width, 3.05 eV, determined The C—CI bond energy was taken to be approximately equal
with the greatest amount of rejection, thus more closely to the electron affinity of Cl in all cases. By reflecting the
emulating the structure as it appears in the total scattering crossGaussian ground-state wave function onto the anion curves, the
section. Because of the shape of the profile, however, the width fyll-width at half-maximum (fwhm) of the FranckCondon
cannot be determined with great accuracy. “band” could be approximated, and it was found to increase
Pearl and Burrowpointed out earlier that the dependence in linearly with the VAE. This exercise showed that the major
Figure 2 was approximately linear, shown as a dashed line, overcontributor to the total width arises from finite lifetime
the narrow range for which VAEs were available, but noted broadening, rather than from FC factors. Assuming that the
that this behavior would be unphysical at low values of the VAE. widths of the two broadening mechanisms can be added in
Unfortunately, no one has yet devised an analytic expressionquadrature to give that of the total, a crude deconvolution can
that can be fit to the measured ET spectra to determine thebe carried out to determine that portion attributable to the finite
factors contributing to the dip-to-peak separation. Because of lifetime as a function of VAE. The resonance widih, was
the short lifetime of an anion state, a portion of the width derives found to vary as VAE*3, a slightly stronger dependence than
from the spreading in energy attributable to the uncertainty that found forAEg, and closer to that expected on theoretical
principle. The remainder of the width derives from Franck  grounds. We return to these points later.

Condon (FC) overlap factors between the ground-state nuclear B. Dichloroalkanes. The introduction of a second chlorine
wave function with that of the temporary anion. atom to the monochloroalkanes produces an additional low-
For the case of an autodetaching electron tunneling throughlying C—CI ¢* orbital, and thus two low-lying temporary anion

a spherically symmetric angular momentum barrier, the reso- states are expected. When the two@l bonds are distant from

nance widthT', according to the Wigner threshold Idshould one another in the molecule, these states are expected to be
behave a€E' "2 wherel is the angular momentum quantum essentially degenerate, whereas at small distances, the interaction
number of the electron. In the molecular case, wHeieno of theo* orbitals will split the states, and we expect two clearly

longer a good quantum number, the dependence is moredefined anions. Table 2 summarizes our results for these
complicated, although there may be cases in which a single compounds. Where two anion states could be discerned, the
angular momentum component dominates. From the shape oftable indicates the assignment to occupation of the LUMO or
the C-Cl o* orbital, we expect that the wave function will have the second-lowest unoccupied molecular orbital, labeled by
a large component of jpcharacter and, thus, that the width LUMO-+1. Where not indicated, the VAE gives the midpoint
should vary a€£5. In a series of molecules of different VAEs  of the composite feature consisting of the two overlapping anion
positioned in this same angular momentum barrier, we expectstates and\Egp, its width.
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Figure 3. Derivative of transmitted current as a function of electron 0 1 2 3 4 5
energy in a series of normal dichloroalkanes with increasing chain
length. Electron Energy (eV)

Figure 4. Derivative of transmitted current as a function of electron

i. Normal DichloroalkanesThe effect of the overlap of the  gnergy in several geminally substituted dichloroalkanes.

two C—Cl o* orbitals is most clearly seen in Figure 3 in which
are plotted the ET spectra of the normal dichloroalkanes to be estimated in this fashion. Table 2 summarizes VAEs and
CI(CH),Cl with n = 1-6, 8, and 9. Only in the smallest dip and peak energies for these compounds, as well as for the
member of this series, GBl,, where both Cl atoms are attached rest discussed below. We note again that, except fosGTiH
to the same carbon, is there sufficient interaction of theOC these values are a thermal average over a number of different
o* wave functions to generate two well-separated features. The molecular conformations. The VAEs for GEl, in Table 2
lower anion state arises from the bonding, or in-phase, combina-supersede values published eatien which low scattered
tion of the C-Cl o* orbitals (g symmetry), and the upper from electron rejection was employed.
the antibonding combination {tsymmetry). In the long di- ii. Branched DichloroalkanesAs shown in Figure 1, methyl
chloroalkanes such as 1,8-dichlorooctane and 1,9-dichloro- substitution on methyl chloride produced the most significant
nonane, the overlap of the-Cl o* orbitals is minimal, and stabilizing change in the VAE. Using dichloromethane as our
the two temporary anion states are virtually degenerate. We notebase, we now examine the influence of methyl substitution on
also that the experimental results in these cases are an averagee two anion states associated with temporary occupation of
over all the populated conformers. By comparing the VAEs and the LUMO and LUMOXt1. In the top three curves of Figure 4,
the resonance widths of these compounds with those of thewe show the ET spectra of dichloromethane, 1,1-dichloroethane,
normal monochloroalkanes in Table 1, one can see that the aniorand 2,2-dichloropropane. ETS studies of the latter molecule have
states in the long dichloroalkanes have essentially the samealso been presented by Modelli et!alThe upper anion state,
properties as those in the long monochloro compounds. associated with occupation of LUMEL, is observed to stabilize

Of the remaining compounds in Figure 3, the resonance as in the methyl chloride series. The anion state associated with
profile of 1,2-dichloroethane is considerably broader than those attaching into the LUMO, on the other hand, is destabilized,
of the others, suggesting a substantial splitting. Assuming that with the first methyl group again causing the largest effect. The
each of the anion states has properties similar to those of thesecond methyl substitution appears to saturate the effect near a
corresponding states in the monochloroalkanes, it is possibleVAE of 1.4 eV. In 2,2-dichloropropane, we note that the two
to make a crude deconvolution of the profile to determine the anion states are heavily overlapped, and only an upper bound
approximate anion splitting. In a series of monochloroalkanes, to the higher anion state can be estimated. At the bottom of
we found that the energy of the dip was given approximately Figure 4, we show the ET spectrum of 1,1-dichloropropane for
by 0.7 x VAE and that of the peak by 1.4 VAE (see comparison to that of 1,1-dichloroethane. The two spectra are
Appendix ). By assuming that the dip in the ET profile of 1,2- almost identical, reflecting the small effect of lengthening the
dichloroethane is determined primarily by the lower anion state alkyl chain, as found in the monochloro compounds.
and the peak by the upper state, we estimate a splitting of 0.7 The effects of methyl substitution on the 1,2-dichloroethane
eV between the two anion states. The estimated VAEs of theseframe are illustrated in Figure 5. The two dashed vertical lines
states are located at 1.7 and 2.4 eV and are indicated by dashedn the top spectrum indicate the estimated deconvoluted energies
vertical lines in Figure 3. The lower VAE is also in good of the two anion states of 1,2-dichloroethane mentioned eatrlier.
agreement with the results of quantum-chemical calculations The width of the feature in 1,2-dichloropropane is greatly
discussed later, adding support to our deconvolution. The reduced, indicating that the two anion states are much closer in
splitting in the remaining normal dichloroalkanes is too small energy. The midpoint of the overall feature lies below that of
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1,2-Dichloroethane
1,3-Dichloropropane

1,2-Dichloropropane

1,3-Dichlorobutane

2,3-Dichlorobutane

Derivative of Transmitted Current (Arb. Units)

0 1 2 3 4 5

Electron Energy (eV)

Figure 6. Derivative of transmitted current as a function of electron
energy in 1,3-dichloropropane and 1,3-dichlorobutane.

Derivative of Transmitted Current (Arb. Units)

1,2-Dichloro-2-methylpropane

7
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| (2) Ethyl chloride v
0 1 2 3 4 5 1.0 (3) 2-Chloropropane
Electron Energy (eV) 0.8 L @ 1.1-Dichlorocthane

B (5) Dichloromethane

Figure 5. Derivative of transmitted current as a function of electron
energy in several vicinally substituted dichloroalkanes.

(6) Trichloromethane

06

the estimated energy of the LUMO anion of 1,2-dichloroethane,
suggesting that both anion states are stabilized, but the upper is
stabilized by much more than the lower. Substitution of a methyl
group on C1 to produce 2,3-dichlorobutane results in only a
very modest stabilization of the midpoint. Substitution on C2
to produce 1,2-dichloro-2-methylpropane yields a larger stabi-
lization, leaving the midpoint near the value of 1.4 eV. Given
that methyl substitution stabilizes the upper anion state, a
resonance appearing near 3.4 eV in this compound is likely due
to occupation of the €C ¢* orbitals, stabilized by the inductive
effects of the two chlorine atoms.

In 1,3-dichloropropane, shown in Figure 6, the splitting of 00 05 10 15 20 25 30 35
the two anion states is sufficient to broaden the profiledy4— Vertical Attachment Energy (eV)
0.5 eV over that expected for a monochloroalkane at the same
VAE. Methyl substitution on C3 to produce 1,3-dichlorobutane Figure 7. Stabilization of temporary anion energy upon methyl
causes narrowing of the profile and stabilization of the overall substitution on thg indicated molecules as a function of the vertical
feature. consistent with stabilization of both anion states. but attachment energies of the same molecules. The dashed line connects

! ' compounds having only a single hydrogen atom on the central carbon.

of the upper state by a greater amount. The solid line connects compounds having two or three hydrogens.

iii. Summary of Methyl Substituent Effedtsthe compounds
presented here, methyl group substitution is observed to function> 1.4—1.6 eV, lying closer to the empty orbitals, are stabilized,
as both a stabilizing and a destabilizing agent on the anion statesvhereas those with lower VAEs, falling closer to the filled
associated with the €Cl o* orbitals. We find that anion states  orbitals, are destabilized.
lying above~1.5 eV before substitution are stabilized; those For anion states corresponding to filling of the LUMO, there
below this energy are destabilized. are six clear-cut examples of the methyl group shifts, if we

The general behavior observed in our studies of methyl include the ETS results for CHghnd 1,1,1-trichloroethane
substitution is easiest to rationalize using a perturbational picture,discussed later. In Figure 7, we summarize these examples by
although steric factors must also play a role. The addition of a plotting the stabilization in energy that occurs upon methyl
methyl group introduces a number of occupied and unoccupied substitution on a given compound as a function of the UWKE
molecular orbitals that can couple with the originatCl o* that same compoundror example, the VAE of compound 2,
orbital. The new GC and C-H o* orbitals lie above C-ClI ethyl chloride, at 2.41 eV, is stabilized by 0.44 eV upon methyl
o*, and overlap with these orbitals will tend to stabilize the substitution to form 2-chloropropane (VAE 1.97 eV). For
anion state. The new filled orbitals, primarily the pseudo- convenience, each starting compound is accompanied by a
orbitals on the methyl group, lie below—-€Cl ¢* and will sketch of its structure.
destabilize it. At some value of the VAE, these two effects must ~ The solid line passing through points-%, with the result
approximately balance. Thus, we find that anion states with VAE for trichloromethane considered as an outlier, is the most

0.4

0.2

0.0

VAE Stabilization upon Methyl Substitution (eV)
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TABLE 3: Vertical Attachment, Dip, and Peak Energies T T T T T
and Dip—Peak Separations in the Tri- and
Tetrachloroalkanest

molecular dip peak dip—peak
compound orbital VAE energy energy separation

trichloromethane LUMO 0.42 0.25 0.65 0.40
LUMO+1,2 1.8 1.3 2.7 14
1,1,1-trichloroethane LUMO 0.64 0.40 0.87 0.47
LUMO+1,2 1.51 1.21  1.99 0.78
1,1,1,2-tetrachloro- LUMO 0.63 0.52 0.78 0.26
ethane 1.32 1.05 1.67 0.62
1,2,3-trichloropropane LUMO 1.40 0.86 2.37 151
1.23 est
1,1,2-trichloroethane LUMO 0.94 0.58 1.46 0.88
0.83 est
1,1,2-trichloro-2- LUMO 1.02 0.63 1.58 0.95
methylpropane 0.90 est
1,1,2,2-tetrachloro- LUMO ~0.5 0.41 ~0.6 ~0.2
ethane LUMO 0.6 est ~0.6 1.33 ~0.7
~0.8

Trichloromethane

1,1,1-Trichloroethane

a All values are in electronvolts.

obvious interpretation of these data, which indicate a “balance
point” in the substitution effect near VAE 1.6 eV. We cannot

resist suggesting an alternate possibility, noting that compounds
3, 4, and 6 lie on a reasonably straight line (dashed) and that 1,

Derivative of Transmitted Current (Arb. Units)

1,1,1,2-Tetrachloroethane
2, and 5 fall very well on the solid line. The only distinction L FEETE FETE FET Y SU WA RRENE FNEEE AN SRR Ea N

between these groups that we can determine is that compounds o 1 2 3 4 5 6 7 8 9 10
3, 4, and 6 contain only a single hydrogen atom connected to
the central carbon, Whe);eas cgmpo){mdg 1, 2, and 5 contain two Electron Energy (eV)
or, in the case of methyl chloride, three hydrogen atoms. The Figure 8. Derivative of transmitted current as a function of electron
fact that the methyl group can give rise to only two psemdo- energy in CHQ, 1,1,1-trichloroethane, and 1,1,1,2-tetrachloroethane.
type orbitals, thus matching the number for 2 and 5, may explain
why 1 falls on a common line with them. The quality of the fit Substitution of a chlorine atom on the C2 carbon of 1,1,1-
to each of these two smaller data sets is quite good but maytrichloroethane gives rise to the tetrachloro compound whose
well be fortuitous. At present, we have no further explanation spectrum is shown at the bottom of Figure 8. Although the
for the difference in slope, nor any justification for fitting two  symmetry of the former is now broken, the ET spectra are quite
lines to the data. similar. The second composite feature, nominally centered at
C. Selected PolychloroalkanesThe data discussed in this  1.32 eV, has been stabilized by almost 0.2 eV relative to that
section consist of ETS results for a small selection of compoundsin 1,1,1-trichloroethane by the addition of the chlorine atom.

to illustrate the trends encountered in the more heavily i 1 2 3-Trichloropropaneln polychloroalkanes with only
chlorinated alkanes. The results are summarized in Table 3. Thegne or two chlorines on any particular carbon atom, the features
lowest VAE encountered in the dichloroalkanes was that of i, ihe ET spectra are heavily overlapped, making it difficult to

CHCl; at 1.01 eV. Further stabilization of the anion state agsjgn VAESs. However, with some approximations derived from
associated with the filling of the LUMO is known to take place ;r studies of the monochloroalkanes, we can suggest values
upon additional substitution of chlorines on the central carbon ¢, the first VAE in some of the compounds.

to form CHCE and CCJ.10.11 .

i. Trichloromethane, 1,1,1-Trichloroethane, and 1,1,1,2- f'll;he ETgs,pgctr:Jm of 1I,2,3-tr|chlorop10pan.e, Thzwn 3tfthe top
TetrachloroethaneFor consistency with our present work, the of Figure 9, displays at low energy only a single broad feature
ET spectrum of CHGlwas remeasured and is shown at the top pentereq at 1.40 fv’ as might be expected from three weakly
of Figure 8. The earlier stud,as in the case of Ci€l,, was interacting C-Cl o* orbitals. A!though we cannot deconvolute

these anion states, we can give a rough estimate of the energy

not carried out with the high rejection mode used here. VAEs . ; . - .
of 0.42 and 1.76 eV were found for the lowest two resonances of the anion associated with the LUMO. As mentioned earlier,
"and discussed in Appendix I, we found in a series of mono-

reviously assigned to théA; and 2E anion states, respec- . .
tFi)ver.lo’lly g ! P chloroalkanes that the dip energy was given by 0.YAE. If

The ET spectrum of 1,1,1-trichloroethane, shown in the W€ assume that the minimum of the fea_ture in the 1_’2’3'
middle of Figure 8, was acquired for comparison with that of trichloropropane ET spectrum can be associated solely with the

CHCl. It has also been presented by Modelli e¥’adt energies !owegt-lying anion .state, and further, that its characteristiqs are
below 6 eV. Consistent with our earlier discussion of methyl identical to those in the monochloroalkanes, we can estimate
substitution effects, théA; anion state of CHG| at 0.42 ey, ~ the lowest VAE to be 1.2 eV.

is destabilizedto 0.64 eV, and theE state, at 1.76 eV, is iii. 1,1,2-Trichloroethane and 1,1,2-Trichloro-2-methylpro-
stabilizedto 1.51 eV upon addition of the methyl group. Because pane.The ET spectra of these compounds are shown in the
the symmetry of this compound is the same as that of GHCI middle portion of Figure 9. Again, the anion states are heavily
the two lower features are aldd and?E states, in agreement  overlapped. Using the above approach, the lowest VAE is
with Modelli et al}” The additional anion states near 4.28 and estimated to lie at 0.8 eV in 1,1,2-trichloroethane and 0.9 eV
7.30 eV are likely to be associated with the-C o*(a;) and in the propane analogue. There is some evidence that a weak
C—H o*(a, e) orbitals, respectively, substantially stabilized by structure on the high-energy side of the main feature in the 1,1,2-
the presence of three chlorine atoms. trichloroethane spectrum has been stabilized by the methyl
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5 Figure 10. Dip-to-peak energy separations of the temporary anion
A states associated with occupation of the lowest unoccupied molecular
orbital as a function of vertical attachment energy in a number of
1,1,2.2-Tetrachloroethane poly(_:hloroalkanes coded b_y symbol._The solid line sho_ws the power-
law fit to the compounds with clearly isolated lowest anion states. The
numbers refer to the following compounds: (1) 1,1-dichloroethane, (2)
coe e b e b e b e b b by 1,1-dichloropropane, (3) 2,2-dichloropropane, (4) 1,2-dichloro-2-meth-

0 1 2 3 4 5 6 7 ylpropane, (5) 2,3-dichlorobutane, (6) 1,2-dichloropropane, (7) 1,2-
dichloroethane, (8) 1,3-dichloropropane, (9) 1,4-dichlorobutane, (10)
Electron Energy (eV) 1,5-dichloropentane, (11) 1,6-dichlorohexane, (12) 1,8-dichlorooctane,

. . . . (13) 1,9-dichlorononane, (1&4ans-1,2-dichlorocyclohexane, (15) 1,1,1-
Figure 9. Derivative of transmitted current as a function of electron  trichioroethane, (16) 1,1,2-trichloroethane, (17) 1,1,2-trichloro-2-meth-
energy in several trichloroalkanes and 1,1,2,2-tetrachloroethane. ylpropane, (18) 1,2,3-trichloropropane, (19) trichloromethane, (20)

1,1,1,2-tetrachloroethane, and (21) 1,1,2,2-tetrachloroethane.

substitution, giving rise to the more symmetrical dip and peak
seen in the propane compound. is clear that the values of both the VAE andEq, are upper

iv. 1,1,2,2-Tetrachloroethandét the bottom of Figure 9, we bounds to the true properties of the lowest temporary anion
show the ET spectrum of this tetrachloroalkane. In this states. The solid line represents a best fit of the faxnx
compound, the lowest anion state is almost separated from the(VAE)", as used in Figure 2, to data in the 19 compounds in
larger feature. Although the peak of this lower state cannot be which a well-isolated lowest anion state is observed. The
clearly discerned, the center of this anion state would appear todependence is found to leEq, = 0.51 x VAEY#4 quite close
be near 0.5 eV. Applying our monochloroalkane approach, we to that for the monochloroalkanes alone.
estimate a VAE of about 0.6 eV, in good agreement with this  consider first the normal dichloroalkanes, compound43,
value. A pronounced resonance is also observed near 3.5 eVghown as open, downward-pointing triangles. In the longest of
likely due to the C-C o* orbital inductively stabilized by the  these 1,9-dichlorononane, compound 13, the two anion states

four chlorine atoms. are essentially degenerate, and we see that the width of the
) ) feature is identical to that of a monochloroalkane of the same
4. Widths of the Temporary Anion States VAE. Compound 12, 1,8-dichlorooctane, also has a width quite

close to that given by the monochloro line. As the chain length
decreases, the widths of the composite features arising from

and polychloroalkanes and the variation of these energies with ) .
methyl group substitution, we turn next to an examination of overlap betwee_n the two anion states increase, and these data
’ fall above the line. The extreme case is that of compound 7,

the widths of these anion states and comparisons with those ) . : X L
P 1,2-dichloroethane, in which we estimated the splitting to be

found earlier in the monochloroalkanes and shown in Figure 2. ; N
Figure 10 collects the dip-to-peak separatiohEg,, found in %Zn?)\éhl-or?:ﬁvr\],:adth of the composite lies 0.74 eV above the

the ET spectra and plots them as a function of VAE. The o )
dichloro- and polychloroalkane data are coded by symbol to A group of vicinally substituted compounds—6 and 14),
several chemical families, including those with geminally or ©OPen, upward pointing triangles, as well as 1,3-dichlorobutane,
vicinally substituted chlorines, the long chain alkanes, and OPen square, all fall in close proximity to but above the
trichloroalkanes, as well as a few specific molecules. The monochloroalkane line. The anion states in these compounds

numbers indicate the compounds identified in the figure caption. are likely to be split by a smaller amount than those in 1,2-
In the Compounds for which more than one anion state is dichloroethane because of stabilization of the upper anion state
observed by ETS, only the width of the anion state associatedPy the methyl groups (46) or the carbon ring (14).

with the LUMO is shown. In the examples in which a feature Of the trichloro-compounds, the lowest feature in the ET
consisting of overlapping anion states is observed, we use thespectra of compounds 8.8, open pentagons, clearly arises
center of the composite feature for the VAE. In these cases, it from overlapping temporary anion states. The widths of these

Having completed our discussion of the VAES of the dichloro-
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features, in common with the shorter normal compounds, lie — T T T T —TT
well above the monochloro line. L 0 Monachloroalkanes : -

Of the two tetrachloro compounds in Figures 8 and 9, only | 4 Dichloroalkancs O O |
the anion state arising from occupation of the LUMO of 1,1,1,2-
tetrachloroethane, compound 20, can be clearly resolved in the
ET spectrum. The width of this state is in excellent agreement
with that predicted on the basis of the monochloroalkanes. The
width of the lowest anion state in 1,1,2,2-tetrachloroethane,
compound 21, can only be approximately determined from its
ET spectrum but also appears to be in good agreement.

We are left with three examples of compounds in which the
lowest anion state is well-separated, but its associated width is
not in good agreement with that predicted by the line.

Dichloromethane, shown as a filled diamond in Figure 10,
has the largest observed splitting between its twdCo* anion
states. Thus, the width of the lower anion state should not be
altered by overlap effects. Nevertheless, it lies substantially
above the line. We have noted elsewRétkat the dissociative
attachment cross section of dichloromethane is approximately
a factor of 30smallerthan would be expected given the value Vertical Attachment Energy (eV)
of its VAE. This result is consistent with an anomalously shorter Figure 11. Virtual orbital energies obtained from the 6-31G* basis
anion lifetime and thus a greater profile width. At present, this set as a function of vertical attachment energies. Geometry optimizations
is not understood, although ongoing measurements in the mixedwere also carried out at this level. The solid line shows a best fit to the
fluorochloro methanes may provide some clues. The widths of data, excluding the point for methyl chloride.
the lowest anion states of CH{lcompound 19, and 1,1,1-
trichloroethane, compound 15, also lie above the line but not

(1) Methyl Chloride
(2) Ethyl Chloride
(3) 1-Chloropropane
(4) 1-Chlorobutane
(5) 2-Chloropropane 4
(6) +-Butyl Chloride

(7) 2,2-Dichloropropane
(8) 1,1-Dichloropropane
(9) 1,1-Dichlorocthane 4
(10) Dichloromethane

(11} 1,1,1-Trichloroethane J
(12} Trichloromethane

(13} 1,1,1,2-Tetrachloroethane

Virtual Orbital Energy, 6-31G* (eV)

5. Calculations of LUMO Energies

in such substantial disagreement as,CH In the final portion of this work, we examine the connections
As discussed in section 3AAEg, is made up of two between quantum chemical calculations of LUMO energies and

components, the natural lifetime broadeniiigand contribu- ~ measured VAEs. LUMO energies are widely used to correlate

tions from Franck-Condon factors. For VAEs- 1 eV, our molecular structure to chemical processes in which a likely key

modeling of FranckCondon overlaps suggested that the Step is electron transfer to a neutral moleculéere are obvious

contribution fromI” was the dominant effect. A crude decon- @advantages in establishing such quantitative structure/activity
volution shows thaF" varies as a somewhat higher power than elationships (QSARs), as computations in large numbers of
that found forAE, In view of the approximate nature of these r_elated cpmpounds can be carried out consistently and expedi-
estimates, we conclude that our results are consistenfwith ~ tiously with modern computers.

VAE1S, in good agreement with the relationship predicted from ~ LUMO energies are generally computed in the optimized
the p, local symmetry of a &Cl o* orbital. geometry of the electronic ground state of the neutral molecule.

Thus, they are characteristic of a vertical process in which the
geometry of the anion does not relax. It does not appear to be
widely appreciated that such LUMO energies are approximations
to the VAEs discussed here. Comparisons of LUMO energies
nd VAEs inunsaturateccompounds have been made by several
roups!®23 Considerably less has been done for saturated
hydrocarbong? although LUMO calculations in the chloro-

For VAEs < 1 eV, the interpretation is not as straightforward
because the contributions from FrargRondon overlaps be-
come an increasingly larger part of the total width. Indeed, given
that, for finite angular momentuni;, must go to zero as the
energy of the autodetaching electron goes to zero because og
threshold law requirements,it is clear that the total widths
must reflect the FraneckCondon overlaps between neutral and methanes were carried out by Burrow eti@to aid in the

anlon.as VAE— O ] . . assignment of their ETS data. Heinrich ef-%hlso included
Until more realistic calculations of the anion potential curves these compounds in their study and found that the slope of the

are available, it will not be possible to extract values Ifdior line correlating the LUMO energies with VAEs differed from
anions with low VAEs. Considering how well the VAE that in unsaturated compounds. The most detailed treatment of
dependence seems to account for the widths at VAE eV, empty orbital energies, the corresponding anion states, and

however, it is reasonable to use this as an approximation to theyvAEs is that of Falcetta and Jord&nfor the CHCI—CCl,

I" behavior below 1 eV. This gives rise to a simple picture in  series. This study utilized a variant of the stabilization method
which the angular momentum barrier through which the electron in conjunction with the Koopmans’ theorem approximation to
must tunnel is essentially the same for all of the compounds, distinguish physically meaningful orbital energies from those
and the various intramolecular orbital interactions such as thosethat arise from diffuse quasi-continuum orbitals. We illustrate
arising from methyl and chlorine substitutions serve primarily some of these aspects below. In Appendix I, we provide
to determine the VAE, thereby positioning the anion state higher additional theoretical comments on the connections between
or lower inside the barrier. This model is certainly oversimplified LUMO energies and VAEs.

with respect to the nature of the barrier and will have to be  Our present ab initio SCF calculations have been carried out
tested with rigorous scattering calculations. Nevertheless, it using the GAMESS prograff. Geometries of the neutral
provides a simple way to view the connection between VAE molecules were optimized using the 6-31G* basis set, and virtual
and anion lifetime. As we show elsewhérthis relationship is orbital energies were obtained from the same basis set. In Figure
key to an understanding of the dissociative electron attachment11, we plot the calculated empty orbital energies, LUMOs only,
process. as a function of measured VAEs. We include only those
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TABLE 4: Calculated Virtual Orbital Energies in the HHr———r—T7TTT—5r—7
6-31G* Basis Set and Predicted and Measured Vertical L O Monochloroalkanes -
Attachment Energiest L O Dichloroatkanes 10 4
; A Trichloroalkanes y i
VOE predicted VAE - 4
compound 6-31G* VAEP expt 3 7
Monochloroalkanes O _
methyl chloride 5.299 2.229 3.45 ‘O'P ]
ethyl chloride 5.362 2.286 2.41 = (1) Methyl Chloride |
2-chloropropane 5.337 2.264 1.97 2! O et iorommapenc |
t-butyl chloride 5.202 2.140 1.86 2 (4) 1-Chlorobutane |
1-chloropropane 5.443 2.360 2.4 b5y & 2-Chloropunne. i
1-chlorobutane 5.200 2.139 2.43 5 (7 -Butyl Chioride |
Dichloroalkanes E B T e
dichloromethane 4.184 1.212 1.01 2 (10) 1, 1-Dichloroethane 1
1,1-dichloroethane 4.323 1.339 1.36 o (11 Dichloromethare
1,1-dichloropropane 4.435 1.441 1.39 = (12) 1,1, -Trichloroethane
2,2-dichloropropane 4.398 1.407 1.41 £ (9 Trictioromethane |
. > (14) 1,1,1,2-Tetrachloroethane |
Trichloroalkanes
trichloromethane 3.290 0.396 0.42 r 1
1,1,1-trichloroethane 3.446 0.538 0.64 7 L
Tetrachloroalkanes 0 ! 2 3
1,1,1,2-tetrachloroethane 3.233 0.344 0.63 Vertical Attachment Energy (eV)

* All values are in electronvolt$. Predicted VAE= (VOE — 2.856)/ Figure 12. Virtual orbital energies obtained from the STO-3G basis
1.096. set as a function of vertical attachment energies. Geometry optimizations
were carried out at the 6-31G* level. The solid line shows a best fit to
compounds in which well-isolated anion states are observed.the data, excluding the point for methyl chloride.

The data fall into three clusters, as expected, associated with ) . ) )

the monochloro, dichloro, and trichloro compounds. One Returning to the calculation of the LUMO virtual orbital
example of a tetrachloroalkane is also provided in the latter. €nergy of CHCI, Falcetta and Jord&nhave argued that its
As we have noted elsewhere, a striking problem seen in Figure €N€rgy is stabilized because of strong mixing with a nearby
11 is the failure of the calculations to describe properly the virtual orbital with considerable continuum character. In general,
virtual orbital energy of methyl chloride, compound 1. In this is aproblem to WhICh high-lying orbiials will be particularly_
contrast to experimental results, methyl chloride, ethyl chloride, susceptible. It is thus of interest to consider theT degree to which
and 2-chloropropane have almost identical calculate€qo*) the other monochloroalkanes (compounds6g in Figure 11
LUMO energies in this basis set. Excluding the result for methyl @S0 suffer from this effect. Falcetta and Jordan state that
chloride, a regression to the remaining compounds is shown aSmlniinal basis sets are not af.fected.by mixing with “discretized
a solid line in Figure 11. The relationship is found to be VOE continuum” states and that, in particular, the STO-3G level of

= 2.83+ 1.11 x VAE, where VOE is the virtual orbital energy theory is better at predicting relative_ar_iion energies than ihe
in electronvolts. 3-21G or 4-31G levels. To explore this issue, we have carried

The correlation for the LUMO anions associated with the ©ut STO-3G calculations of the VOEs of the molecules shown

filing of the C—Cl o* orbitals differs substantially from those N Figure 11 and plotted these as a function of the VAE in Figure
for 77* orbitals in unsaturated compounds. For example, using 12+ All geometry optimizations were made using 6-31G* bases.
a 6-31G basis set, Chen and Gafufound, for the LUMO In contrast to the scatter observed for the monochloro com-
anions of the unsaturated compounds listed by Heinrich &t al., Pounds in Figure 11, an improved and almost monotonic
the relationship VOE= 2.33+ 1.31 x VAE. Similarly, in a dependence of the VOE on the VAE is observed in Figure 12
small number of aromatic compounds used to emulate the for these compounds. However, the results suggest that a change

DNA bases, namely, benzene, naphthalene, pyridine, and!n Slope occurs above VAR 2.0 eV, with the higher-lying
pyrimidine, Aflatooni et al?’ in their ref 14, found the VOEs depressed. This issue requires further theoretical input.

correlation to be VOE= 2.555+ 1.375 x VAE, using the This behavior may result simply from insufficient flexibility ir_i
6-31G* basis set. such a basis set. On the other hand, as we note in Appendix II,
the Koopmans’ approach is an approximation that omits a
number of interactions. The most significant of these may be
dhe absence of coupling to the continuum and the concomitant
shift in energy. For completeness, a straight-line fit to the data
in Figure 12, excluding that for Ci€l, is expressed by VOE
=7.43+ 1.30x VAE (eV). The STO-3G data are summarized
in Table 5.

These results indicate that the same shifting/scaling relation-
ship cannotbe used for both saturated and unsaturated com-
pounds and that, even within unsaturated compounds, difference
occur within various families of molecules. However, it is clear
that, by empirically adjusting the LUMO energies to match
VAEs within a given family the predictive use of LUMOSs in
QSAR studies would be greatly improved for other members
of the same family. An example of this approach applied to
environmentally important molecules and their degradation on
iron surfaces has been noted elsewi&Eable 4 summarizes We have provided a comprehensive set of measurements
the calculated 6-31G* VOEs, the predicted VAES using the best- characterizing the energies and lifetimes of the temporary anion
fit line, and the experimentally determined VAEs. We note in states associated with the short-lived occupation of the€€IC
addition that the predicted VAE of the lowest anion state of o* orbitals of the dichloroalkanes and selected tri- and tetra-
1,2-dichloroethane is 1.72 eV, in excellent agreement with the chloroalkanes. Because our measurements are carried out in the
estimated value of 1.7 eV obtained using the experimental gas phase, the anion energies are characteristic of the isolated
method discussed in Appendix I. molecules in their equilibrium ground states. Such VAEs serve,

6. Conclusions
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TABLE 5: Calculated Virtual Orbital Energies in the BRI AR RS UL RS EULIILE I
STO-3G Basis Set, and Predicted and Measured Vertical L O Peak o A
Attachment Energiest %‘ s [ © Dip 7
VOE predicted  VAE = .
compound STO-3G VAE expt £ [ Epi =147 VAE ]
(]
Monochloroalkanes 4L ]
methyl chloride 10.648 2.484 3.45 v F 1
ethyl chloride 10.447 2.327 2.41 ST ]
2-chloropropane 10.191 2.127 1.97 g 4
t-butyl chloride 9.897 1.898 1.86 £3r 7
1-chloropropane 10.447 2.327 2.40 w L
1-chlorobutane 10.428 2.312 2.43 =T -
2-chlorobutane 10.218 2.148 2.05 E s b h
Dichloroalkanes Mo 1
dichloromethane 9.271 1.409 1.01 < 1
1,1-dichloroethane 9.249 1.392 1.36 & L b
1,1-dichloropropane 9.276 1.413 1.39 2 F 4
2,2-dichloropropane 9.173 1.333 141 St E,, =07*VAE 1
Trichloroalkanes B LA i e ]
trichloromethane 8.044 0.451 0.42 0
1,1,1-trichloroethane 8.139 0.525 0.64 60 05 10 15 20 25 30 35
Tetrachloroalkanes Vertical Attachment Energy (eV)
1,1,1,2-tetrachloroethane 7.793 0.255 0.63 ) ) ) o
) ] Figure 13. Dip and peak energies of the electron transmission
2 All values are in electronvolt$. Predicted VAE= (VOE — 7.466)/ structures of several monochloroalkanes plotted as a function of the
1.281. vertical attachment energy. The equations were used to determine the

] . ) estimated energy of the lowest anion state in compounds with
therefore, as reference points from which solvation and nuclear overlapping anion states.

relaxation effects that alter the anion energies must take place.
In particular, we have examined the role of methyl substitution most, an upper bound to the dip energy of the lowest anion
on the anion energies and found that it serves to stabilize higher-state in the composite. Assuming that the characteristics of this
lying anions but to destabilize those at lower energies. A simple resonance are the same as those for the monochloroalkanes, we
relationship between the VAE and the temporary anion lifetime have used the lower line in Figure 13 to make an estimate of
was observed that holds, on average, over a wide range ofthe associated VAE, as carried out in the text.

chloroalkanes with only one significant exception. This de-

pendence is consistent with the threshold law for electron Appendix I

tunneling through a barrier associated with one unit of angular
momentum. Although temporary anion states are observed tha
correspond to attaching into higher-lying orbitals, primarilyC

o*, we have not attempted to analyze them. Preliminary
calculations indicate that the energy ordering of theCQCo*

and C-H o* orbitals is basis-set dependent and greatly
influenced by interaction with continuum orbitals.

The correlations between measured VAEs and the calculated
LUMO energies of C-Cl ¢* orbitals using two basis sets were
explored. By shifting and scaling the calculated energies to
match one or more experimental values of the VAE, the
predictive power of the LUMO calculations can be greatly
improved. However, there remain problems with the energies
of the higher-lying empty orbitals.

( The VAEs we measure are properties of the true scattering
(continuum) states of the molecules, whereas the calculated
unoccupied orbital energies in their unshifted form are, in part,
the result of artifacts depending upon the basis used. (This is
over and above any inaccuracies caused by the limitations of
the basis in producing an accurate representation of the neutral
molecule.) The unoccupied orbitals may be said to be a
“discretization” of the scattering states of ti¢ 1)st electron
actually involved in the scattering. Because the basis is finite
from practical necessity, the unoccupied orbital energies are
approximate (in the Koopmans’ theorem sense) eigenvalues of
the Hamiltonian for this discretized basis. The number and
positions of these eigenvalues are determined by the size and
nature of the basis used. As we have seen, restricted minimal
bases such as STO-3G give fairly high orbital energies, whereas
more extended ones such as 6-31G* give lower values.

As shown in Figure 2, the dip-to-peak energy separation of  Two methods that have been used to make the calculated
the C-Cl o* structures in the ET spectra of the monochloro- LUMO energies more directly comparable to experiment are
alkanes varies approximately linearly over the range that they stabilizatio?® and Fano-Feshbach resonance thébig.cases
can be measured. In Figure 13, we plot the dip and peak energiesvhere these have been applied, a much better comparison with
separately against the VAE for the monochloroalkanes and seeexperiment has resulted. (Some further adjustments are fre-
that they also vary linearly. Extrapolating straight lines through quently needed because of limitations of the HartiEeck
these two data sets to pass through the origin yields the procedure in producing the effects of polarization and relax-
expressions relating either peak or dip energy to VAE shown ation.) In the present work, our empirical shifting and scaling
in the insets of the figure. Because of the difficulty of accurately compensates in part for the discrepancies between the unmodi-
determining the peak energy in GEl, we have notincluded it  fied LUMO energies and the true VAEs.
in the fit, but show the data for reference. The dip energy,
although not included in the fit, is in excellent agreement with  Acknowledgment. This work was supported by the National
that of the other monochloroalkanes. Science Foundation through Grant CHE-9710076. We are
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