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Stabilized Koopmans’ Theorem Calculations on ther* Anion States of
1,4,5,8-Tetrahydronaphthalene
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The exponent stabilized Koopmans’ theorem is used to calculate the energiesrbattien states of 1,4,5,8-
tetrahydronaphthalene. The results indicate that the ordering afion states is 2Bsq < 2 2A, < 3 ?Bg.

This order of anion states is the same as that which would prevail were only through-space (TS) interactions
present. The through-bond (TB) interactions destabilize alltherbitals; however, they do not change the
order.

1. Introduction

The determination of energies of temporary anion states is
very important in the study of many chemical properties such
as chemical reactivity, electronegativity, nonlinear optical
activity, and long-range through-bond (TB) and through-space
(TS) interactiond. For cases in which the emphasis is on
relative energies, a Koopmans’ theorem (Ka&jpproach would
often suffice except for the problem that when adopting a basis
set with diffuse functions, the temporary anion states are prone Figure 1. The geometry of isotetralin utilized for the calculations.
to collapse onto continuum solutions, called orthogonalized
discrete continuum (ODE)® solutions. 2. Methodology and Computational Details

The stabilized Koopmans' theorem (SKT) methéce., the In the present study, the ESKT is employed to distinguish
stabilization method proposed by Taylor and co-workers e .« grpitals from the ODC solutions. Three different
coupled with KT), has been much more successful than KT gy ssjan-type basis sets are employed for the ESKT calcula-
alone at predicting relative energies of temporary anion tions The 6-31G-ap; basis set is formed by augmenting the
states]>%%that is, relative attachment energies (AESs). Actu- 6.31G basis set with the inner diffuge function multiplied
ally, two variants of the stabilization method have been applied py 5 scale facton (denoted byops) on the C atoms. For the
in conjunction with KT. One method is the so-called exponent ¢ atoms, thep; functions denoted by thet (i.e., sp) in the
stabilization method and the other is the sphere stabilization 6.31+G* basis séthave exponents of 0.0438. The 6+3%+ap,
method®>? Both approaches are able to yield accurate and 6-3%-G*+ap, basis seéd are formed by augmenting the
resonance energies for the model potential problems with 6-31+G, 6-31G* basis sets with the outer diffuge functions
relatively small basis sets. The eigenvalues are determined asnultiplied by a (i.e., apz) on the C atoms. The; functions
a function of scale parameters that are the exponents of thehave the exponents of 0.0146 for the C atoms.

appropriate diffuse functions in the exponent-stabilized Koop-  The stabilization graphs are obtained by plotting the calculated
mans’ theorem (ESKT) method, and the sphere parameters ingnergies as a function of the scale facter, As a decreases,
the sphere-stabilized Koopmans’ theorem (SSKT) method, the ODC solutions may approach thé orbital solutions in
respectively. energy and lead to avoided crossings between two types of
Detailed studies of the ESKT method on titeanion states solutions. In such cases, the energy of the stabilizeorbital
of 1,4-cyclohexadiene (CHD) and a series of substituted is taken as the mean value of the two eigenvalues involved in
benzenes by Cheng et indicate that provided sufficiently  the avoided crossing at their point of closest approagkf; 2.6
flexible basis sets are used, the method gives relative energies Al calculations were performed using the Gaussian-94
between the stabilized™ orbitals in good agreement with  program!! The isotetralin geometry used for the calculations
experimental results. In the present study, the ESKT methodis assumed to be planar to expldidy, symmetry. The
is used to calculate the* orbital energies of 1,4,5,8-tetrahy-  calculation was carried out at the MP2/6-31G* optimized
dronaphthalene (isotetralin), which contains one more carbon geometry as the same procedure employed in our previous CHD
carbon double bond and two more gbtidge units than CHD.  calculation$2 The isotetralin geometry used for the calculations
The results obtained from both ESKT and KT approaches are is shown in Figure 1. The €C distances and the-€H bond
then compared. To study the* TB and TS interactions in lengths of the ethylene trimer are the same as in isotetralin.
isotetralin, the energies of the* levels of ethylene and the = The CCH angles are set to be 240 keep the internal hydrogen
model ethylene “trime® are computed via the ESKT method. atoms of two ethylene molecules from being too cl¥se.
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Figure 2. The eigenvalues of (&, virtual orbitals and (b)psg virtual
orbitals as a function of the scaling factrfor a free electron in the
absence of potentials obtained with the 6+&+ap, basis set.

3. Results and Discussion

a. lsotetralin &* Virtual States. The eigenvalues of the
discrete continuum (D€)olutions are obtained by solving the
Schr@linger equation for a free electron in the absence of
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Figure 3. Stabilization graphs of eigenvalues of &)virtual orbitals,

(b) bsg virtual orbitals as a function of the scaling factofor isotetralin

and free electron obtained with the 6-8G+ap, basis set. The
eigenvalues for the molecular and the free electron problem are
represented by the solid and dashed curves, respectively.

shown in Figure 3b. The lowest unfilldaky orbital obtained
from the ESKT calculations matches that of the first DC dor

potentials. Figures 2a and 2b give the eigenvalues of the DC < 4.0. The second unfillebsy orbital matches the second DC

solutions as a function ak for the a, and bsg virtual orbitals
obtained with the 6-3tG+op; basis set, respectively. (The

for oo < 1.7 and lies below that of the second DC for larger
value. According to Figure 3b, there are two avoided crossing

symmetry in the labeling of the orbitals is based on a molecular regions below 6.0 eV. These avoided crossing regions are due

orientation with the central carbertarbon double bond lying
along they axis and all the carbon atoms lying in tkey plane.)
With this basis set there are thragand fourbzg DC solutions
lying below 6.0 eV for 1< o < 4.0.

The stabilization graph of the solutioagvirtual orbitals and
the free electron that were obtained with the 6-8&H-op, basis

to two bsg * orbital solutions together with one ODC solution
because there is only one DC solution (third DC solution) around
the avoided crossing regions. The energy of the figgtz*
orbital (denoted asl2g) obtained from the first avoided crossing
is 4.45 eV ato,c = 2.30. The energy of the secotdy 7*
orbital (denoted as [8;) obtained from the second avoided

set is shown in Figure 3a. The eigenvalues of the ODC solutions crossing is 5.04 eV at,. = 2.86.

correlated well with the corresponding DC solutions when the
energies are well below the stabilizedt orbital level. The
lowest unfilleda, orbital obtained from the ESKT calculations
corresponds to the first DC solution far < 4.0. The energy
of the g #* SKT orbital is estimated from the avoided crossing
with the ODC solution. The energy is 4.73 eV = 2.60.
The stabilization graph of thiesg 7* virtual orbitals and free
electron problem calculated with the 6-BG+ap, basis set is

The results of the various ESKT and KT calculations of the
AEs for isotetralin are summarized in Table 1. To compare
with experimental results, “corrected” AEs are also included in
this table. The corrected values are obtained by subtracting a
constantb from the original AE values to bring the calculated
AE for the lowestz* anion state into agreement with experiment
[i.e., AEcor = AEgskt — b (eV)]. In ESKT/6-3H-G+ap;
calculations, the constabtequals 2.85.
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TABLE 1: Calculated and Corrected® AEs (eV) of
Isotetralin Obtained from KT and ESKT Calculations

basis set 2Bg 22A, 32Bgy
ESKT method
6-31GHop; 4.14 (1.60) 4.67 (2.13) 5.28 (2.74)
6-31-+G+op; 4.45 (1.60) 4.73(1.88) 5.04 (2.19)
6-314+G*+ap,  4.42(1.60) 4.73 (1.91) 5.04 (2.22)
KT method
6-31G 4.96 (1.60) 5.41 (2.05) 5.06 (1.70)
6-31+G 3.05 (1.60) 4.00 (2.55) 3.80(2.35)
6-314+G* 3.06 (1.60) 3.98 (2.52) 3.82(2.36)
experimerit 1.60 1.80 2.25

aThe corrected values (shown in parentheses) were obtained by
subtracting the amount needed to bring the calculated AEs into
agreement with experimental values for the lowe$tanion states.
b Reference 14.

First, we compare the calculation results of ESKT/6-
31+G+ap; with KT/6-31+G. The corrected energies of the
threesr* anion states obtained from the ESKT/6-BG+op,
calculations are 1.60 (2g), 2.19 (3g), and 1.88 eV (dy),
respectively. According to the electron transmission spectros-
copy (ETS}® spectrum results, isotetralin has its pronounced
features at 1.60 and 2.25 eV and a very weak feature near 1.80
eV.1* Thus, the ESKT/6-3tG+ap; calculation can account
guantitatively for the relative AEs when compared with the
experimental results. The inclusion of a diffudéunction on
the carbon basis set proves to be relatively unimportant, leading
to changes in the energies of th# orbitals of <0.03 eV.

As may be seen from Table 1, the ESKT method gives the
ordering of Dgg < 2a, < 3bzy Whereas the KT method gives
the ordering of B3y < 3bzy < 2a, The results of the KT
method without stabilization, however, cannot be trusted.
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It is important to establish that the ESKT method is able to Figure 4. Stabilization graphs of eigenvalues of @)virtual orbitals,
correctly predict the ordering of two close-lying unfilled orbitals.  (b) bsgvirtual orbitals as a function of the scaling factofor the trimer
Studies of a wide range of molecules have shown that the ESKT obtained with the 6-3tG+ap; basis set. The locations af,; are

method usually predicts splittings correct to 0.1 eV. For CHD,

marked with x.

which is closely related to isotetralin, the error in the ESKT TagLE 2: Vertical Electron Attachment Energies (eV) of

splitting is only 0.04 eV.

If our assignment B854 < 2a, is correct, then our calculated ~ESKT/6-314+G+ap, Calculations

Ethylene and the Ethylene “Trimer” Obtained from the

value for the Bsy2a, splitting is only 0.08 eV, which is

consistent with the magnitude of the error in the splittings
between ther* orbitals of other related systems. |If the orbitals
were actually ordereddd < 2bgg, the calculated splitting would
be in error by 0.48 eV. This value is far from the aforemen-
tioned range. Therefore, we can be confident in thg

2a, * assignment.

<CCH 120 140
ethylene
?Bgy 2.93 2.72
ethylene trimer
12Bg 2.46 2.53
12A, 3.05 2.96
2 2Bg, 4.70 4.67

One possible source of error for relative energies of unfilled energies of the, * orbital obtained from the avoided crossing
orbitals as determined from ESKT calculations is due to is 2.96 eV. The stabilization graph of thg, 7* virtual orbitals

extraction of energies from the stabilization graph by the of the trimer is shown in Figure 4b. The energies of the first

midpoint method. In determining the performance of the and secondyg 7* orbitals (denoted aslgg and sy, respec-

midpoint method, we have compared the results obtained fromtively) obtained from the first and second avoided crossing are
the midpoint method with the exact results of refs 6e and 16. 2.53 and 4.67 eV, respectively. Table 2 gives the results of

This comparison indicates that the errors due to the extraction AEs for the?A, and?Byg states of the middle ethylene, and the

procedure should be0.06 eV’ Another possible source of  “trimer” at two different CCH angles.

Then, by applying the fragment orbital methBdthe z*
orbitals of the trimer can be constructed from those of the outer
b. Studies of TB and TS Interactions. To study the TB two ethylenes (i.e., the ethylene dimer), and that of the middle

error is from the unequal neglect of relaxation and correlation
corrections of the unfilled orbitals.

and TS interactions in the* orbitals, we performed the ESKT/  ethylene. The extent of interaction oggoz* orbitals of the
6-31+G+ap; calculations on ethylene “trimer” and the middle dimer and that of the middle ethylene can be taker\Bs —
ethylene of the trimer under two different CCH andle&irst, AE,. Here,AE; is the splitting between twbsg 7* orbitals of
let us consider the results obtained from the calculations usingthe trimer andAE; is the splitting betweeisy 7* orbitals of

the CCH angle of 140 The stabilization graph of the energies the dimer and that of the middle ethylene as shown in Figure

as a function of scaling facter for the lowesta, virtual orbital 5. Likewise, the extent of interaction af orbitals of two outer
of the trimer (denoted asal) is shown in Figure 4a. The ethylene monomers can be taken toAfg;, that is, the splitting
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correspondinge* orbitals of isotetralin. The correlation diagram
of the #* orbital energies for ethylene, ethylene trimer, and
isotetralin is given in Figure 6. Due to reasons of symmetry,
all threesr* orbitals can mix with CH pseudos orbitals. The
ESKT/6-3H-G+ap, calculations indicate that TB destabilization
of 2bgg, 2a,, and sy * orbitals are 1.92, 1.77, and 0.37 eV,
respectively.

Our predicted ordering of the* orbitals, Zzg < 2a, < 3bzg,
in isotetralin is the same as that in the ethylene trimer. This
“normal” ordering ofz* orbitals is not the same as the inverted
ordering in CHD, which haa, < bgg(i.e.,m—* < 71* ordering).
The main factor causing the difference in the orderingaof
and bzg * orbitals for these two systems is that the TB
interactions destabilize both thdssd and 2, =* orbitals by

about the same amounts in isotetralin. However; G$éudor
orbitals do not mix witha, 7z* orbitals and the TB interactions
only destabilizebsq 7* orbital in CHD. Our calculated results

also indicate that the total magnitude of TB interactions is about
twice of TS interactions for isotetralin.

4, Conclusions

The energies oft* anion states of isotetralin have been
calculated by the ESKT method. Our predicted ordering*of
orbitals is Dzg < 2a, < 3bzg. This result is the same as that of
ethylene trimer with only TS interactions present. This normal

ordering is due to the fact that the TB interactions destabilize
all the 7* orbitals.
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