Theoretical studies of molecular ions. Vertical ionization

potentials of hydrogen fluoride

Wesiey D. Smith, Tsung-Tai Chen, and Jack Simons™*

Chemistry Department, University of Utah, Salt Lake City, Utah 84112

(Received 27 February 1974)

The *I1 and 2=+ vertical ionization energies of hydrogen fluoride are studied within the framework
of an equations-of-motion approach, which permits the direct calculation of the ion-molecule energy
differences. The contributions of charge redistribution and correlation energy change to the calculated
ionization potentials are evaluated. The computational efficiency of the method is illustrated and
comparisons are made with recent photoionization experimental results.

. INTRODUCTION

In a previous publication, ! hereafter referred to as
(I), we developed a physically clear and computationally
tractable theory of molecular electron affinities and ion-
ization potentials. In our approach, the ion-molecule
energy difference is obtained directly rather than as a
result of carrying out two separate variational calcula-
tions, Such a direct-calculation theory permits us to
effect a formal cancellation of those terms which con-
tribute equally, through third order in perturbation the-
ory, to the ion and molecule energies. Connections be-
tween our equations-of-motion (EOM) technique and
Rayleigh—Schrédinger perturbation theory (RS) and a
third-order approximation to the self-energy of Green’s
function theory have been discussed by us in (I) and else-
where.? It is sufficient for understanding the results
presented here to recall from (I) that the adjustment of
the parent’s Hartree~Fock molecular orbitals as well
as the change in correlation energy which accompanies
ionization are incorporated into our theory in a manner
which allows the ion-molecule energy difference to be
obtained accurately through third order in the electron
interactions r},l .

A principal purpose of the present paper is to present
and analyze the results of applying our EOM method to
the X!'=*~?[ and X'2*~2%" vertical ionization energies
of the hydrogen fluoride molecule.® The experimental
data on this molecule, which was obtained by Berkowitz
et al.* provides us with an excellent source of informa-
tion with which to compare our theoretical predictions,
In Sec. II the computational methods used to obtain the
ionization energies are described briefly. Section III
contains the results of these initial test calculations as
well as a discussion of their probable accuracy and
some comments concerning our future research in this
area.

li. DESCRIPTION OF THE METHOD

In the EOM theory of electron affinities and ionization
potentials derived in (I), the excitation operator §,,,
which generates the, in principle exact, eigenstate |u*)
of the positive ion when operating on the true neutral-
molecule ground state | g),

Q. lg)=]u", @)
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is approximated in terms of the second-quantized Har-
tree—Fock orbital creation {C}} and annihilation {C;} op-
erators as follows®:

2, =2 X0 Cr+ 2 Yo (WG, €0y

mlp, o

+ uza-,:m Yosz (u) Ca C;l CB . (2)
The operator C;(C;) creates (destroys) an electron in
the Hartree—Fock spin orbital ¢;. Greek indices a, 8,
y label “occupied” Hartree-Fock spin orbitals, m, n,
b, q label “unoccupied” spin orbitals, and i, j, &, !
label either set. The X;(u), ¥,,.(1), and Y, 4(u) are
expansion coefficients which are determined by making
use of the EOM theory of (I) whose pertinent aspects are
briefly reviewed below. An analogous expansion for the
operator £, which generates negative-ion eigenstates
when operating on | g) is also given in (I).

By assuming that 1 g) and |u*) exactly obey the follow-
ing Schrddinger equations
H|g)=E|g), (3a)
and
H|p)=EL|u"), (3b)
one immediately obtains the basic equations of motion
[#,9,]|lg)=E.-E)2,| ) (3¢)

which were used in (I) to derive the working matrix
pseudoeigenvalue problem involving the electron affinities
or ionization potentials and the coefficients X;(), or

X {(H)

12 Hy, (AE)X,00=AE, X,\), (4a)
or

‘JZ, Hyy(AE,) X, (1) = AE, X, (1), (4b)
where AE, is E;—E and AE, =E - E,,. These results
can be derived by using the approximation to &, given

in Eq. (2) or its electron-affinity analog and the RS ap-
proximation to | g)
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lgas>=1vo'”2{ o)+ 2o (mn] aB)(eut €4 = €n= &) G c;cacml‘”} | (5)
m<n, o

in Eq. (3c). The coefficients Y,,, and Y, have been
eliminated by partitioning the resulting equations, In

Eq. (5) N, is a normalization constant, ¢, is the Hartree—
Fock energy of spin orbital ¢,, and the {(mn|ap) are
antisymmetrized two-electron integrals over the spin-
orbitals ¢,,, ¢,, ¥,, and ¢;. The Hartree-Fock wave-
function of the neutral parent is represented by |0).

The elements of the matrix H;,;(AE) are given in Eq.

(837) of (1) as

. 3
B B
= A DiamB =4, am8
H;,(aE) A’“a;a,m Em,+ AE
Y BussnBinen
isneo _
+m<n,a _Eam"+AE ) (I 37)

where AE is either AE, or AE, and the quantities appear-
ing in this equation, which are defined in Eqs. (31d)-(35)
of (I), are reproduced here for the sake of completeness.

A,,=5i,e,+kzl: (k1) Fyy, (1-31d)
Bi,ums=—<imfaﬁ>—%02q(imlpq)lfg‘g ,
+Z; [(iv| pa) ke - (iv| pBYKTE),  (1-3le)

1
Bi.nam = <za !m” >+§.,25: (Z’d’}b'}’}K&"

+ 2 [Ciplvn) K = (iplym)K, ], (1-310)

F EZ yﬂkKPl
ki a<Byp a8 aB

pe grda
- Z Kachzk ’
Maea

(I-32)

E™=¢,+€,~¢€,
—{am|am)
—(an|an)
+{mn|mn), {(1-34)

Ey) =¢,-€~¢,
- (p8p)
- (rp|rp)
+{6y|67), (1-35)

and

K% =(pq|ap) (e, + e~ ¢, —€)!. (1-15)

Although the above quantities are rather complicated,
it should be kept in mind that a knowledge of the orbital
energies {¢;} and two-electron integrals (ij [kl) is suf-
ficient to permit the formation of H,(AE). The physical
content of the terms in the above expression for H;,(AE),
which is discussed more completely in (I), can be sum-
marized, for the case of ionization potentials, as fol-
lows:

[

(i) The =N terms in the first sum in Eq. (I-37) con-
tribute to the ion-neutral Hartree-Fock energy dif-
ference; therefore, these terms contain the effects of
charge redistribution on the calculated ionization ener-
gies.

(ii) The second sum approximates the negative of the
correlation energy of an electron in ¢, which is vacant
in the positive ion, interacting with all other electrons.

(iii) The g < N terms in the first sum give the approxi-
mate change in correlation energy of the parent’s N elec-
trons caused by the removal of an electron from ¢,,.

To make use of Eq. (4a) or Eq. (4b), one must first
carry out a Hartree-Fock calculation on the parent mol-
ecule of interest, after which the necessary® two-elec-
tron integrals must be transformed to the Hartree—Fock
basis. In its present form, the theory is restricted,
because’ of the use of Eq. (5) for Ig), to closed-shell
parent molecules. This does not prohibit us from com-
puting the electron affinity of, for example, the OH rad-
ical, however, because we can obtain the desired energy
difference by calculating the ionization potential of the
closed-shell species OH™, Only those energy differences
for which neither the ion nor the molecule are closed
shell are presently outside the capability of our method.
We are currently devoting considerable effort toward
developing an extension of our EOM approach for use on
such open-shell systems,

Once the Hartree—Fock orbital energies and two-elec-
tron integrals have been computed, the quantities A, ,
EY, E%, BinemBjnam, 304 By yms Bj omg, Which are
defined in Egs, (I-31d)-(1-35), can be formed. This
step is carried out only once; it is not part of the iter-
ative procedure used to solve Eq. (4a) or Eq. (4b) which
is described below. The fact that H (AE) is block di-
agonalized by molecular symmetry allows us to compute
only a limited set of the above-mentioned quantities,
which leads to a very important savings in computation
quantities. As an initial approximation to the desired
ionization potential AE, or electron affinity AE, , one
can choose the Koopman’s theorem® value

AEgﬁl, (6)

for ionization from (or into) orbital ¢;. In this approxi-
mation, we assume that the state of the ion being studied
is related, through zeroth order, to the parent’s Har-
tree-Fock wavefunction by the addition or removal of an
electron from a single spin orbital, For the so-called
shake up states® of a positive-ion, in which ionization is
accompanied by excitation of the ion, the initial estimate
for AE, should be taken to be of the form ¢, +¢;—¢,,
where the meaning of the subscripts was discussed ear-
lier. Such states are not treated in our studies of hy-
drogen fluoride and will not be discussed further here.
The fact that the Koopmans’ theorem initial guess may
be quite far (> 1 eV) from the correct AE leads one to
inquire about the possibility of the iterative procedure
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TABLE I. Seventeen-function Hartree—Fockwavefunctionfor HF,

R=1,7328 a.u.,

E=-100.0236 a.u., €;,=— 26,3187, €y,=—16.1651, €,=—0.7680, €,=—0.6627.

o atomic orbitals lo 20 30 7 atomic orbitals 1w
Fls  (7.9437) 0.9098 —0.2286 —0.0663 F2p (1,3584) 0.3395
F2s (1.9346) 0.0227 0.4607 0.2311 F2p’ (2.3291) 0.4608
F2p  (1.4070) -0.0086 ~0,0124 0.2258 F2p’’ (4.2614) 0.2322
Fls’ (14,1095) 0.1079 0.0158 0.0016 H2p (1.7706) 0.0444
F2s’ (3.2563) -0.0273 0.5674 0.1362

F2p’ (2,3732) 0.0069 -—0.0956 0.4188

F2p'’ (4.2784) -0,0037 —0.0156 0.2210

Hls (1.3727) -0.0127 0.0593 —0.3590

Hls (2.4605) 0.0066 0.0547 —=0.0034

converging to some ion—-molecule energy difference
other than the energy which is appropriate to the state
of interest, Because the pseudoeigenvalue problem ex-
pressedinEq. (4a)orEq. (4b)is symmetry diagonalized,
this problem will arise only if there exists a state whose
symmetry is the same as that of the state of interest
and whose ionization energy is close to the initial Koop-
mans’ theorem estimate. In this uncommon situation,
a more detailed analysis of the dependence of the solu-
tion to Eq. {4a) or Eq. (4b) upon the initial estimate for
AE is required; in all of our calculations to date, such
difficulties have not arisen.

Given the quantities appearing in Egs. (I-31d)-(1-35)
and an initial approximation to AE, the matrix elements
H”(AE) belonging to the proper symmetry block can be
formed in a straightforward manner, as shown in Eq.
(1-37).'° The particular eigenvalue of H (AE) which lies
closest to the previous approximation to AE can then be
used as the next approximation in forming a new H (AE)
matrix, This iterative solution of the working equations
[Eq. (4a) or (4b)] of our theory, in combination with
Aiken’s method!! for improving the rate of convergence,
has been successfully employed to generate the results
presented below for the low-lying ionization energies of
the hydrogen fluoride molecule as well as analogous
ion~molecule energy differences for other interesting
species, e.g., N,, OH", and BeH". Let us now turn to
an analysis of our results on the low-lying ionization
potentials of HF,

ill. RESULTS AND DISCUSSION

Our calculations on the 'Z*~ 211 and !Z* - 22" ionization
energies of HF were carried out within both seventeen-
and twenty-function Slater-type bases using a modifica-
tion of Harris’ DIATOM program to generate the neces-
sary Hartree-Fock orbital energies and two-electron
integrals. Tables I and II contain information describ-
ing the two basis sets and their respective (restricted)
Hartree~Fock orbital energies and molecular orbital
expansion coefficients, for occupied orbitals.

For the seventeen-function basis, the iterative solu-
tion of Eq. (4b) for vertical (R =1.7328 a.u.) ionization
to the %I state of HF* converged to an approximate ioniza-
tion energy of 15.83 eV, which is to compared to the
Koopmans’-theorem prediction of 18,03 eV and the ex-
perimental photoionization result of Berkowitz e? al.t
of 16.01 eV. One minute and forty-three seconds of
Univac 1108 computer time was required to calculate the
Hartree—Fock orbital energies and the two-electron inte-
grals in the Hartree—Fock basis; an additional one min-
ute and two seconds was needed to compute the above
ionization energy. The 2= ionization potential generated
by our method is 19.53 eV, which compares favorably
with the experimental estimate'? of 19.4 eV, and is a
significant improvement over the Koopmans’-theorem
prediction of 20.90 eV. Again, one minute and two
seconds of time was required for this calculation.

Upon increasing the number of basis functions to twen-

TABLE II. Twenty-function Hartree—=Fock wavefunction for HF. R=1.7328 a.u.,
=—100.0516 a.u., €;5=— 26,3058, €y,=—16,1251, €3,=—0.7663, €, =—0.6537.

o atomic orbitals lo 20 30 7 atomic orbitals 17
Fis (7.9437) 0.9519 —0.2653 -0.0672 F2p (1.3584) 0.8783
F2s (1.9346) —0.0004 0.4277 0.2392 F2p' (2.3291) 0.4579
F2p (1.4070) —0.0009 ~0,0120 0.2357 F2p'’ (4.2614) 0.1323
Fls’ (14.1095) 0.0859 0.0045 0.0024 H2p (1.7706) 0.0364
F2s' (3.2563) 0.0035 0.6001 0.1307

F2p’ (2,3732) 0.0021 -0.0741 0.3919

F2p'’ (4.2784) -0.0024 -0,.0241 0.2320

F3s (9.9254) —0.0407 ~0,0283 0.0019

Hls (1.3727) - 0,0002 -0.0084 —0.2556

Hils’ (2.4605) 0.0002 0.0705 —0.0338

H2s (2.4615) 0.0002 0.0705 —0.0776

H2p (2,9226) 0.0001 0.0192 —0.0281
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ty, the calculated ionization energy for the M state
changed to 15.87 ¢V, and the amount of computer time
needed to carry out the Hartree—Fock calculation and the
ionization potential calculation increased to six minutes
and fifty seconds and one minute and fifty seconds, re-
spectively. The ionization-energy calculation for the
2s* gtate in the twenty-function basis required one minute
and twenty-one seconds and resulted in an approximate
energy difference of 19.49 eV. It is important to notice
that the basis-set dependence of the time needed to com-
pute these ion-molecule energy differences is dominated
by the Hartree—Fock and two-electron integral transfor-
mation computation time.

Schaefer et al.'® used a basis of similar size to com-
pute potential curves for both '=* HF and 21 HF*, Using
forty-three configurations for HF and one hundred and
two configurations for HF”, they obtained potential en-
ergy curves from which we estimate the vertical elec-
tronic ionization potential to be 15.8+0.1 eV which is in
good agreement with our prediction. By forming H(AE)
using only the g=N terms in the first sum in Eq. (I-37),
which generates our approximation to the ion—molecule
Hartree-Fock energy difference, Eq. (4b) yields 15.60
eV for the lowest %I ionization energy. This prediction
differs by 0.27 eV from our previous result of 15.87 eV,
which contained the Hartree—Fock energy difference as
well as the change in correlation energy which accom-
panies ionization. Schaefer’s calculated adiabatic ioniza-
tion potential in the Hartree-Fock approximation was
14.42 eV, whereas his configuration interaction result
was 14.68 eV. The difference between these two num-
bers (0.26 eV), which indicates the contribution of elec-
tron correlation energy to the ionization potential, is
very close to our vertical ionization energy difference
of 0.27 eV. This implies that, for hydrogen fluoride,
the ion—-molecule correlation energy difference may not
change appreciably for internuclear distances in the vi-
cinity of the equilibrium bondlength of HF. Moreover,

a comparison of the Koopmans’ theorem ionization po-
tential (18.03 eV) with the approximate Hartree-Fock
prediction (15,60 eV) and the EOM result (15, 87 eV)
leads to the conclusion that charge redistribution effects
are the most important corrections to Koopmans’ theo-
rem for this specific ionization potential. Correlation
energy effects need be included only if one is interested
in reaching an accuracy of +0.3 eV. In the light of these
observations, it is important to point out that detach-
ment energies of negative ions, whether computed as
the electron affinity of the neutral or as the ionization
potential of the ion, contain roughly equal contributions
from charge redistribution and correlation energy
change.

Based upon our experience in these calculations on HF
and with similar calculation on other molecular sys-
tems, '* we believe that a further increase in the size of
our basis set would not alter the above ionization ener-
gies by more than +0.05 eV. Furthermore, we feel
that, for calculations in which a sufficiently large atomic
orbital basis has been employed, the limitations which
are inherent to the approximations used in our approach
give rise to a probable precision of +0.15 eV. As can
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TABLE III. Summary of ionization potentials of hydrogen
fluoride (in eV).

Ion state Koopmans’ theorem AEyg EOM® Experiment®
’n 17.79 15.60 15.87 16,01
o 20.85 19.10 19.49 19.4

30ur approximate ion—molecule Hartree~Fock energy difference,
which is computed by including only the S=N terms in the first
sum'of Eq. (I-37).

®The present third-order EOM results.

“Reference 4.

be seen from Table III, in which our results on HF are
summarized, our calculated ionization potentials agree
with the experimental measurements of Ref. 4 to within
the estimated limits of our theory. The results of our
calculations on N, and OH", which will be reported else-
where, ' also indicate that our method is capable of
yielding ion—molecule energy differences to within 0,15
eV. Although such uncertainties are much larger than
the limits of reproducibility which are common to photo-
ionization measurements (+ 0.01 eV), the difficulties
associated with interpreting photoionization threshold
data®™ makes the extraction of a vertical ion—-molecule
electronic energy difference from such data a procedure
whose precision limits are often of the order of +0.1 eV.
Thus, the results of our calculations on molecules and
ions of chemical importance should be of much use and
interest to experimentalists who are studying photoioniza-
tion and photodetachment processes.

To supplement our research on ionization potential
and electron affinity calculations, we are presently de-
veloping an efficient computer program which will permit
us to compute the photoionization intensity corresponding
to each ionization process, including shake up processes.
In addition, we have available a program which carries
out a direct calculation of the first-order reduced density
matrix y;, of the parent species. '®* We believe that knowl-
edge of this density matrix, which contains a great deal
of information about the electron density and bonding in
the parent, is very important to a more complete under-
standing of the chemical behavior and physical proper-
ties of the molecules and ions which we are studying.
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