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The electron-hole potential (EHP) one-configuration SCF method, where
the energy of the chosen excited state is optimized, has been investigated within
semiempirical INDO parametrization. The method has been tested for the
calculation of excitation energies and geometry in the lowest excited states of
molecules (derivatives of formaldehyde and propinal, benzaldehyde, carbon
dioxide, ketene, ammonia, and hydrogen cyanide). A comparison of the results
of the EHP method, of an approach of virtual orbitals (VO) and of singly
excited configuration interaction (SECI) has shown a qualitative improvement
of the EHP results over the VO method. The EHP results are qualitatively
comparable with those of SECI; the EHP method has an advantage of
simplicity and computer time saving. This advantage is especially important for
the larger AO basis (larger systems, ab initio calculations in extended AO
bases, etc.).

OpHokoHpurypauroHusiii SCF MeTog — MeTop 3JIEKTPOH-AbIPKA MOTEH-
uuvana (EHP), B KoTopoM 3Heprus BIGpaHHOro BO36GYXKIEHHOTO COCTOSTHHUS
MHHHUMHM3HpOBaHa, ObU1 MpMMeHeH B paMKax mnonyamnupudeckoir INDO
napaMeTpu3aluui. 3TOT MeTol ObLI MPUMEHEH JIsi pacyeTa 3Hepruii Bo36yx-
JNEHHBIX COCTOSIHUM ¥ reoOMeTpUil HU3LINX BO36YXIEHHBIX COCTOSTHUI MOJIEKY
— npoM3BOOHBIX (popMaNbAerufa ¥ MponuHans, OeH3asbaeruaa, JBYOKHCH
yriepopa, KeTeHa, aMMHaKa M LIMaHUCTOro Bogopoaa. CpaBHEHHE pacYMTaH-
HbIXx naHHbIXx EHP MeTomoM, JaHHBIX NMOJYYEHHBIX METOOM BHPTYallbHBIX
op6uTaneit (VO) 4 JaHHBIX METOAA B3aUMOAEMCTBUS OTHOKPATHO BO30YXIEH-
HbIx KoHurypaumit (SECI) nokasaino, yto naHHsle EHP MeTofa KadyecTBEHHO
ny4iwe 4eM naHHble VO MeTona M CpaBHMMBI C KaYeCTBOM JJaHHBIX MOJIyYeH-
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Hbix MeTofom SECI. Beirona EHP MmeTtona B ero mpoctoTe u B MeHbLIEH
3aTpaTe pacyeTHOrO BPEMEHH. DTa BbIroga OCOOEHHO BaXKHa A/ GOJBLIMX

Ha6opos AO (6onbike cucTeMsl, ab initio pacyeTsbl B paclIMPeHHBIX Habopax
AO u T.1.).

One of the ways for obtaining a wavefunction for the excited states of molecules
is the EHP method proposed by Morokuma and Iwata [1]. Because of its formal
simplicity and easy applicability as well as potential possibilities of computer time
saving (compared with CI), we used this method in its one-configurational version
for calculating transition energies of a series of carbonyl compounds and for
optimizing geometry of some molecules in the excited states within semiempirical
INDO approximation.

Theoretical

The EHP method starts from a set of molecular orbitals {,;} which diagonalize
a Hartree—Fock operator for the ground state. The total wavefunction of the
ground state is represented by Slater determinant

(D(>=|W|11-’11P21132~--1PN1[3N| (1)

Let us find a new set of MO’s {@:} (in the form of linear combination of MO’s
{y:}) which minimize the total energy for the wavefunction describing the excited
configuration formed e.g. by excitation from the m-th to k-th MO, i.e.

Dy =27 (|91 Pr... QuPrc... | £
Qi@ QP PN |) (2)

(In this and other relations, the upper sign refers to singlet state and the lower to
triplet state.) New MO {q@:;} are expressed

D
P = E AmiY; (3a)

@c=2, by (3b)

where D is the subspace represented by doubly occupied MO’s and the symbol V is
assigned to the subspace of unoccupied (virtual) MO’s in the ground state.
Moreover, the condition of orthonormality of MO has to be retained, i.e.

(@|@;) =0, (3¢)
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Under these conditions, the wavefunction of the ground state expressed in new
MO’s {@}, i.e.

‘1)0=|Q?1Q_)|---(PN@NI (4)

is identical with the original function 1, because it was obtained by unitary
transformation of occupied MO’s of the ground state y; and is invariant with
respect to such transformation. The energy of the excited state described by the
wavefunction (2) is

"E(m-k) = { @it [ H| Pimsi) = Eo+ (@ |[Fl i) —
- (‘pm'Fl(Pm) - ka + Kkm i Kkm (5)

where E, is the energy of the ground state and Ji.. and K., are the coulombic and
exchange integrals. For the energy minimum E,._.x, (5) under conditions (3a—3c)
we have

(F+jk -Kk iKk)(p,':Aiq)i ieD

E—-5n+RnFR) gr=yin 1€V (6)

which represent a pair of mutually coupled pseudoeigenvalue equations. Eqns (6)
are solved by iteration approach. The wavefunction of the excited configuration
formed from orbitals {@} by solving eqns (6) is orthogonal with respect to
a function of the ground state and fulfils the Brillouin’s theorem for the ground
state, i.e. monoexcited configurations do not interact with the ground staté
configuration. The wavefunction *®,._.«, does not interact with the configurations
monoexcited to it, i.e.

(“¢<mak>lﬂl‘¢<m~n) =0

) 7
(D mmio| A Pasiy) =0 50

s=1,3

If k# | and m# n, then the function *®,_.;, is no more singly excited with respect to
‘@) and the respective matrix element of Hamiltonian is nonzero, i.e.

(D |H Paary) # 0 (8)

This situation complicates the calculation of the monoexcited configuration
(towards ground state configuration) degenerated or near degenerated with
another monoexcited configuration (with respect to the ground state configuration
again).

Eqns (6) can be expressed in the matrix form in the basis of the original MO’s

{w:}

FPA=Ak
9
F'B = By ®)
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where A and B are matrices of the coefficients a; and b;, A and y are the diagonal
matrices of eigenvalues, F° and FY are the square matrices with dimensions of
subspaces D and V. The elements of these matrices have the form

Fi=68;Fi+ (yi|J. —Ki =K |y;)

Fi=68;Fi — (i|¥m — Ko £ K, |9;) (10}

The energy of the excited state expressed by orbital energies of new MO’s {;} is
"*E (moiy= Eo + Vi = Am + Tk — Kok £ Ko (11)

For solving eqns (9), the construction of matrices F® and F¥ or matrix elements is
substantial. We did this in semiempirical INDO approximation in the original
parametrization [2].

Results and discussion
Calculation of transition energies

We tested the EHP method in INDO approximation for calculation of transition
energies. Since the transition energies depend strongly on parametrization in
semiempirical methods, the comparison with CI results is decisive for evaluating
the suitability of the EHP method for computation of the transition energies. It is
not our aim to evaluate the suitability of the respective semiempirical parametriza-
tion for reproduction of experimental data, although we report on them.

Calculations were done for n— 7* and w— st * transitions on a series of carbonyl
compounds and their fluorinated derivatives. This series was studied by Davies and
Elvin [3] in testing the INDO—CI method for transition energies and dipole
moments. Geometries of the molecules given in Table 1 are based on experimental
data and were taken from Ref. [3]. Geometry of the basic skelet for propinals and
acroleins was taken from nonfluorinated derivatives.

Table 2 contains results of calculations and data from [3]. Small differences in CI
transition energies may be due to different extent of the used CI (the authors [3] do
not give the number of configurations in CI). We used complete singly excited CI
(CSECI) for the molecules I and II and for the rest of molecules we took 49
configurations corresponding to single excitations from seven highest occupied to
seven lowest virtual MO’s.

The EHP transition energy theoretically represents the upper limit for the
CSECI value which may decrease by interactions of.the type (8). These interac-
tions are negligible at n— st* transitions as is especially seen from the data for the
molecules I and II. If CI does not include all singly excited configurations, the EHP
wavefunction can be better (in terms of energy) than the CI wavefunction as it is for
n— m* transitions of the molecules IV—X.
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Table 1

Geometry of molecules (data from Ref. [3])

(P861) 1€—61 (1) 8¢ usanz ‘wayy

€T

Bond length/107'° m Bond angle
FCHO CH 1.095 CF 1.338 co 1.181 HCF 109.9° HCO 127.3°
F,CO CF 1.312 CcO 1.174 FCF 108°
HC=C—CH'O Cc=C 1.209 CH 1.055 CH’ 1.106 cco 123°47" HCO 122°19’
c—C 1.445 C=0 1.215 CCC 178°24'
HC=C—CFO CF 1.32 *
FC=C—CHO CF 1.28 *
FC=C—CFO »
H,C=CH—CHO CH 1.09 C=C 1.36 c—C 1.45 CCH 120° CCC 122°5’
C=0 1.22 CcCo 122°5°
H,C=CH—CFO CF 1.32 *
F,C=CF—CFO CF 1.325 FCF 110°
C:H,CHO CC 1.39 CH—C 1.465
CH 1.08 CO 1.24 OCH 1.09 OCH 122°

II 'S3TNOFTON DINVOUO 40 STLVIS adlioxd

* The geometry of the basic skelets of fluorinated derivatives is the same as that of propinal and acrolein.
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Table 2

Energies for n— * and 7 — s* transitions of a set of molecules

E._..-leV E. .../eV
Structure Molecule Singlet Triplet Singlet Triplet

VO VO CI CI* EHP exp® VO CI EHP VO CI EHP VO CI EHP
I FCHO 6.17" 6.60" 587 630 589 560 573 537 537 1491 10.89 1490 8.49 7.62 7.64
II F,CO 801 800 776 7.80 777 650 7.61 731 731 14.64 10.70 14.64 841 7.94 7.95
i HC=C—CHO 566 570 439 440 440 370 526 385 3.86 1296 10.17 1295 7.80 6.15 6.38
v FC=C—CHO 6.01 6.00 466 450 454 — 566 417 401 1227 9.67 1225 7.86 6.20 6.31
\% HC=C—CFO 698 7.00 S5.80 570 5.74 —  6.59 533 524 1294 999 1291 7.64 6.76 6.82
VI FC=C—CFO 721 720 6.01 590 5.86 —  6.87 556 537 1241 976 1238 7.84 639 6.34
\211 H,C=CH—CHO 5.96 6.00 4.17 410 4.17 370 565 3.65 3.65 1180 9.98 1179 6.57 5.18 5.94

VIII H,C=CH—CFO 7.14 7.10 545 540 5.43 — 6.85 499 493 11.86 10.07 — 672 579 —
IX F,C=CF—CFO 751 1750 554 560 547 — 7.24 5.08 — 1006 842 999 572 5.04 5.08

X CH;—CHO 6.72 6.70 4.58 440 411 380 649 4.15 — 1053 9.68 1045 727 563 —

a) Data from Ref. [3].
b) The difference 0.43 in the two data is probably caused by a misprint in Ref. [3].
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A different situation arises for 7— z* transitions. The EHP transition energies
for singlet w— n* transitions differ only slightly from the values calculated from
original orbitals (VO approximation) of the ground state and the CI values are
much lower. On the other hand, the energies of transitions from the ground state to
the excited triplet 1— m* states computed by the EHP and CI methods have very
close values. FCHO and F,CO can be used for explanation. Table 3 shows CI

Table 3

ClI expansion coefficients of the most important configurations for the ' A’ (FCHO) and '*A, (F,CO)

Configurations ‘A’ A’
2a"—3a" (1—>a*) 0.6380 0.9512
la"—3a" (n—m*) 0.1023 0.3025
6a’'—8a’ (0—0a*) 0.6748 -0.0185
6a’'—>9a’ (0—0a*) —0.2635 0.0179
2b,—>3b, (> x*) —-0.7306 0.9777
1b,>3b, (x> x*) —0.0662 0.2042
6a,—>7a, (0—0%*) —0.6134 —0.0346
6a,—8a, (0—0*) 0.1516 0.0225
4b,—5b, (n—0*) 0.1883 0.0175

expansion coefficients corresponding to configurations most contributing to the
given state. The dominant configuration of the triplet state is 2w —3x* and
1r—3n* is with its contribution in the second place. The interaction of these
configurations is also included in the EHP wavefunction. Contributions from other
configurations are negligible. For singlets, the configuration m— n* has the
coefficient which is comparable with that in 0— o* configurations and contribu-
tions of other configurations of this type are not negligible. These configurations
are not included in the EHP wavefunction (see eqn (8)). In these cases the use of
two-configuration EHP [4] may improve the wavefunction since such modification
of the EHP method includes configurations not interacting in single-configuration
EHP in terms of eqn (8).

Geometry of molecules in excited states

To test the EHP method (in INDO parametrization) for optimization of
geometry we have chosen five molecules in which one or two parameters were
optimized. The obtained values were compared with the data calculated in VO
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Calculated and experimental values of some geometrical parameters

Table 4

Molecule Optimized EHP VO* i exp
(Symmetry) parameter St INDO INDO exp Other data Ground state’
NH, (GC;.) <XHNH 'A(n—>a*) 120° 120° 120° 107.8°

A(n—>x*) 120° 120°
HCN (C,) <HCN 'A"(a"—>a') 127.5° 126.5° 125° 127.2°°
127° 180°
'A'(a’>a’) 106° 117° — 108°
(Ren/107'° m)® 'A"(a"—>a’) 1.300 1.302 1.297 1.318"°
1.300¢ 1.156
'A'(a’—>a’) 1.230 1.205 — 1.232¢
CO, (G,.) X0CO 'B,(b,—a,) 132.5° 132.5° 122° 132°*¢ 180°
(Reo/107"° m)* 'B,(b,—a,) 1.267 1.267 1.246 1.265¢ 1.162
H,CO (C) as 'A"(n— %) 32 0° 31° 31%
*A"(n—mt*) 37° 0° 35.6* 0°
Al(Toa*) 28° — —
(Rco/107'" m)® 'A"(n—>nt*) 1.280 1.280 1.323 1.280¢
*A"(n—>n*) 1.280 1.280 1.291° 1.21
PA'(r—>m*) 1.380 — —

TdSAN "O "§IOIONVA
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Table 4 (Continued)

Molecule Optimized EHP vO* ; exp
i t. ;
(Symmetry) parameter State INDO INDO exp Other data Ground state’
H,CCO (C) xCCoO 'A"(r—>n*) 128° 132° — 127°#
138°"
147°¢
A" m*) 125° 130° —
'A'(m—>n*) 115° — —
A’ (o m*) 120° 121° 180°

a) Bond lengths; b) ab initio CI results [10]; c) INDO/S CI results [9]; d) CNDO CI results [5]; €) a — angle of deviation of CO bond from the
plane HCH; f) data from Ref. [11]; g) STO-3G [7]; h) ab initio CI [12]; i) experimental data from Ref. [6] if not stated otherwise; j) Other
geometrical parameters were taken from experimental data [6]. k) Values obtained from MO’s of the ground state.

11 'SETNDATON JINVOIO 40 SALVLS dILIOXd
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approximation, with the experimental data, if available, and with other literature
data obtained by different theoretical methods.

Optimization of one parameter (x) was done so that quadratic minimum was
determined from three energies E, (x), E, (x—h), E; (x + h) according to the
relation

h E| - E2

Xi=Xi-1+3

2E +E;-2E, (12)

The minimum was the starting point of the next three-point minimization which
continued until the quantities obtained from the two subsequent steps differed by
less than 0.005 X 10~'° m for bond lengths and 0.5° for bond angles. The value of h
gradually decreased for bond lengths between 0.05 X 107" m and 0.005 < 10~ m
and for bond angles between 5° and 1°. Optimization of the two parameters was
repeated alternatively for both parameters.

Table 4 contains the results of calculations. The valence angle HNH was
optimized for the NH; molecule in the excited states 'A; and *A,. According to
experimental data in the first excited state, the originally pyramidal structure of the
ground state of ammonia changes into planar ; this change is well reproduced at the
VO approximation level and the identical result was obtained by the EHP method.

We optimized the angle HCN and the bond Rcn in a HCN molecule. The HCN
molecule is linear in the ground state. The value of the bond angle of 125° is
reported for the excited state 'A” The calculated VO value of 126.5° is closer to
the experimental one than the EHP value of 127.5° which, however, approximates
the ab initio CI value (127.2°), differences between the values being not important.
The length of the CN bond increases during excitation from 1.156 X 107" m to
1.297 x 107" m. The EHP value calculated by us is identical with the CNDO CI
value [5] and only slightly differs from the experimental value. Greater differences
between VO and EHP data occur in the 'A’ state. The bond angle changes from
117° to 106° and the bond length from 1.205x107'°m to 1.230x 107" m.
Although the experimental data are not available*, EHP values are very close to
INDO CI data in contrast to VO results.

The linear structure of the CO, molecule also changes during excitation to the
bent one. The bond angle calculated from VO (132.5°) and the bond length
(1.267 X 107" m) do not vary in the EHP method and are in principle identical
with the CNDO CI values.

Formaldehyde, which is planar in the ground state becomes pyramidal in the
excited state. The CO bond lengthens simultaneously. The planar structure of the
excited state (singlet and triplet) is, however, retained in VO approximation. The

* Experimental value for the state ‘A’ 141° [6] corresponds to configuration  a’ (a')* (a")* a’ but
we considered configuration  (a')? a’ (a")* a’

28 Chem. zvesti 38 (1) 19—31 (1984)
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“half electron’” method in CNDQ/2 parametrization predicts planar structure [5].
The minimum energy for pyramidal form is obtained only on inclusion of CI and
the out-of-plane angle a in the ' A” state assumes the value of 31° [5]. By using the
EHP method, the expected change in geometry agrees well with experiment. The
singlet ' A” shows minimum at 32° and the triplet A" at 37°. The experimental data
are 31° and 35.6°. The optimal out-of-plane angle for the >A’ state corresponding
to m— * excitation is 28°. There is no experimental value for this state available
because no st — st * transition is observed in the spectrum of formaldehyde. The CO
bond elongates in the singlet and triplet states '"*A” to 1.280 X 10™'° m already in
VO approximation. Neither EHP method nor CI changes this value.

The change of the bond angle CCO in ketene was examined during excitation to
the '*A” and '’ A’ states. There is no experimental evidence of this angle and, as
seen from Table 4, different authors report different theoretical data for the 'A”
state. The angle of 128° calculated by us for this state is closest to the ab initio
(STO-3G) value [7]. A relatively great difference between the EHP (128°) and
CNDO CI value (147°) is surprising. The bond angle for the '*A", A’ states
decreases in the EHP method as compared with VO values. The state 'A’ is
interesting ; here the minimum is attained at 115° by the EHP method but no
minimum occurs in this region for the VO energy curve (Fig. 1). The second

-867 [ 1 T T T T T T

E/ev

-868

-871 -

-873% 1, F

-87 |- -

-875

-876

Fig. 1. A plot of the energies of the excited
states of ketene against the bond angle CCO. 120° 100° 80"  ¥cco
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minimum appears for the '’ A" states and for the 'A’ ground state at about 65°.
This structure accompanied with migration of one hydrogen leads to formation of
oxirene

/
H—C=C—H

regarded as a possible intermediate of photochemical decomposition of ketene.

Conclusion

The significant advantage of the EHP method is that it is less time consuming as
compared with CI. Even the operation memory demands are lower because of
lower order of F® and F" matrices as compared to CI matrix. Table 5 shows that
the computation time is substantially shorter than in CI, although the EHP method
is iterative. The program for EHP computation was not optimized and thus the
given time data could be lowered. The time saving would become more evident in
ab initio calculations in an extensive AO basis where for larger systems the number
of virtual MO’s progressively increases. The most time consuming step in CI
calculation is here the transformation of two-electron integrals from AO basis to
MO basis. This transformation is a function of m°’—m® [8] (m is the number of
functions of AO basis) and thus the computing time strongly increases with the

Table 5

Time data for EHP and CI calculations

to "*n—n* EHP "“*r—nx* EHP CI
Ground
state IS IT t IS IT t, n t;
FCHO 25s 3 3 45s 3 3 45s 36 2min35s
F,CO 38s 3 3 1min24s 1 3 56s 48 S5min23s
HCCCHO 1minS5s 4 4 2 min 24 s 3 6 2min29s 49 7min50s
HCCCFO 1min 15s 3 3 3min2s 4 5 Sminl2s 49 8minl17s
FCCCHO 1min27s 4 4 3min 50s 3 6 4min35s 49 8min29s
FCCCFO 1 min 39 s 3 3 5 min 56 3 5 6min35s 49 9minl7s

IS — number of iterations in calculation of singlet.

IT — number of iterations in calculation of triplet.

n — number of configurations in CI calculation.

These timing data were obtained on a CDC 3300 computer. Calculations for other molecules
(VII—X) were done on a Siemens 4004 computer. No partial timing data were available for these
computations.
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increasing basis. Operators F¥ and F” in the EHP method can be formulated
directly in AO basis and the respective transformations are then not necessary.

But while in the EHP calculation we obtain a wavefunction for one excited state,
CI calculation gives usually a spectrum of states. Advantages of the EHP method
become evident in solutions of problems concerning one concrete excited state, like
e.g. in optimization of geometry of molecules in the excited state or in studying the
effect of medium on transition energies.

We see from optimization of the geometry of a limited set of molecules that the
EHP method can yield results comparable and often identical e.g. with CI results
obtained by the same semiempirical parametrization but also with the results of
other methods. An optimal value of the respective parameter is sometimes
obtained already at VO level, which does not vary by using the EHP or CI methods
(e.g. HNH angle in NH;, CN bond in HCN, OCO angle and CO bond in CO,, CO
bond in H,CO). On the other hand, if the VO method fails, as e.g. in determining
the out-of-plane angle in the excited states of H,CO, the EHP method gives values
comparable with CI results or with experimental data. This, together with the
mentioned time saving advantage of the EHP method favours the applications of
the EHP method to optimization of geometry in the excited states using the known
gradient or gradientless methods.
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