Relativistic Effectsand Pseudopotentials

1.1 Relativistic effects - Introduction

Even if the corrdaion energy is known precisely (corresponding to the exact solution of the
non-relaivisic Schrodinger equation), the calculated totd energy would not equal the real
(experimental) energy of atoms and molecues (See Figure 1). This difference arises from
relatividtic effects, which increase with the 4™ power of the nuclear charge (Z%) and for the
valence electrons, roughly with the 2'¢ power. Thus, relaivigtic effects can be neglected in
most cases for lighter atoms, but have to be included when dedling with heavy dements.

Figurel Correlaion energy and relativigtic correction
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In non-relativistic quantum mechanics, the veocity of light can be assumed to be
infinite (c = ¥), 0 tha any finite veocity of particles is very smdl and the mass of the
paticle can be approximated by its rest mass (m = mp).! For most measurements on the
lighter elements in the periodic table, nonrddividic quantum mechanics is sufficent, snce
the velocity of an dectron is smal compared to the speed of light. For the heavier dements in
the periodic table (Au, Hg, Pb, Tl ...etc.) the picture is entirdly different. As an example of the
congderable influence of rdatividic effects, the radid expanson of the 6s orbital of the
Cesium atom isreduced by 10%, due to these effects. 23



As a reallt for the heavy aoms, the inner eectrons atan such high veocities
comparable to that of light that non-rdativisic quantum mechanics is far from adequate. The
difference between non-rdatividic results and rdatvigic results gems from the “true
veocity of light. We can define rdatividic effects, in generd, as the difference in the results
obtained with the true velodity of light and infinite velocity of light. Furthermore, rdativistic
effects can be divided into a number of categories such as the mass-velocity correction,
Darwin correction, spin-orbit correction, spin-spin interaction, Breit interaction etc.

The importance of rdaividic effects in chemistry has only been fully recognized since
the seventies* For heavy dements (from Cu, in any case from Ag on ) rdativisic effects
should be incduded when peforming ab initio cdculaions. Very precise caculaions,

however, have shown that aready for H; and H,, rdativisic effects contribute to the totdl

energy (eg. the relativistic contribution to the bond energy for H » is- 1.43 cal/moal).>®’



1.2 Kinematic Effects

The mass-velocity correction is the correction to the kinetic energy of the electron aisng

from the variation of its mass with velocity. The relativistic mass increese Om= m- mg), as

afunction of the velocity of amoving particle, is given by (specid theory of relativity):

m
m= ———— >
1- 20
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As the mass of an dectron is correlated with its kinetic energy and therefore, with its distance
to the nudeus the mass-veocity effects causes an increased kinetic energy leading to a
shorter eectronnucdeus disance and thus especidly inner orbitas "shrink®. The concluson
we can draw is that the non-rdativigic Hamiltonian (in which only the rest masses occur)
underestimates kinetic energies. Redatividic effects which are spin-independent are often
caled kinematic effects.



1.3 Spin-Orbit-Coupling

As the nonrdaivigic Hamiltonian is "spinless’, it is obvious that no coupling between
orbita angular momenta and spin can be consdered. The electron, due to its spin possesses a
megnetic moment. Further, a magnetic moment is associated with the angular momentum.
The coupling is caused by the "spinning” dectrons acting as tiny magnets, which interacts
with the fidd caused by its motion around the nucleus. This interaction matheméticaly
corresponds to the summation of both vectors (operators) yidding the tota angular
momentum J which again is quantized. The magnitude of the spin-orbit splitting caused by
this interaction is roughly proportiond to Z*, where Z is the nudear charge plittings
therefore increase very rapidly down the Periodic Table. Spin-orbit coupling can dlow an
atom to undergo a trandtion which would otherwise be forbidden by sdlection rules, such as
trangtion from agnglet to atriplet Sate.

The coupling of each individua angular momentum of the eectrons yields the (totd)
anguar momentum, L. The coupling of each individud spin angular momentum yidds the
totd spin angula momentum, S. The summation of L and S yidds the totd angular
momentum, J, of an dectronic sysem which is cdled LS- or Russel-Saunders-coupling.
Here the interactions between eectrons dominate, and the magnetic interaction can be thought
of assmdl perturbations. Thisis agood gpproximation for light and medium-heavy atoms.

L=/l1+/l0+..0N; S=5+5+...5y P J=L+S.

For heavy atoms, where the magnetic effects due to the spin are much more important,
the j-j-coupling must be gpplied. Frdly, the angular momentum, 7, and the spin angular
momentum, s;, of each individud electron is coupled to give the totd individua angular
momentum, j;, of the conddered eectron. Now dl individud total angular momenta of the

electrons are summed, yielding the total angular momentum of the entire eectronic system:

N
ji=ti+s P J=htia+oin=ali
i=1

The spin-orbit correction arises from strong coupling of the spin of the dectrons with
the orbitd angular momentum. It is often sad tha coupling of spin and orbitd angular
momenta mixes the multiplicities of terms, and 0, for example, snglet terms acquire some



triplet nature, and vice versa. L and S are then said not to be "good" quantum numbers. This is
epecidly true for the dectronic daes of heavier aoms which aise from openshl
configurations.

The Breit interaction, mentioned in the introduction, is the two-electron counterpart
of the spin-orbit interaction. The Darwin correction is the characterisic outcome of the
Dawin rddivigic eguation. There does not seem to be a smple physcd explanation for this
effect. The dating point of mogt reatividic quantum-mechanicd methods is the Dirac
equation, which isthe rdaivigtic andog of the Schrodinger equation:

HPY =EY,
where the HP is the Dirac Hamiltonian for a many-eectron atom. For the reader who is

interested in the derivation of the Dirac equation and the explicit form of the Dirac
Hamiltonian we refer to the literature.



1.4 The Impact of Rdativistic Effects

Rdaividic effects have a dgnificant influence on the dectronic properties of heavy aoms
and molecules containing heavy atoms. Let us now look at some of these.

Figure 2 Rddividic vs nonrdatividtic energy levels of the Au frontier orbitas.
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The inner s orbitals are the closest to the nucleus, and thus in the case of heavy aoms
experience the high nuclear charge. Hence, the inner s orbitals "shrink" as a result of the
meass-velocity correction. This, in turn, shrinks the outer s orbitals, as a result of orthogondity.
Consequently, the ionization potential is also raised. The p orbitals are also contracted by
mass-velocity corrections, but to a lesser extent, snce the angular momentum keeps the
electrons away from the nuclear regions. However, the spin-orbit interaction splits the p
shells into py2 and ps2 subshells and expands the pz,. The net result is that the mass
velocity and spin-orbit interactions tend to cancel for the py» shel but are additive for the py».
The d-orbitals are destabilized (Figure 2)

Spin-orbit interactions dters the spectroscopic properties of molecules containing
heavy demerts to a condderable extent. Even if a molecule has a closed-shdl ground date,
the excited dtates may stem from opentshel dectronic configurations, in which case the spin-
orbit interaction not only splits the excited dates, but mixes different excited states which
would not mix in the absence of spin-orhit interaction.



The Lanthanide contraction (the decrease of radii from La to Lu) is usudly
atributed to incomplete shidding of the 4f shdl. However, this effect must patly be
attributed to reativisic effects. If the nonrdativisic Hartree-Fock and Dirac-Fock results are
compared, a contribution of about 27% from relativistic effects is obtained.



1.5 Silver and Gold

Nowhere in the periodic table are the rdativisic effects more pronounced than in gold
chemistry.® The relativistic contraction of the 6s shell in the elements Cs (Z = 55) to Fm (Z =
100) shows a maximum for Au.>!® The contraction increases considerably when the 4f shell
is being filled and drikingly when the 5d shdl is filled. The pronounced locd maximum of
the contraction a gold, (5d)'°(6s)!, makes Au a unique dement, even from this point of view.
Figure 1.2 illudrates the nonrdativisic and quas-redividic energy levels of the Au frontier
orbitds and nicdy demonstrates how close the 6s and 5d orbitds ae in energy in the
redividic picture. In agreement with this, the yellow color of gold can also be attributed
to a relativistic effect. The absorption is attributed to the 5d-to-Fermi leve trangtions which
set in aound 2.3 eV in Au. Thus gold reflects the red and ydlow and strongly absorbs the
blue and violet. The 4d-5s distance of slver is much larger, due to weeker rdatividic effects
(NB The non-relativistic electronic band structures of the two metas are very similar) 1

The chemicd difference between slver and gold has received a great ded of attention
during the history of chemisiry.’? It seems to be mainly a reativistic effect.’® The rdaivistic
effects push the s and p AOs down in energy (effect i) and the d AOs up (effect ii, See Figure
1.2). Moreover, the d AOs suffer a spin-orbit splitting (effect ii). All three effects are much
larger for Au than for Ag. The rddividic contraction of the Au 6s shdl quditatively
explains the shorter and stronger covalent bonds, as well as the larger ionization potential
and dectron affinity of gold!*'® The redaivisic destahilization of the Au 5d shell
qualitatively explains the trivalence of gold. Besides this energetic effect, the larger radid
extension of the 5d shell may dso play arole!®



1.6 The Aurophilicity of Gold

Though the dgrong aurophilicity of gold which leads to cluster formation may not be
described by Lewis-bagcity in the cdasscd definition. The formation of clusters contaning
direct Au-Au interactions falls within the scope of the rdativigtic discusson in this chapter.

Closed-shel metd cations such as Au ([Xe]4f*5d'°) would normally be expected to reped
one another. By the end of the 1980s, however, there was sufficient crystalographic evidence
of attractions between gold(l) cations to lead Schmidbaur to introduce the term "aurophilic
atraction” or “aurophilicity".’” Given tha so much of gold chemisry is influenced by
relativity, it was naturad to inquire as to whether the aurophilic atraction is dso a rdatividic
effect. Gorling et d. *® used Ellis DV-Xa density functiond method to study the eectronic
sructure of a fascinating series of gold cluster compounds, the main-group-dement-centered
octahedral complexes [{(HsP)AU} 6Xm]™ (X1 = B, X2 = C, X3 = N). These compounds, which
may be formdly regarded as containing gold(l) cetions, feature quite short, "aurophilic’ Au-
Au digtances. Much of the study focused on the role of the gold 5d AOs in Au-Au bonding.
d-Orbitd participation can, of course, be achieved only if the forma d*® configuration is
broken, eg. through 655d hybridization. The concluson was that there is a prominent
contribution of the gold 5d AOs to the Au-Au bonding within the duder, via 6s/5d
hybridizetion in the MOs of a;g symmetry. Furthermore, it was argued that the effect hes its
origin in the rdativigic modification of the gold vaence AO energies, which brings the

energies of 5d and 6s orbitals into close proximity.
1.7 Mercury

The reativistic contraction of the filled (69> shell of mercury makes it more inert, "dmost a
rae gas' or "pseudoheium”. The rdaividic interatomic potentid V(HgHQ) is etimated to
have only 45% of the depth of the nonrddivigic one. To establish definitivdly why in group
11 cadmium is solid but mercury a liquid & room temperature, detailed caculations are
needed. Probably, the explanation isreatividic.

An andogues question would be, why gallium is a liquid (mp = 29.8°C despite a high
bp = 2205°C)? Perhaps the best answer is that dready its crysta dructure is very
complicated. The akai metds have both low mp's and low bp's. Ashcroft *° atributes the
complicated crysta dructure of gdlium to core-core van der Wads interactions which are

large compared to the screened Coulomb interactions in the metal.



2.1 The Pseudopotential M ethod

The pseudopotential method is an degant, gpproximation which accounts for the most
important relativistic effects and decreases the computational costs of caculaion involving
heavy dements?°

Asauming the vdidity of the Born-Oppenheimer approximation, the task is to evduate
what happens if the core electrons are separated from the valence electrons. In this case, the
vaence eectrons can be treated as if they were moving in an effective potential, generated
by the core dectrons (and the nucle). This procedure (the pseudopotentid method) utilizes
the fact tha only vaence dectrons teke pat in chemicad bond formation. With this
assumption, calculations can be done usng the vdence bass set only. The cores (inner-shdl
electrons and the aomic nucleus) of the individud atoms are approximated through a non
locd effective potentid, the pseudopotentid. This potentid must satisfy Pauli’s principle,
which means the valence atomic orbitals (AO) must be orthogond to the core AOs:

\

Separating core and vaence eectrons leads to an dectronic Hamiltonian which describes only

Y°>:o.

the vaence dectrons HY. The basis set for orthonorma orbitds belonging to the core
subspace must now be determined. This problem is reduced to the minimization of the energy
functiond:

The normdized vadence orbitds have to satisfy the above mentioned orthogondity condition.
The orthogonality condition alows the definition of a projection operator, P:

which stisfy the reaionship: E‘YC>=‘Y°>. The complementary projection operator is

defined as;



Q‘YC>=(1- E)‘YC>:O.

The vaence orbitals may be specified with the help of these operators and the pseudo
orbitals Y P:

¥¥)=Qvr)=a-pl¥?)

The pseudoorbitds are not necessaxily orthogond to the core orbitas. The minimization of
the energy isthen given by:

EV =(QrP|HYQvP).

The orthonormalizing condition for Y Y can be introduced by using the method of Lagrange
undetermined multipliers:

(QrFlorp)=1

As a result of the functiond variaion, dY P, with congraints the following egenvaue

equation results:
oo} =)
with pseudo- Hamiltonian (V 5™ = generalized Phillips-Kleinman pseudopotertial):

HPS=HY+VE™ =H" +(PH'P- H'P- PH' +E'P).

The form of the pseudo-Hamiltonian is not gppropriate, as it contains not only one-electron
and two-electron operators, but aso multi-eectron integras. For this reason an effective
valence Hamiltonian isintroduced, for which there are different approaches.

The valence pseudoorbitals may be chosen to be in the form of a linear combination of

vaence and core orbitals



P _vV Cgrec c
Y"=Y +aaiYi,
|

The a].C coefficients can be variationally determined.

The following problems must be consdered when solving the pseudopotentia

equation®?

The core orbitads should be known in order to determine an effective valence
Hamiltonian

The pseudopotentia is a function of the pseudoorbitas so that an iterative procedure
must be used (See SCF method):

- solution of the HF equation: H "¢ ‘ Y °> = Ecore‘ Y °> for core orbitals

- an esimate of the energy EV,
- diagondlization of the matrix of the pseudo-Hamiltonian H PS€ and the

calculation of the lowest energies EV by applying the SCF method.

In practice, semiempirical approaches are applied in which the pseudoorbitals and the
corresponding pseudopotentials are constructed from the known (experimentally observed or

calculated ) atomic energy values.

Depending on the andytic form generdly three types of pseudopotentias are applied:
Locd, semi-locd and nortlocad. In practice, semi-loca pseudopotentias are used which will
be discussed in more detail. %

As pointed out before, within the pseudopotential procedure, only the valence dectrons, or the
dectrons in the (n-1)" shell, ae explicitdly considered (in contras to dl-electron

cdculations). In this case, the dectronic Hamiltonian can be reduced to an atomic valence

Hval

oper ator, (theindices, i and j, denote only vaence eectrong!)



where V(rj) represents an one-component, (spin-orbit-averaged) quasi-relativistic

pseudopotential >

N,

[e] Z [o] [o]
V(r)=-a—+aaAxep(-axrf)P,
i ! ¢ k

P, isthe projection operator onto the subspace with angular symmetry 7 :

P, = 60; ‘Yg,mg><Yf,mg‘-
m,=1

The pseudopotential parameters, the coefficients, Ay and the exponentiad parameters, a i,
are adjusted to total-valence energies, derived from numericd dl-eectron cdculations in the
following way. Frdly, nonrdativisic HF and quas-reativisic Wood-Boring (WB)
caculations are carried out for the core sysem and for several low-lying neutral and ionic
states of the atoms, by consdering al dectrons variaiondly.?* In the quas-rdativigic
cdculation, the mass-velocity term and the (averaged) Darwin spin-orbit term are taken

into account, being the mgor reatividic corrections. A mass-veocity term and a Darwin term

are added to the non-relativistic Hartree-Fock operator E™ for thei™ orbital:*>
(Ei”r +h™ +DiD)Yi =gY.

A more detailed description can be found in literature.

The pseudopotentias for atoms can be used for molecules containing heavy atoms.
These potentids can essly be implemented in quantum mechanicd programs. The
pseudopotential  approximation is not exact. This is egpecidly true when goplying aomic
pseudopotentials for molecular problems. However, pseudopotentidl methods can be very
effective, eg. for coordination compounds. They enable the use of extended vaence orbita
basis sets which, with the limited speed and capacity of exising computers, can lead to results
superior to those obtained by ab initio caculaions with smdl basis sets.



2.2 A few hintsfor practical calculations

Some of the smple hints for practicad applications of effective core potentias given in the
following may appear to be trivia or superuous for some of the readers, but experience during
the last years showed that they may be welcome by the more application-oriented ones who
are less familiar with the methods. Effective core potentids are usudly a good and safe choice
when properties related to the valence eectron system are to be investigated. It should aways
be remembered, however, that the size of the core not only determines the computational
effort, but it also inuences the accuracy of the results. Smdl-core and medium-core
potentids are usudly safe to use, wheress the range of large-core potentids is much more
limited. In the latter case it might be important to include a core-core and/or core-nucleus
repulson correction as wel as a core polarization potential. It is not a wise decison to
smply neglect these terms, eg., because the CPP (Core Polaizaion Pseudopotential) & not
implemented in GAUSSIAN yet. When udng an dfective core potential for the first time
adways do an atomic test calculation firgt, eg., for the ionization potentid or eectron dfnity,
in order to check the correctness of your input and/or the programs library data. Especidly in
pseudopotential calculations well-known sources of nput errors are the 1/r" prefactors used in
some parametrizations or the presence/absence of a loca potentid. It is recommended to use
the valence bass set coming with the effective core potential, possbly augmented by
additiond diffuse and polarizations functions Especidly in case of pseudopotentids, where
the detalled innermost shape of the pseudoorbitds is essentidly abitrary, it is not
recommended to use (contracted) dl-electron bass sets or vadence bass sets from other
potentids, snce dgnificant basis set superposition errors may result. However, the added
diffuse and polarization functions may safdy be taken from dl-eectron or other effective core
potential basis sets. When comparing to other al-electron or vaence-only cdculaions use
bads sats and corrdation treatments of the same qudity and make sure that rdatividic effects
ae incuded a smilar levels. Note that in dl-eéectron caculations bass st superpostion

errors tend to be larger than in vaence-only caculations.



2.3 ECP input format

The PSEUDO keyword requests that a model potentia be substituted for the core eectrons.
Gaussian 98/94 (compared to older versions) supports a new effective core potential (ECP)
input format (Smilar to that used by ExtraBasis) which is described below. When reading-in
pseudopotentials, do not give them the same names as any internally-stored pseudopotentids
CEP (Compact Effective Potentids), CHF, LANL1, LANL2, LP-31, SDD and SHC.

ECP input without pseudo keyword:

#hf/sdd opt gfinput

blank line

Au-F using pseudopotentias for Au but NOT for F (6111,41) basis set
blank line

0,1

Au

F11.9

The PSEUDO keyword can be used in connection with the following option:

Read Means: Read pseudo-potentid data from the input stream.

#HF/GEN PSEUDO=READ dfinput

Effective Core Potentid operators ae sums of products of polynomiad radid functions,
Gaussan radid functions and angular momentum projection operators. ECP input therefore
specifies which potentid to use on each aomic center, and then includes a collection of

triplets of:

(coefficient, power of R, exponent)



for each potentid for each term in each angular momentum of the ECP. Since only the firg
few angular momentum components have different terms, the potentid is expressed as (1)
terms for the generd case, typicdly d or f and higher projection, and (2) the extra terms for
each specid angular momentum. Thus for an LP-31G potentid, which includes specid s and
p projected terms, the input includes the genera (d and higher) term, the sd term (i.e.,, what to
add to the genera term to make the s component) and the p-d term.

All ECP input is free-format. Each block is introduced by a line containing the center
numbers (from the molecule specification) and/or atomic symbols, specifying the atoms
and/or atoms typesto which it gpplies The list ends with avaue of O.

The pseudo-potentia for those centers/atoms follows:

Name,Max,| core

Name of the potentia, maximum angular momentum of the potentid (i.e, 2 if there are
specid sand projections, 3if thereare s, p, and d projections), and number of core electrons
replaced by the potential. If Name matches the name of a previous potentia, that potentid is
reused and no further input other than the terminator line (see below) is required.

For each component (I=1 to Max) of the current potentid, a group of termsis read, containing
the following information:

Title

A description of the block, not otherwise used.
Nterm

Number of termsin the block.

NPower ,Expon,Coef

Power of R, exponent, and coefficient for each of the NTerm terms. NPower includes the R?
Jacobian factor.



2.4 Pseudopotentials of the Stuttgart/(Dresden) K6ln group

The enegy-conagent pseudopotentials of the Suttgat/Koln group ae semi-locd
pseudopotentials adjusted to reproduce atomic valence-energy spectra. The adjustment of the
pseudopotential  parameters has been done in fully numericd cdculations, vaence bass sets
have been generated apoderiori via energy optimization. The complete set of potentiads
includes one-component (nontrelativisic and scaar-rdatividic)  effective-core  potentials
(ECP), spin-orbit (SO) and core-polarization potentials (CPP).

In Pseudo input, keywords for these ECPs are of the form ECPXYn where n is the number of
core eectrons which are replaced by the pseudopotentiad and X denotes the reference system
used for generating the pseudopotentia S for a sngle-vaence-eectron ion or M for a neutrd

atom).

Y specifies the theoreticd leved of the reference datae HF for Hartree-Fock, WB for Wood-
Boring quas-rdatividic and DF for Dirac-Fock relativigic. For one- or two-vaence eectron
atoms SDF is a good choice; othewise MWB or M DF is recommended (athough for smdll
aoms or for the condgderation of rdatividic effects, the corresponding SHF and MHF
pseudopotentials may be useful).

For light aoms or for the discusson of rdatividic effects the corresponding SHF,
MHF pseudopotentials may be useful. The same keyword applies to the set of pseudopotential
parameters and the corresponding optimized valence basis sets.

Keyword in Gaussan for Pseudopotentials and corresponding valence basis sets of the
Stuttgart/Kéln group

SDD

Requests an effective pseudopotentid of the Stuttgart/K6ln goup. Let's have a look at a
typicd input example for the HI molecule usng an dl-electron basis set for hydrogen and a
SDD pseudopotential for iodine (or see above the AuF example with ECPs for Au and F).



%kjob 1301 Test job kills program after 1301
#nf/gen pseudo=read dfinput
blank line

i-ecp-mwb 4 46 (4 = | swith| = 0,1,2,3; 46 = # core el ectrons)

blank line

0,1
H
I 1 20

blank line

HO
6-31G(d,p) name of the all electron basis set for H

*k*k*%x

10
SDD name of valence basis set for iodine

*k%k*
blank line

10 ECPsfor theiodine atoms
SDD name



Output

Generd basisread from cards. (5D, 7F)

AO basis st in the form of generd basisinput:

10

S 31.00 0.000000000000
0.1873113696D+02 0.3349460434D-01
0.2825394365D+01 0.2347269535D+00
0.6401216923D+00 0.8137573261D+00

S 11.00 0.000000000000
0.1612777588D+00 0.1000000000D+01

P 11.00 0.000000000000
0.1100000000D+01 0.1000000000D+01

*k*k*k

20

S 31.00 0.000000000000
0.2122765000D+01 0.2063429899D+01
0.1770481000D+01 -0.2869526473D+01
0.3130840000D+00 0.1404747074D+01

S 11.00 0.000000000000
0.1240710000D+00 0.1000000000D+01

P 31.00 0.000000000000
0.2432887000D+01 0.7732753148D+00
0.2137249000D+01 -0.1020833156D+01
0.3145460000D+00 0.1095666871D+01

P 11.00 0.000000000000
0.1049450000D+00 0.1000000000D+01

P 1100 0.000000000000
0.3264100000D-01 0.1000000000D+01

*k k%



Pseudopotentid Parameters

Center Atomic Vaence Angula Power Coordinates
Number Number Electrons Momentum of R Exponent  Coefficient X 'Y Z
1 1 0.000 0.000-3.709
No pseudopotentia on this center.
2 53 7 0.000 0.000 0.069
G and up
2 1.0000000 0.00000000
S-G
2 3.5112000  83.11386300
2 1.7556000 5.20187600
P-G
2 2.9688000  82.81110900
2 1.4844000 3.37968200
D-G
2 1.9066000  10.30427700
2 0.9533000 7.58803200
F-G
2 2.3075000  -21.47793600
Thereae 8 symmetry adapted bass functions of A1 symmetry.
Thereae 0 symmetry adapted bass functions of A2 symmetry.
Thereae 4 symmetry adapted bass functionsof B1 symmetry.
Thereare 4 symmetry adapted basis functions of B2 symmetry.

Integrdl bufferswill be 262144 words long.
Raffenetti 1 integrd format.
Two-dectron integrd symmetry isturned on.
16 basisfunctions, 26 primitive gaussans, 16 cartesan bassfunctions
4 alpha electrons 4 beta electrons
nuclear repulsion energy 1.8521202291 Hartrees.

|=0-k=1andl=0-k=2
l=1-k=1andl=1-k=2
|=2—-k=1andl =2 -k=2
|=3-k=1

N

o' Z o o 2
V(r; =-ar—_+aaAgkexp(-azkri )P,
i ok



How can the pseuodopotential explicitly be incorporated? (See format section).

Input example HI.

%kjob 1301

#nf/gen pseudo=read gfinput
i-ecp-mwb 4 46 (4 =1=0,1,2,3; 46 = # core e ectrons)

0,1
H
1120

HO
6-31G(d,p)
*k k%

10

SDD

*kk*k

| O

I-ECP-mwb 4 46

G POTENTIAL

1

2 1.00000000 0.00000000
S-G POTENTIAL

2

2 3.51120000 83.11386300
2 1.75560000 5.20187600
P-G POTENTIAL

2

2 2.96830000 82.81110900
2 1.48440000 3.37968200
D-G POTENTIAL

2

2 1.90660000 10.30427700
2 0.95330000 7.58803200
F-G POTENTIAL

1

2 2.30750000 -21.47793600

These data can easily be obtained from
(i) http:/AMww.emd .pnl.gov/formsgbasisform.html or

(i) http:/Avww.theochem.uni- Stuttgart.de/pseudopotential g

The last home page (Prof. Werner, Uni Stuttgart) can truly be recommended.



2.5 (LANL1 and ) LANL 2 Pseudopotentials

Keyword: LANL1 or LANL2 (do not work without DZ!)

Requests the LANL 1/2 potentias: describe the core eectrons by the Los Alamos Nationd
Laboratory 2 (LANL?2) effective core (by Hay and Wadt %)

#hf/gen opt gfinput pseudo=read

blank line

Au-F using pseudopotentias for Au and F
blank line

01

Au

F119

blank line

AuO
Lani2DZ basis set for Au

*kk*

FO
6-31G(d) basis set for F

*kk*k

blank line ECPfor Au

AuO
Lani2DZ
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