==

=

POFATEEA0-TH-AT. JTRTE WIT i

\e\

= =
RS NI BN Hul mﬁmﬂﬁ%ﬁ' 8l

THE THAILAND RESEARCH FUND

s [ o
FIBTWITLR U UANY 0

Tassns nsdnwlassaionudianasenuasluana
WY AAALAD LAY D D aUARALADIVUIALANDDILWAN

a838 nay anvle

i En
tﬂﬂ FRIFIAEAATIVITY AT, Tﬂlﬁ’ﬂ 'i'll’l'i"lf!rﬂ

a

3NTIAY 2541

& B



RIUNLETT POF1T7/2540

=

FIEGIHID Hﬁﬁuﬂmy‘sﬂ

lasenas nﬁﬁnﬂﬁfﬁﬂﬂ%amdEtﬁnmauuaﬂumqa
UDE AAALADSLADDORARALADIVWIALANYBIAET
& i, aal i,
a2895 uay 9ndle

e e A
'F'I.m&t’l 4] GR g

1. 56, 03, JRTY WD PRI INENAE

anuaurlag s nIwnaIMRARUERRI I



Andnsiudszne

ARwsraugmainrnesiEImTIEY (7,0 faisuudumiy
s el iEm maniame frussowea: eudeauiinaefuasBifmminduiema
ATmiewetng SGI-Powar Challenge eudrauioleating-aamefudiamsiiouas
nsAn iR E R B R e TR RIS T I RERIN I Y UASTDY
WIERITOTIH WL el wiTanas s itdnuusi




SHALATINTT. PDFMATI2540

dalasanis:  mTansnlessaamefidnasavuezly \ANETE nemesfuasfoaundn

wmafuaEnuaminaaet wey 8isle

fownide: AT WITIE
nedTuall ausingmand ?'mmn'mfuuﬁnmﬁ'u

E-mail Addrass: Eamauk@alcatnm.chuhmm

SEUSIRTATINT  SIWIRY 40 — ANTIAY 41

asmaaivadlanzd suimannsdamnrofeshuiumsdwginioifiasuacdo
aufisen e Tasiavnzad1ation smmofvsavandslaseniniiinasouluru d flurs
LEusaDufmlafineanimneiuasnanTimanns ﬂc&'nmiﬂmaﬂ"uﬁtﬁ NATEH
vasaraaumdnlundmaafiluuuy 3d 48’ uRsinETwhawiEnfinInmTIINNWY
aof0ia 45 FamaendnaruHamIIBMMEgfivy i ", \Busmuziues
Fa, sihsliRansEuniulumadnndniadwuuimefuwdidofadifeny
wudRpawadmium i sldmnlussuuiilassaFunnaudddin RIEufigy
Fowu Fe, SEfmnzaunasezimua i fuatwwomasiime iluwsditwis
Complete Active Space Self-Consistent Field (CASSCF) ua:1T Restricted Active Space
SCF (RASSCF) nuufiina aftvafilalufwindae3s Multi-reference Configuration
Interaction (MRGI) #ialy lunsdneriinsduoundnineshaflummn ez
yadidnaianuazlasaafomaluanaues Fez luanme "a, waenishlaglSiudmoa
WU Effective Core Potential 184 Hay-Wadt Saldnumdiinasaulunadiiviv 10

seprgeninpsnoumEnRa NI WAL 4.056 Tumfluwnsfienms
yhsaauT AR 3.82 Tund yiurefifiniuiifinennmusivesss i 4s
ugs 3d wingq fiu Wlifseneeiiing 4s 1ﬁ'1'.fui"aar'[ﬂ'tii1nm1ﬁm1mﬁtim-] 1 HE
nrf il Wassminflanudndyyeantll near-degenaracy correlation WBNTIN
& TR nEnI I E5E Multi Configuration SCF (MCSCF) uas7 MRCI TRt
wandafnnlasawzataBimilivadgruamisrudndiiaaiu il
arwdduaansl dynamic correlation dniumadmanmlazeiomediinazeau
un:lﬂnﬂﬁamﬂnLaqwﬂqnuﬁﬁiﬂﬂnﬁﬁuﬁauﬁnw Fe,

ATHAN - uay 8681 lawafvaanin



1

Project Code: PDF/M7/2540

Project Title: Ab initio Study of Electronic and Molecular Structures of Small Iron
Clusters and Iron Cluster lons

Invastigator: Parasuk V.
Department of Chemistry, Faculty of Sclence, Chulalongkom University

E-mail Address: parasuk@atc.atccu.chula ac.th

Project Period: August 97 — January 99

Metal clusters have unigque properties which can be developed inlo special
davices and also into catalysts. In particularly, iron clusters are of interest both
theoretically and experimentally owing to their exoctic nature such as an incomplete d
occupations. It was suggested that the electronic structure for individual iron in the
cluster is 3d 45 where the iron-iron bond can be described by the overlap of two singly
occupied 4s orbitals. This conclusion is in agreement with results from theoretical
calculations where the ?ﬂu state was suggested as the ground state for Fe;. However,
all previous theoretical calculations were performed using a single-determinant meathod,
which are not accurate enough for treating the system with such an exotic valence as
Fe, to provide orbitals for further multi-determinant calculations. Thus, multi-detarminant
methods such as Complete Active Space Self-Consistent Field (CASSCF), and
Restricted Active Space SCF (RASSCF) following by Muli-reference Configuration
Interaction (MRCI) were carred out using Hay-Wadt effective core potential with n=10
for basis to identify the electronic and molecular structures of ' A, state of Fe,.

Our calculations obtalned the equilbrium bond distance of 4.056 Bohr,
comparad 1o the experimantal value of 3.82 Bohr. In contrast to all previous works, the
characteristic of the bond between iron in the dimer is described by both 3d and 4s
orbitals ingtead of only 4s orbitals, Our result implies the important of the Inclusion of
the near-degeneracy comelation, The Multi Configuration SCF (MCSCF) and MRCI
methods gave the different minimum on the potential energy. Therefore, the inclusion of
the dynamic correlation configuration is equally important to the near-degeneracy one
for determining the electronic and molecular structures systems with exolic valance

such as Fes.




B g
i
e pmeem Bt ke g 5 8

By ey rr—

L e * T T L

ab initio, iron dimer,

Keywords



Executive Summary

rwiTeimmatnmndlasefamed@nasouss:luianavaaminndmand
wwnidnfun Fe, Tauld58A%) near-degeneracy correlation A fluanndmius=uy
voalavenmukiuAfBEnaseuuigliiy d saflvia uas dynamic correlation fils i
afinumInIznedesddiinatay 55AFen1E19% cassCF uaz RASSCF dwiuai i
ﬂnﬁiﬁaL"ﬁﬂumqﬂﬁi:ﬁwﬂiﬂa'hﬂun’ﬁﬂ’lmmﬁ": 655 MRC! wimasfidenlfilluy |
Smynuuy ECP ¥84 Hey-Wadt SalwuSmasmnadn esnnlumsdmondomes 1|0
active space #1M7U CAS/RASSCF uas MRCI WU WL TIUN reference space i b
mnssntafanudmermnainion Wenmuiifmnsmuuditasfnmlaolfivds i
LR uwIR iU Atomic Natural Orbital (ANG) sl it

JINMSANEIWT active space AiLMAN=FUWLT active space TLWUN=FUATT |
vznaudpeafivafiinen 3d ua: 4s veandnmus sofiva do, WRE d4sa, B199EAT
Tlamwnzinadananiimiasrnlaomsdiug mﬂlﬁmwm*:ﬁm:ﬁﬂqn 4.056
Bohr fia RAS2/CIZ+Q Wwymefnuraviuesf ldnnmasesfie 3.82 Bohr e
Widafidvnalngiunafiide:lnda BIRLNTINARBRNATH TINMTRITIN
occupation WAE bond order wuiusE i awiniidneensunmuIsnig 3d uss
4s ppfiviafaunndemnuamsAnE IR KT AWl dwiussuy o
I 45 ATIUULA nenafim i Ensanmfdilais near-degeneracy correlation YilW L
MTBTNIWRIERLY dn uRsuLY d6 #w s lafimussoewiheiussR ldanms s
funiiT MCSCF waz MRC! uansnafmunndaiaflsrmuuansaivusandsemdndd 1|
uansnarulanius Tnofilafuntuiigndgruamdsrmdndfléonitiomesiuly
ilouiuiay dnbufloanns near-degeneracy correlation luiflnawafiusyhunnlase '
afumefidnaseuuaslrsaaamaluianavas Fe, 190ndias dynamic correlation fifl r
ATUEATILTY ; ‘f

Tumsfinendelssifion active space Was reference space UL RAS2/CI2 Y ,‘:
MIfIMEETT RASSCF uas MRCI Uniudmaauuy ANO (aluiurafildenms R
il et Wdnmruudeewsainimaaiiae t @




Introduction

Metal clusters have unique properties which can be developed into special devices
and also into catalysts[1]. In particularly, iron clusters are of interest both theoretically
and experimentally owing to their exotic nature, an incomplete d valence. It was
suggested that the electronic structure for individual iron in the cluster is 3d4s' and
only 4s orbitals contribute to the bonding. The iron clusters can be synthesized in
laboratory and their bond distances were measured. The smallest of the iron clusters is
the iron dimer. Montano and Shenoy[2] using Extended X-ray Absorption Fine
Structure (EXAFS) in the matrix of argon found the bond distance of the iron dimer to
be 3.53 Bohr whereas the bond distance of the bulk iron is 4.69 Bohr.[3] Using the
same technique but in neon matrix, Purdum er.al.[4] discovered that the iron dimer
bond distance is 3.82 Bohr. Several theoretical calculations have been performed on
this system to determine ground state electronic and molecular structures of Fe,. Most
theoretcal calculations[5-7] suggested the 'A, state as the ground state. This finding is
confirmed by the isomer shift study using Méssbauer Spectroscopy.[8-9] Shim and
Gingerich[4] performed Hartree-Fock (HF) and Configuration Interaction Single-
Double (CISD) reported the equilibrium bond distance of 4.54 Bohr while Harris and
Jones[6] using Density Functional Theory (DFT) and Local Spin Denstiy (LSD)
approximation found this distance to be 3.97 Bohr. The best calculations so far were
carried out by Tomonari and Tatewaki[7] using HF and Iterative CI gave the bond
distance of 3.82 Bohr which agrees within the experimental error. All above
calculations suggested that the iron-iron bond is formed predominantly by electrons in
4s orbital. However, those calculations were performed using a single-determinant
method, which are not accurate enough for treating the system with such an exotic
valence as Fe; to provide orbitals for further multi-determinant calculation such as CI
(except for DFT which is a truly single-determinant method). Thus, it would be very
suggestive to perform calculations using Multi-Configuration Self-Consistent Field
(MCSCF) method following by Multi-Reference Configuration Interaction (MRCI) to
investigate electronic and molecular structures of Fe;.

Computational Details

Energies of iron dimer at various interatomic distances were calculated using
Complete Active Self-Consistent Field (CASSCF), Restricted Active Space SCF
(RASSCF), and MRCI methods with Hay-Wadt Effective Core Potential n=10 (HW)
basis[10]. The symmetry of Fe2 used in all calculations is Doy, which is a subgroup of
its full point group Dup Several CAS/RAS calculations were performed. Their
definitions and corresponding active spaces were given as following.

CAS1: CASSCF correlating 16 active electrons in 12 active orbitals
{(dog)(do)(dng)(dmy Hdm)(dm, )dBe)(dbs W dBu)B, W 4s0,)(450,)} '
CAS2: CASSCF correlating 14 active electrons in 10 active orbitals
{(dou)(dng)(dny" Mdm)(dn, WdB)(dB, N dbu)(dby")(dsop)} '
RAS1: RASSCF correlating 28 active electrons in 17 orbitals
RAS Space: {(3p.)(3p:*)(3py)(3py* N3pH3p:*)(dsg)} '
CAS Space: {(dou)dmghdmy Ndm,)(dm, Wd8,)(dBy" M dB,)(dB, ) (4sag)}
AUX Space: no auxiliary space
RAS2: RASSCF correlating 16 active electrons in 12 active orbitals
RAS Space: {{dog)}’
CAS Space: {(do)(dmg}dny Wdm,)(dn,')(dBg)(dB, N dB.)d5,")(dse,)}




AUX Space: {(4sa,)}"

Successive MRCI calculations were carried out using orbitals and reference
configurations from CAS2 and RAS2. The notation for these CI calculations were
given below.,

Methods Orbitals N

: f
32/32* (all CAS)

CAS2/CI CAS2 498,371
RAS2/CI1 RAS2 23/1152* (CI coeff. >0.05) 423,949
RAS2/CI2 RAS2 13/1152* (CI coeff. >0.1) 262,755
CSF= configuration state function
*toral numbers of CSFs .

The RAS] was carried out to evaluate the contribution of 3p electrons to the electron
correlation. Preliminary calculations showed that all configurations generated from
the excitation of 3p electrons is insignificant as demonstrated by their low CI
coefficients (< 0.01), thus no CI calculation was performed for RAS1. The MRCI
calculations using CAS1 orbitals and CF3s are still in progress and their report will be
given in the later communication. All calculations were performed using the
COLUMBUS program package.[11]

Results and Discussions

The CASSCF, RASSCF, and MRCI energies at various bond distances were given
in Table 1 and Table 2. Their corresponding potential energy plots were illustrated in
Fig. 1 and equilibrium bond distances obtained from various level of theory were
listed in Table 3.

Table 1. CAS/RAS energies in Hartree for "A, of Fe; at various bond distances in
Bohr computed using HW basis.

R Energy (Hanree)

{Bohr) CAS1 CAS2 RAS] PAS2
1.90 25,0201 | 24505077 | -245.05545
400 <Hd5.06165 | -245.03278 | -245.05748 | -245.06165
4.20 24507000 | -245.04746 | -245.06730 | -245.07090
4.40 24505687 | -245.07345 | -245.07699
4.50 -245.07913

4,50 24506241 | -245.07688 | -245.08077
4.70 -245.08199

4 &0 24506774 | -245.07825 | -245.08284
5.00 =245 08364 | -245.06767 | -245.07902 | -245.08299
5.20 =245 08356 24507914 | -245.08426
540 24507794 | -245.08442
560 24508392




Table 2. MRCI energies in Hartree for 'A, state of Fe; at various bond distances in

45 -II:B: 50 52
Bond Distance (Bohr)

Bohr computed using HW basis.
R . (Harres)
(Bohr) | CASZICI | CASIICI+Q | RASIICII | RASZCIIF) | RASZCE | RASZICE
3.90 -245 25282 | 24529346 | -245.25647 | -245.30684 -243. 23270 | -245.29215
400 -245. 25582 | -245.29476 -245.25933 | 24520824 -245.25586 | -245.29369
4.20 -245.25855 | -245.29384 | -245.26011 | -24529742 -245.25613 | -245,29244
4.40 | -245.25857 | -245.29028 | -245.25801 | -245 19588 -245.25337 | -245.29087
'=Davidson's Correction
®  CAS1
& CAS2
-245.01 - & RAST
2] | O RASZ
24503 4 o = Rasaicr
-E'I-ll.lH: # RASHCIZ
24508 o s B B RASHCH+OQ
= amos] ° 2 ° . u.smwn?ﬂ
-245.07 - g o
iﬂm L 8 * 8 * o g g : o
2524 ]
L 24525
Gase] Y8 8 3
245 27 -
~245.28 -
245,25 = .
ausnl 8 L B
4.4

54  BA&

Figure 1 Potential energy plot of 'A, state of Fe; computed at various level of theory
and HW basis

Table 3. The equilibrium bond distance of A, state of Fe; computed at various level
of theory and HW basis

Methods F (Bohr)
CASI 5.085
CAS2 4 897
RASI 5.118
RAS2 5.348
CAS2/CI 4302
CAS2/CI+HQ) 4.061
RASZ/CIN 4.154
RASZ/ICINI+H) 4,066
RAS2/CI2 4,117
RAS2/CIZ+(Q) 4.056
Experiment 353,382




It could be seen that our best bond distance, RAS2/CI2+Q), is slightly deviated (0.24
Bohr) from experimental results. However, with better basis set {e. Atomic Natural
Orbital (ANO) one would expect the computed equilibrium distance to become
shorter and fall within the experimental error. The elongation of the calculated bond
distance is probably due to the extra repulsion of nuclear cores produced by the core
potential. All MCSCF calculations yielded a much longer bond distance than their
MRCI counterparts. The Cl bond distance could be shortening by the inclusion of the
Davidson’s correction. The size-consistency error plays role in determining the bond
distance of the iron dimer. This size-consistency error seems to be less severe in the
case of RAS2/CI as compared to CAS2/CI probably owing to the increment of the
active space since the different between the CI bond and CI+Q) bond becomes smaller.
However, the reduction of numbers of CI reference (RAS2/CI1 and RAS2/CI2) has
almost no effect on the bond distance. The slightly shorter bond of RAS2/CI2 than
that of RAS2/CI1 is probably caused by the removal of the CFS with the occupied
4sa,. Table 4 showed the natural occupations of the "A, state of Fe; in the vicinity of
equilibrium bond distance. All CI calculations suggested doubly occupation on da,,
singly occupation on do, and 4so, and zero occupation on 4so,. Notice that obtained
occupations are markedly different from those of previous caleulations, except CAS1
which is similar to that of Tomonari eral. Among MCSCF calculations, the
occupations are similar but significantly different from those of MRCIs. The reverse
is also true. However, the MCSCF occupations at the CI equilibrium distance (not
given in Table 4) are resemble to their corresponding CI calculations. Likewise, main
CFSs of both CI and MCSCF calculations as listed in Table 5 demonstrated the same
trend as their natural occupations. The CFS with largest CI coefficient is CFS#1 for
CAS2 (0.56), CAS2/CII (0.78), RAS2/CI (0.78), and, RAS2/CI2 (0.77) and CSF#18
(1.00) for RAS] and CSF#19 for RAS2 (0.89). However, at the CI minimum CAS2,
RAS1, and, RAS2 all have the same leading CFS with almost the same weight as
those of CI calculations. Electronic configurations of each CFS in Table 5 were given
in Table 6. It can be concluded that MCSCF wavefunctions at their own minima on
the potential differ from the wavefunction at CI minima. The CAS1 calculations used
SCF orbitals with configuration suggested by Tomonari et.al. as its starting guess and




Table 4. Natural occupations of ?ﬂu state of Fey in the vicinity of equilibrium bond
distance computed at various level of theory and HW basis

Methods Occupations

do doy, d dn, d d 4z, dso,
cas! L 151 289 305 258 245 188 o
CAS2 200 106 278 306 316 287 1.05 0.00
RASI 2.00 100 200 200 400 400 1.00 0.00
RAS2 178 100 200 2.00 400 399 1.00 023
CAS2/CI 193 101 230 360 360 233 1.00 0.00
RAS2/CI1 192 1.01 229 360 362 232 100 0.05
RAS2/CI2 193 100 231 358 359 234 1.00 0.04
Shim et.al. 1.60 250 290 3.10 250 250 200 0.00
Harris et.al. 200 100 200 400 300 200 200 0.00
Tomonari er.al. 155 141 383 306 262 253 193 006

yielded the similar occupation profile that of Tomonari er.al while others using core
Hamiltonian option in the COLUMBUS program as starting guess. Thus, the starting
guess or supplied orbitals have an effect on the outcome of the calculations. This
could be the reason for the discrepancy between our calculations and previous ones
where their calculations were based on single determinant.

‘Table 3. CI coefficients of main configurations obtained from calculations carried out
at various level of theory and HW basis.

CFs P Weight of Main C
CAS2 RAS2/CI2
1 -0.56 - - 0.78 0.78 0.77
2 0.25 - - 0.19 0.19 -0.22
3 - - - - -0.09 0.08
4 -0.25 - - 0.19 0.19 0.22
5 - - - - 0.09  -0.08
6 - - - -0.10 0.09
7 0.23 - 0.16 -0.18
8 = - 0.10 -0.09
9 0.23 - -0.16 0.18
10 -0.41 - - - -0.18 0.18
11 - - - -0.10 -
12 D.ﬂ? - - 0.16 - 0.05
13 - - - - -0.08 -
14 - - - -0.08 0.09
15 - - - 0.08 .
16 0.09 - 0.16 -
17 - - 0.19 -
18 - 1.00 -0.89 - - -
19 - 0.21 - -




Table 6. Electronic configurations of the main CFSs listed in Table 5.

CSF  dog do, dng dny’ dn, dm,’ dB; d8,’ d8, db," 4so, 450,

1 2 1 1 1 2 2 2 2 1 1 1 0
2 2 1 2 1 2 1 21 1 2 1 o0
3 2 1 2 1 12 21 1 2 1 0
4 2 1 1 2 1 2 21 1 2 1 0
5 2 1 1 2 2 1 2 1 1 2 1 0
6 2 1 2 1 12 1 2 2 1 1 0
7 2 1 2 1 2 1 1 2 2 1 1 0
B 2 1 1 2 2 1 1 2 2 1 1 0
9 2 1 1 2 1 2 1 2 2 ] 1 0
10 2 2 1 2 1 2 1 2 1 2 1 0
11 2 1 1 1 2 2 1 1 2 2 1 0
12 2 2 2 1 2 1 1 2 1 1 1 0
13 o 1 1 1 2 2 2 2 1 1 |
14 2 2 1 1 1 1 2 2 2 1 1 0
15 2 1 2 2 1 1 2 2 1 1 1 0
16 2 1 2 2 1 1 I 1 2 2 1 0
17 2 2 2 2 1 1 11 1 2 1 0
18 2 1 1 1 1 1 2 2 2 2 1 0

o 1 1 1 11 2 2 2 2 1 2

From Table 4, bond orders (3d’s, 4s"s and, total) were computed and given in Table 7,

Table 7 The 3d, 4s and total bond orders of 'A, state of Fe; computed at different
level of theory and HW basis.

Methods de dy s, s, bol bo2 total
CAS1 7.00 7.00 1.80 020 0.000 0.800 0.800
CAS2 794 699 1.05 000 0475 0525 1.000
RASI] 800 700 100 000 0500 0.500 1.000
RAS2 778 699 100 023 0395 0385 0.780
CAS2/CI TEI 694 1.00 000 0445 0500 0.945
RAS2/CII 783 693 1.00 005 0450 0475 0.925
RAS2/CI2 783 692 1.00 0.04 0455 0480 0935
Shim ef.al. 1.0 g1 2.0 0.0 0.55 1.00 0.45
Harris er.al. 7 7 2 0 0.0 1.0 1.0
Tomonari er.al. 7.00 700 193 006 000 0935 0935

dg=bonding occupation of 3d orbital

d,=antibonding occupation of 4s orbital

sg=bonding occupation of 45 orbital

sy=antibonding occupation of 45 orbital
bol=3d bond order: d,-d,/2

bo2=4s bond order: sg-5,/2
total=bol+bo2




For all calculations, the total bond order of 1 were reported for the Fe-Fe bond. The
RAS2 gave the smallest total bond order (0.78) and the longest equilibrium bond
distance (5.348 Bohr). This kind of reasoning could be used to describe the longer Fe-
Fe bond obtained by Shim et. al. Unlike previous work, our calculations revealed that
both 3d and 4s orbitals are equally important for describing the characteristic of Fe-Fe
bond instead of only the 4s one. It seems that the d bonding could be best described
when the near-degeneracy correlation is incluoded such as in CASSCF and RASSCF
calculations. This reminds us the important of the near-degeneracy correlation for the
calculation of Fe;. However, without the dynamic correlation (which included in
caleulations such as CI) correct equilibrium bond distance could not be obtained.

Conclusions

Our best prediction of the equilibrium bond distance is 4.056 Bohr, a 0.24 Bohr
different from the experimental value, The study revealed the multi-determinant
nature of the wavefunction of "A, state of Fe; where the configuration with largest CI
coefficient contributes only 64% of the total wavefunction. This multi-determinant
nature which requires the treatment for near-degeneracy correlation effects the
electronic structure of the molecule. Thus, our calculations suggested that the bond
between iron is contributed equally by the characteristic of both 3d and 4s orbitals.
This conclusion could not be obtained if the near-degeneracy correlation was
neglected as in those previous studies. The MCSCF and MRCI gave different
mlmmumnnﬂleputentlﬂlmg}' The true minimum could not be reached if no
dynamic correlation is treated. The reasonable active space for the MCSCF and MRCI
calculations should include valence electrons in 3d and 4s of the metal. The exclusion
of do; and 450, has minimal effect on the result of the calculation.
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