Supplementary Material (ESI) for PCCP
This journal is © the Owner Societies 2011

Supporting Material

MRCI investigation of different isomers of pMD,H,™

Olaf Hubner and Hanséig Himmel

Anorganisch-Chemisches Institut, Universitat Heidegbe
Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany,
E-mail: olaf.huebner@aci.uni-heidelberg.de

Details of the active spaces and reference spaces of the diint sections of the energy profile
for the approach of H, to NioO,™

Table S1: Details of the CASSCF and MRCI calculations fodifferent sections of the path from
NioO,"---Hy to Nio(OH),™: (1) Number, (2) symmetries, and (3) main atomic contritmsi of
the orbitals of the active space, (4) number of states opéichwithin the CASSCEF calculations
and (5) selection criterion for the reference space of thesasguent MRCI calculations.

section no symmetries main atomic contributioris states reference
0.0-0.1 14 2327d/8-14d 2x2p 3x3d 1x1s 1x4s/2x2p 4x3d 1x1ls 2 0.05
0.1-0.3 14 23274 /8-14d 2x2p 3x3d 1x1s I1x4s/2x2p 4x3d 1x1ls 2 0.05
0.3-0.38335 13 2127d/9-14d 3x2p 2x3d 1x1s 1x4s/3x2p 2x3d 1x1ls 1 0.05
0.38335-0.4 15 2027d/8-14d 3x2p 3x3d 1x1s 1x4s/3x2p 3x3d 1x1ls 2 0.05
0.4-0.5 13 2327d/9-14d 2x2p 3x3d 1x1s Ix4s/2x2p 3x3d 1x1s 1 0.05
0.5-0.9 11 2227d4/10-14d" 1x2p 3x3d 1x1s Ix4s/1x2p 3x3d 1x1ls 1 0.01
0.9-1.0 7 2326d/11-13d 3x3d 1x4s/3x3d 1 CAS

* 3d and 4s mean Ni 3d and Ni 4s, 2p means O 2p, and 1s means H 1s.

The NbO,H,* product has 6 closed O 2p or-® 2p-1s bonding orbitals and 6 open-shell 3d
orbitals with altogether 8 electrons and one 4s orbital pmmiwith 1 electron. In contrast, the
Ni»O," reactant has essentially one open-shell O 2p orbital dmrtinig to combined NiO or-
bitals and 4 open-shell Ni 3d orbitals with 4 electrons, @l has 1 essentially doubly occupied
1s-o orbital. Hence, going from the reactants to the produces,ninmber of open-shell Ni 3d
orbitals increases while the number of open-shell O 2p abdecreases. This redistribution of
the electrons is reflected by the observed change of theenatactive orbitals within the section
0.38-0.40 of the calculated path. At point 0.38, the active spdde8mrbitals consists of the 6
2p orbitals from O (323 d'), 4 3d orbitals from Ni (2 @ 2 d’), one 4s orbital from Ni (3, and
both 1s orbitals from H (ad’). At point 0.40, the active space comprises 4 2p orbitalsft®

(2 d, 2 d'), 6 3d orbitals from Ni (3 a 3 &), and again one 4s orbital from Ni'jaand both 1s
orbitals from H (4, d’). Therefore, to properly describe the electronic strugtarthis section, an
active space containing 6 open-shell Ni 3d and 6 open-sh2j @rbitals is used.
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Occupation of the natural orbitals by CASSCF calculations 6r Nio(OH),™, NiONi(OH )™,
and (NiH)zOz+

The occupation of the natural orbitals of selected termsigf®H), ™ by CASSCF calculations is
given in Table S2. According to their main contribution, trbitals are assigned to the Ni 3d or
4s atomic orbitals. For ti4 and?By, terms, the two gorbitals that have a total occupation of
about two electrons are mixtures with about equal contiobgtfrom 3d and 4s orbitals, although
classified in the Table as 3d or 4s. Taking as an examplRAhe'B1y, and?Aq terms, it is shown
that the different terms of a given spin ladder have very lsindccupations. The different spin
ladders differ in principle by their 3d occupations.

The occupation of the natural orbitals of selectd terms @Ni{(OH,)" is given in Table S3.
According to their main contribution, the orbitals are gagid to the 3d orbitals of the central Ni
atom (Nil) or to the 3d or 4s orbitals of the terminal Ni atom2N For Nil, there are two singly
occupied 3d orbitals, indicating a 8donfiguration. For Ni2, there are either two singly occupied
3d and one 4s orbital or one singly occupied 3d orbital andwpte4s orbital, indicating a $dst

or a 3d configuration.

Table S4 shows the occupation of the natural orbitals of daest-lying termgA, and?By of
thecis andtransisomers of (NiHYO,*. For the?A, term, there are 4 orbitals that are essentially
oxygen 2p orbitals each one occupied by about 2 electrons/amtbitals that are essentially
nickel 3d orbitals one of them occupied by 1 electron therdtlgeabout 2 electrons. Furthermore,
there are two orbitals that are about one to one mixtures @d\ind O 2p orbitals, occupied by
altogether 2.1 electrons. Hence, for these orbitals, aboetelectron can be assigned to nickel
and one to oxygen. Finally, there are 5 orbitals with contrdns from the hydrogen 1s orbitals,
the oxygen 2p orbitals, and the nickel 3d orbitals. For tHatal with an occupation of 1.93,
the main contribution comes from O 2p with contributionsnfréd 1s. For the orbitals with
occupations of 1.78 and 1.80, the main contribution cons il 3d orbitals with contributions

Table S2: Occupation of natural orbitals of selected terfridig(OH),™ according to CASSCF
calculations with 11, 9, or 5 active electrons at the MRCI§Dstructure of the’Byq term
(7s6p4d3f2g/5s4p3d2f/4s3p2d basis set).

Nio(OH),* Ni 3d Ni 4s

Term & ag bay boy big by by by b3y & &g

°Aq 2 190 1.09 190 109 2 190 1.10 191 1.10 1.00
“B1y 2 191 109 190 108 2 191 1.10 191 1.11 1.00
2Aq 2 191 109 190 107 2 191 1.10 191 1.12 1.00
g 2 122 100 2 2 2 1.00 100 2 2 0.78
2By 2 116 099 2 2 2 100 101 2 2 0.84
5By 1.82 151 1.31 168 1.68 181 1.49 132 169 1.69 1.00
Bs, 196 193 1.11 151 149 196 193 1.12 150 150 1.00
®Byg 196 193 1.12 149 148 196 193 1.12 152 151 1.00
B,, 198 1.47 1.06 155 194 198 145 106 156 1.94 1.00
®Bsg 198 1.46 1.06 156 194 198 146 106 156 194 1.00
®Byg 198 1.48 1.05 195 154 198 145 105 195 156 1.00
5A, 198 146 1.05 195 155 198 1.47 1.05 195 156 1.00
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'Tl'hallﬁbJ ém§|§’:©3ec?:ﬁ?§é%%'re\t%s %ﬁe natural orbitals of selectethseof NiONi(OH,)* according to
CASSCEF calculations with 9, 7, or 5 active orbitals at the M&O+Q structure of théA, (3d°)
term (7s6p4d3f2g/5s4p3d2f/4s3p2d basis set).

NiONiOH,™* Nil 3d Ni2 3d Ni2 4s

Term a & b b @ aq aq b b @ =
6A,(3dP4sh) 2.00 1.93 1.07 1.07 1.93 2.00 1.00 2.00 2.00 1.00 1.00
6A, (3dP4sh) 2.00 1.93 1.07 1.07 1.93 1.00 1.00 2.00 2.00 2.00 1.00
6B, (3d%4s) 2.00 1.93 1.07 1.07 1.93 2.00 1.12 1.88 1.12 1.88 1.00
6B, (3d%4s) 2.00 1.93 1.07 1.07 1.93 2.00 1.12 1.12 1.88 1.88 1.00
A1 (3P 2.00 1.93 1.07 1.07 1.93 2.00 2.00 2.00 2.00 1.00 —
A, (3dP) 2.00 1.93 1.07 1.07 1.93 2.00 1.00 2.00 2.00 2.00 —
4By (3d°) 2.00 1.13 1.13 1.87 1.87 2.00 1.00 2.00 2.00 2.00 —
4B, (3d°) 2.00 1.09 1.91 1.09 191 2.00 1.00 2.00 2.00 2.00 —

from H 1s and O 2p. The weakly occupied orbitals with occugreiof 0.27 and 0.25 are more
or less one to one mixtures of Ni 3d and H 1s orbitals. Unfaataly, the electrons cannot be
assigned straightforwardly to the different atoms, in oitderationalise the electronic structure

in a simple way. Nevertheless, since, for thedobitals with strong 3d-2p mixing, one electron
can be assigned to the O 2p orbitals, and since among theasthitals with considerable mixing
there is one nearly doubly occupied orbital with the leadiagtribution from O 2p and there are
further O 2p contributions in the other orbitals, one cangms$l electrons to the O 2p orbitals.
This gives an oxidation state ef1.5 for each of the O and shows that the O atoms cannot be
considered as closed shell parts of the molecule. Fo?BBeterm, the picture is practically the
same.

Table S4: Occupation of natural orbitals of the lowestdytarms ofcis andtrans (NiH),0,™
(Coy and Gy,) according to CASSCF calculations with 14 or 16 active aibitit its MRCISD+Q
structures (7s6p4d3f29/5s4p3d2f/4s3p2d basis set).

cis O2p Ni 3d O 2p/Ni 3d Ni 3d/O 2p/H 1s

Cyn) & by b & a a b b b & & b, b & a a b b
A, 1.99 1.97 198 193 2 199 2 199 2 2 1.00 1.72 040 1.93 1.78 0.80 0.25
trans O2p Ni 3d O 2p/Ni 3d Ni 3d/O 2p/H 1s

(Con) by by by by & 8 a by by by Dby au du ag 8 a by by
2By 2.00 1.97 1.99 1.90 2 1.99 2.00 2 1.99 2.00 1.00 1.73 0.40 1.86 0.26 1.78 0.25




