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We revisit the assignment of the absorption spectrum of tetracyanonickelate(ll) by calculating energies of excitations
with time-dependent density functional theory. Our results give strong evidence that the original assignment of the
spectrum is only partially correct. We thus propose an alternative assignment consistent with our theoretical

calculations and all available experimental evidence. In par

ticular, we reassign the bands at 22 400 and 32 300

cm~t to the TA;g — 3Ayg (Do — big) and Ay — Ay (bog — byg) excitations.

Introduction

The groundwork for the interpretation of the absorption
spectrum of tetracyanonickelate(ll) was laid out over 40 years
ago!? Experimental observations combined with theoretical
analyses provided a detailed description of both the ground
and lowest excited states of square planar metal complexes
Thereafter, investigators used spectroscopic methods suc
as linear polarization and magnetic circular dichroism, as
well as theoretical calculations, to lend further insights into
the interpretation of the Ni(CN)~ spectrun® 1> Although
other possibilities for the assignment of this spectrum were
considered;*?> most investigations appeared to confirm the
original interpretatiort?11.13.15

The absorption spectrum of Ni(CN) features a very
weak band at 22 400 cmy moderately intense bands at
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23000, 27 000, and 32 300 cfas well as two very intense
bands at 35 200 and 37 600 chlt has been convincingly
demonstrated by magnetic circular dichroism that the two
intense bands correspond to e — Az, (a1 — @) and

19— 1By (85— &) excitations, respectiveli? Polarization
studies provide strong evidence that the bands at 23 000 and
27 000 cmt correspond to théA 4 — Big (g — big) and
Arg— A4 (6 — byg) excitations. Last, the bands at 22 400
and 32 300 cm! have been assigned 1814 — Azq (g —
b1y andAig — By (bog — @) excitations, respectively,
consistent with the energy ordering,O0&y? < ayz?) <
bag(xy) < big* — y?).

The assignment of the 22 400 chband to the!A;; —
1Azq (bog — byg) excitation is dubious because the band has
an extinction coefficient of 2 Mt cm™, far less than the
expected value for a spin-allowed excitation. In this paper,
we use methods based on density functional theory (DFT)
and time-dependent density functional theory (TDDFT) to
revisit the assignment of the absorption spectrum of NigEIN)
Importantly, in accord with the generally accepted d-orbital
energy ordering in square planar complexes containing
m-acceptor ligand&$2! we find that the k, orbital lies~1
eV lower in energy than the gorbital, strongly suggesting
that the original assignment of the bands cannot be com-
pletely correct. To rectify this situation, we assign the band
at 22 400 cm? to the A1y — 3Azq (g — big) excitation,
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and the band at 32 300 chto the!Aig— Asg (bog — big) Table 1. Calculated and Crystal Structure Interatomic Distances (A)
excitation. We thus propose an interpretation consistent with for NiCN)«"#
these TDDFT calculations, as well as all available experi- B3LYP  B-LYP  B-P PBE crystal structure
mental evidence. Our assignment is different from any nNi—-c 1.889 1.886  1.864  1.863 1.860
assignment previously considered in the literature. C-N 1.161 1173 1174 1.174 1.154

. aCalculated bond distances are in good agreement with the crystal
Computational Methods structure.

All calculations reported herein were performed with the
TURBOMOLE program package for ab initio electronic structure Table 2. Calculated Energies (eV) of the Frontier Orbitals in
calculationg? We used the TZVP basis gétfor all atoms in Ni(CN)42~
calculating the properties of Ni(Chy. We performed four different

g X _ i orbital B3LYP B-LYP B-P PBE
DFT calculations, each using a different exchange-correlation
functional selected from B3LYP, PBE, BP86, and BL¥P32 The bz(g)(()ggz) :g';‘é :gﬁ :g'gg :g'gg
calculations were done using the COSMO continuum solvation ng(zz) —6.38 —474 ~5.06 491
modef? for treatment of solvation effects with a dielectric constant b1} — y?) -0.41 —1.55 -1.63 —1.48
of 37.5. Each of the four calculations was performed with an m3  @eu(7) —0.49 -119 —-1351 —-1.39

gridsize®* The calculated geometry of Ni(CI) was optimized
using TURBOMOLE's JOBEX program with generalized internal Table 3. Calculated and Experimental Energies (@nof the
coordinate® and the corresponding STATPT module. Energies of | gw.Lying Electronic Excitations in Ni(CN§~ 2

well-converged ground-state molecular orbitals were calculated with

the DSCF module for semi-direct self-consistent-field evaluation. excitation expt BSLYP B-LYP BP PBE

We then used these ground-state molecular orbitals to calculate theiAlg“ 2‘319 (21— bag) 16100 21400 23300 23400
energies of the low-lying singlet- singlet transitions and singlet 1?“’: 351(?%:31%)1 ) 22400 1296710000 252690000 2361660000 2361880000
— triplet transitions with the ESCF package for full TDDFT 1A13H Aoy (Bug — F0u) 34100 27200 26500 26600
calculations®%” Similar methods in TURBOMOLE have previously — 1A;4— 3E, (e, — &) 37400 30500 30200 30200
been used to successfully investigate the electronic structures and*A1g— By (b2g— &eu) 44000 36400 36000 35800
absorption spectra of various inorganic compleXest A1y~ 'Big(ag—big 23000 26500 30000 32100 32200

1Ag— 16y (6, — by 27000 28800 31600 33600 33800
1A1g— YAgg (bsg— b1 32300 31600 34000 36000 36100
Ayg— Ag(ag—a,) 35200 38300 30600 30500 30300
Ag—1E, (6, —a&) 37600 40900 33200 33300 33200
11— 1By (Bog— ) 45100 37000 36700 36500

Results and Discussion

We have calculated the ground-state properties and the
energies of the low-lying excitations for Ni(CN) using _ _ _
the B3LYP. BLYP. BPS6. and PBE exchaﬁgmrrelation aB3LYP gives the best agreement with experiment.
functionals. The results are given in Tables3l

All calculated ground-state bond distances are in good g3) yp gives the best quantitative agreement with the
agreement with the crystal structdfeput we find that ) herimentally observed excitation energies. To ensure the
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Table 4. Assignments of the Electronic Transitions in the Absorption Spectrum of N{CR)

energy (cnml) e(M~lcm™) original assignment current assignment
22 400 2 TA1g— 1Azg (D2g— byg) tA1g— 3Azg (Dag— big)
23000 50 1A19— B1g (19— big) TA1g— 1Bag (8ag— bag)
27 000 100 TA1g— 1By (6g— b1g) TA19— 1y (6g— big)
32300 700 A1g— 1B1y (bzg— a0u) TA1g— Az (b2g— big)
35 200 4200 1Alg — 1A, (alg — &) 1Alg — 1A, (alg — )
37 600 10 600 Ag— 1, (6 — 2y Ag— 1 (gg— @)

aCurrent and original assignments differ for the bands at 22 400 and 32 300 cm

spin-allowed ligand-field bands both have intensities on the  Given the incompatibility of the original assignment with
order of 100 Mt cm™2. If the first band were due to a spin- the present theoretical calculations, we now suggest an
allowed transition, we would expect to observe a similarly assignment consistent with our theoretical calculations and
large intensity. Thus, the assignment of the 22 400'dand all available experimental evidence. Since the TDDFT
to the*Ag — Az (bzg — byg) excitation is unlikely. calculations place th#A;q — By, (g — @) transition at
. The aSS|gnment of the IOweSt-lylng band to %g i h|gher energy than thy\lg_' 1Eu (eg — aQu) excitation, we
Azg (b2g — by excitation was in part based on the geek to place théA,q— 1By, (bzg— a) excitation at higher
assumption that the metal orbitals follow the energy ordering energy than the peak corresponding to%#g, — 'E, (g, —
€y(Xxzy2) < &y(Z) < byy(xy) < biglx* — y?)."*However, the 5 y excitation. There are no bands higher in energy within
ground-state orbital energies we have presently calculated13 000 cm* of the peak corresponding ¥y — 1E, (6, —
are quite different. In a_C(_:ord with wor kon rezl?ted square a.). However, since we expect the intensity of the orbitally
planar complexes containingacceptor ligand¥ 2! we find forbiddentAs,— By (bag — ay) transition to be much less
that the correct ordering of the d orbitals isay) < ey than that of '?he bl’OL;id E(J)rbitarl allowedhy, — 'E, (& —

< a(2) < byy(¥ — y?) and that the B(xy) orbital : ' Y 9 Rl
(xzy7) < ay#) < bug Y &) band, it would not be surprising féA 1, — By, (byg—
falls ~1 eV lower in energy than the;gz?) orbital. This u 0 be hadowed by theh _»191E iz
ordering reflects the importance of,d— 7*(CN) back- %) 10 o€ overshadowed by 19 v (& %u)

absorption. Thus, we conclude that the g — By (byg —

bonding in stabilizing the (xy) orbital. L . .
The original assignment of the spectrum requiresg a) transition is not observed in the absorption spectrum.
Since the peak at 32 300 cidoes not correspond to the

— 1Ayq (b2g — byg) transition to fall~5000 cn1! lower in
1A1g — Buy (b2g — &) transition, it must be reassigned.

energy than théA,;y — E; (e; — big) excitation and the

1A 19— 1By (bog — &) to fall ~5000 cnt?! lower in energy The 32 300 cm! band has intensity comparable to that of

than the'A,;; — E, (e, — &) excitation. By contrast, the  the other bands attributed to spin-allowed ligand-field

TDDFT calculations reported here suggest that'thg — excitations. Thus, we expect this band to correspond to a
spin-allowed but orbitally forbidden excitation. The only

1A (bog — byg) excitation is~3000 cn1? higher in energy
than the'A;q — B (& — byg) transition and théA;q — spin-allowed transition that has not been properly assigned
is thelAg — A, (bog — big) excitation. This excitation is

1B1y (bog — &) transition is~3000 cn? higher in energy
than the'A,q — *E, (& — &) excitation. These results are  gypected to lie roughly 3000 crhhigher in energy than the
incompatible with the original assignment. band corresponding to tHé,, — 1E (e, — byg) transition,

in good agreement with the observed peak at 32 300'cm
Furthermore, given that the band cannot be assignédl;tp
— 1By, (b2g — &), there appears to be no other reasonable
alternative. Thus, we assign the feature at 32 300'cim
the 1A1g — Azq (bog — byg) excitation.

Last, we turn our attention to the 22 400 chpeak. The
weak intensity of the peak suggests that it arises from a spin-
forbidden excitation. This feature in the spectrum lies very
slightly below the peak corresponding to the;; — !B
(aug— b1g) excitation. Our TDDFT calculations indicate that
1A 19— 3A2g (b2g— byg) is only slightly lower in energy than
the 1Ay — 1Byg (aug — bug) excitation, whereas the other

| spin-forbidden ligand-field excitations lie far lower. Ad-
ditionally, our calculated singlettriplet energy separations
for the ligand-field excitations suggest that obiyiq — Az,
(bag — byg) could lie as high as 22 400 crh Thus, we assign
the 22 400 cm! band to thelA;y — 3Aj (bag — big)
excitation. Our complete assignment of the absorption
spectrum is summarized in Table 4.

logio (/M cm™) B,

4 'y IAg..

I I

25,000 30,000

Energy(cm™)

20,000 35,000 40,000

Figure 1. Peak positions and extinction coefficient$ in the absorption
spectrum of Ni(CNy~. Thick lines correspond to allowed excitations,
intermediate lines correspond to spin-allowed but orbitally forbidden
transitions, and the thin line corresponds to a spin and orbitally forbidden
transition.

Inorganic Chemistry, Vol. 45, No. 18, 2006 7399



Hummel et al.

Conclusion of the peaks in the absorption spectrum to accommodate all

The results presented here give strong evidence that the"’“""‘”"’lble experimental and theoretical evidence.

original assignment of the Ni(Ch)~ absorption spectrum
is only partially correct. We find that the correct ordering
of the energies of the d orbitals in Ni(CN) is by(xy) <
e(Xzy2 < a(Z2) < big(X® — y?). We have reassigned two  1C060584R
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