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The X-ray structure of Cs,[Ni(CN)4]-H,O and the polarized single-crystal UV absorbance spectra of Cs[Ni(CN),]-
H,0 and Cs,[Pt(CN),]-H,0 are presented. The two complexes are isostructural, with helical arrangements of M(CN),2~
ions in which there is moderate metal-metal electronic perturbation resulting in a spectral red shift from solution
in the UV absorbance spectra. In addition, we have modeled the nickel system with a ZINDO calculation of a
three-molecule segment of the helix and have found remarkably good agreement with experiment, including excellent
reproduction of the red shift. Crystal data are as follows: Cs;[Ni(CN)4]-H,0, hexagonal, space group P6;, a =
9.5260(10) A, ¢ = 19.043(2) A, V = 1496.5(3) A3, T = 100 K, Z = 6, 4335 observed data, R = 0.016, R, =

0.034.

Introduction

Square planar tetracyano complexes of platinum metals

have long been studied for their interesting electronic
perturbation along the stacking a*i$2 In most cases, this
leads to a “solid state effect” which causes the out-of-plane-
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polarized gy (d2) — &u (p,, *) transition to red shift and
intensify as the planes stack clo$et316 In extreme cases,
such as with partially oxidized Pt(CNF" where the stacking

is extremely close 42.9 A), the stack exhibits metallic
reflection and moderate electrical conductivity in the stacking
direction?17:18Qur principal interest has been to identify the
mechanism of spectral perturbation and its relationship to
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Collective Electronic Effects in CdNi(CN)4-H-0

metallic conductivity. The perturbation has been described Table 1. Elemental Analyses

by some as band formati&hwhile others have suggested Cs[Ni(CN)4]-H-0 Cs[PH(CN]-H,0
exciton formatiort? Interest continues in stacked planes of
Pt(CN)2~ having axial spectral perturbatiéh.?®> Both

theoretical,% found,% theoretical,% found,%

. ) . s 59.52 59.1 45.6 37.80
tetracyanoplatinates and -nickelates serve as simple models g5 0.00 <0.05 0.00 <0.05
for more complex systems such as substituted phthalocya- Nior Pt 13.15 13.37 33.46 31.98

: : : ; 10.76 10.76 8.2 5.97
nines which are used in photovoltaic deviéemnd as tumor N 1254 1249 061 007
imaging agent$® o 3.58 3.45 2.78

We previously demonstrated that in stacked planar tetra- H 0.45 0.46 0.35 0.35

cyanometalates there is an extended perturbation of some . . .
sort, extending over at least 20 metal centers using mixed (CN)4J-H20 using the semiempirical method, ZINDO, de-
metal stacks of M(CNJ¥- in crystals prepared from mixtures ~ Veloped by Zerner and othefsOur calculation benefited
of Ba[Ni(CN),]-4H,0 and Ba[Pt(CN}j-4H,0 with from 5% from our recent ZINDO calculation on single-molecule ions
to 95% Ba[Pt(CNJ]-4H,0.1° At all concentrations, a single ~ Of Ni(CN)4*".2 _ .
out-of-plane-polarizedsg (d2) — a (p,, 77*) transition was Past spectral assignments of solid-state spectra have been
found whose intensity and energy were proportional to eported using single-molecule symmetry and terminology.
composition as % Pt. In that case, the molecular planes werel he unit cells in these complexes do not retain the molecular
aligned perpendicular to the stacking direction, and the Symmetry as do many of the straight-stacked salts, and thus
polarization of the-allowed transition was along the stacking We will not be able to use the single-molecule terminology
direction. for transitions. Furthermore, as we have shown in our recent

Cs[Pt(CN)Y]-4H,0 (1) has planes that are arranged PaPeron the calculation of transitions in the single molecule

. . . . . i 2— 32 i iti
helically around thec axis direction and with a moderate of Ni(CN),",** we will need to expand the traditional
tilt from the helix axis?®®2’ The dihedral angle between concept of state transition to include several orbital transitions
adjacent planes is reported as P2%and the angle between in order to fully characterize each transition in these
plane normals and the axis calculates to be 1.6This complexes.
arrangement separates the bulk “stacking direction” from the
molecular out of plane direction and allows for the investiga-
tion of whether the polarization direction for the red-shifted ~ Preparation of Cs[M(CN),]-H;O. Aqueous solutions of
ayg (d2) — @ (p, ) transition is perpendicular to the — CSINI(CN)J] and Cs[Pt(CN)] were prepared by the stoichiometric
individual planes or parallel to some collective stacking addition of saturated GSO, to Ba[M(CN)]-4H.0 dissolved in a

direction. We report on our polarized specular reflectance Mnimum of water. The resulting BaS@as filtered out, and the
spectral study of GEPY(CN)]-4H,0 filtrate was slowly evaporated at room temperature for over one
2.

. . . . week. Ba[Ni(CN)]-4H,0 was prepared as previously descriBéd,
Since tetracyanonickelates are typically closely isostruc- 4ng Ba[Pt(CNjj-4H,0 was obtained commercially. Elemental
tural with their platinum counterparts, and we have had prior analyses are listed in Table 1. While many of the values for the

interest in such nickel complexés?82°we ran a parallel Cs[Pt(CN)]-H,0 are low and may be due to impurities from
study of Cg[Ni(CN)4]-H.0 (2). This complex, however, had starting materials, a Weissenberg X-ray photo of the crystal used
been structurally studied only with powder diffracti&i¥° for spectroscopy showed agreement with literature vati@s

Experimental Section

S0 a single-crystal X-ray diffraction study of {I¥i(CN)]- X-rgy Data CoIIectilon. A golqen yellpw pri;matic crystal of
H.O was performed. We also report on a polarized specular C[Ni(CN).]-H20 having approximate dimensions 0.£20.15 x
reflectance spectral study of I¥i(CN)4]-H,O. In addition, 0.16 mn¥ was used for data collection using graphite-monochro-

mated Mo Ko radiation § = 0.71073 A) on a Nonius KappaCCD
diffractometer fitted with an Oxford Cryostream cooler.
Systematic absencesl@ith | = 6n indicated a hexagonal space

we performed a model calculation on a segment gfNis
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Table 2. Selected Crystallographic Parameters

formula Cs[Ni(CN)4]-H20
M; 446.63

space group hexagon&l6;

a 9.5260(10) A

c 19.043(2) A

\Y 1496.5(3) B

z 6

radiation Mo Ko, 2 =0.71073 A
T 100K

indep reflns 4396

Rint 0.040

Omax 35.00

R[F? > 20(F?)] 0.016

Ry (F?) 0.034

data were averaged, = 0.040, yielding 4396 unique data, of
which 4335 had > 24(l). (We also ran a room temperature study
of this compound and found the lattice constants toabe
9.554(1) A andc = 19.292(3) A.)

Structure Solution and Refinement.The structure was solved
using heavy-atom methods. The hydrogen atoms of the water mole-
cule were located from a difference map and were refined isotro-
pically, with Uis, values assigned as Ug, of the oxygen atom.

Scattering factors were taken from Cromer and Waéber.
Anomalous dispersion effects were includedris® the values for
Af" andAf" were those of CroméP.Refinement of 116 parameters
using SHELXL3” converged irP6; with R=0.016 andR,, = 0.034.
Refinement of the Flack parametgyielded a value of 0.017(17);
thus, P6; was proven correct. The highest peak in the final
difference Fourier was 0.61 e¥the minimum negative peak was
—0.44 e/R. Selected experimental crystallographic values are given
in Table 2.

Spectral Measurements.Due to the high spectral extinction
coefficients for this system, room-temperature polarized spectra
were obtained through specular reflectance rather than transmission,
The reflectance instrument, based on a concept by Ahwas
essentially a grating microspectrophotometer consisting of tungsten-
halogen and xenon arc light sources, an Instruments SA HR320
0.32 m computer controllable grating monochromator, a Glan-
Thompson polarizer, a double-beam reflecting microscope, and a
photomultiplier detector. Signal detection was through two Princeton
Applied Research 186A lock-in amplifiers, and instrument control
resided on an Apple lle computer. The data were uploaded to a
Hewlett-Packard 3000 computer for processing. Reflectance was
measured relative to a NIST standard second-surface mirror.
Kramers-Kronig transformation of the reflectance data provided
standard absorbance values. Since KramErsnig transformation
requires reflectance data over energies from @t@n effective

Cornelius et al.

Solution spectra were obtained on a Perkin-Elmer Lambda 40
UV —vis spectrophotometer at room temperature.

Semiempirical Calculations. Both ground-state energies and
allowed electronic transitions for gili(CN)4]-H,O were calculated
using the Zerner-modified semiempirical INDO (intermediate
neglect of differential overlap) method known as ZINBOThe
version of ZINDO we use here is contained in the CAChe suite of
programs from Fujitsd? It had been extremely successful in
calculating theoretical electronic spectra of the dianion, Ni¢&Ny
The experimental and calculated transitions for the two lowest-
energy charge transfer transitions matched remarkably well in both
energy and intensity. In addition, the lowest-enexgypolarized
transition (Ay — Ey ) required several orbital transitions to be
accurately characterized. The concept of linear combinations of
orbital transitions was discussed and has been utilized in the present
study as well.

Because the ZINDO technique is semiempirical, the calculation
parameters typically need to be optimized in order for the calculated
electronic spectrum to match the experimental spectrum as closely
as possible. The CAChe implementation of ZINDO includes default
values for numerous parametétg.he parameters most commonly
adjusted in transition metal complexes are the resonance integrals
for the central metal3s, £, andfq.*! fs andp, are set equal ffsp’)
and represent the amount of interaction between s and p orbitals
on the metal and those on adjacent ligand atoms. fjhealues
represent interaction of the metal d orbitals with ligands. Values
which are more negative represent a greater interaction between
the corresponding metal orbital(s) and the ligand orbitals. We used
the optimized3 parameters from our recent wétkas parameters
in this current work: 85, = —5 and iy = —41. In determining
transition energies, ZINDO uses a process known as configuration
interaction (CI). The ClI process in ZINDO considers the effects of
single-electron excitations from a set of filled orbitals to a set of
virtual orbitals. The “Cl level” is an integer representing the number
of orbitals in each region used in the CI calculation. Since the
ZINDO CI in CAChe is singly excited, the choice of Cl level in
this case affects only the state transitions and not the individual
orbital energies or wave functioAsWe found that a Cl level of
10 was the maximum suitable for all transitions but that the
z-polarized transitions could be accurately modeled with a Cl level

Calculations were carried out on only 4¢i(CN)4]-H.O since
ZINDO parameters are not reliable for the platinum case;-spin
orbit coupling which is expected to be significant in a platinum
complex is not accounted for by ZINDO, and we felt that
assignment of the G#t(CN)] spectra could reasonably be
compared to those for g8li(CN),]. Previous work of ours has

transmc_)n was added at energies hlgher than the experimental regior ) g spectral similarity in the two systerts.
and adjusted so that the valleys in the transformed data resembled
those from solution data. We assumed that the infrared reflectanceResults

was constant and at the level of the lowest-energy measured
reflectances for both compounds. The effective transitions in the
far UV are summarized in the Supporting Information (Sl), Table
S-1; they had no effect on energies of transitions but did affect
intensities. Polarized single-crystal specular reflectance spectra wer
taken on natural faces with the electric vectors parallel to and
perpendicular to the needle) direction, which was coincident with
the helix axis.

(35) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, England, 1974.

(36) Ibers, J. AActa Crystallogr.1964 17, 781.

(37) Sheldrick, G. M.SHELXL97 University of Gdtingen: Gitingen,
Germany, 1997.

(38) Flack, H. D.Acta Crystallogr.1983 A39, 876.
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Description of the Structure. The crystal structure of
C9[Ni(CN)4]-H20 consists of hexagonal unit cells containing
six formula units. Tetracyanonickelate dianions are stacked

dn spirals around the crystallographic 6-fold screw axes,

Figure 1, with cesium cations and water molecules wound
around the periphery of the spirals.

Ni(CN)42~. The anion deviates slightly but significantly
from planarity. Opposite N atoms N1 and N2 lie, respec-

(39) Anex, B. G.Mol. Cryst.1966 1, 1.

(40) Zerner, M. CZINDO (in CAChe) Fujitsu Limited: Beaverton, OR,
2000.

(41) Anderson, W. P.; Edwards, W. D.; Zerner, M.I@org. Chem1986
25, 2728.



Collective Electronic Effects in CdNi(CN)4-H-0

Figure 1. Stereoviews of a single helical chain of Ni(CRl) ions with associated Csons and water molecules: (a) side view, (b) top view.

tively, 0.023(2) and 0.016(2) A on the same side, out of the These two polyhedra share a square face composed of the
best plane of the other seven atoms, which exhibit a meantightly bound water molecule and three N atoms from anions
deviation of 0.004 A. The mean NC and C-N bonds are in two adjacent spirals (Figure S4). Thus, the cesium ions
1.868 and 1.157 A, respectively, comparable to previous are paired.
observationd? Each anion is tilted 12.7(1from thec-axis, H,0. The water molecule is bound tightly to two cesium
and 12.61(5) with respect to adjacent anions in the spiral. ions (O--Cs1= 3.079(2) A, O:-Cs2= 3.114(2) A) and,
The distance between adjacent Ni centers in the spiral isthrough H-bonding, to nitrogen atoms in two adjacent spirals.
3.507(1) A, with a Ni--Ni---Ni angle of 155.4(1). At 298 One of the H-bonds is strong (®IN3 = 2.812(3) A,
K, the Ni-++Ni distance is longer (3.556(2) A) as a result of O1—H-*N3 = 173(4f), while the other is weaker
the 1.3% expansion of the length of tbhexis from 100 to (O1--*N4 = 3.065(3) A, OF-H-::N4 = 165(3¥). The ar-
298 K. rangement is tetrahedral. A longer contact with another Cs1
Cs'. The coordination number of each cesium is eight, atom (3.516(2) A) completes the coordination polyhedron
but the two coordination polyhedra are not the same. The of the water molecule. In the unit cell, the water molecules
Cs1 coordination polyhedron (Figure S2) is a distorted squareoccupy two discrete channels along the crystallographic
antiprism, while the Cs2 coordination polyhedron (Figure (42) Larsen, F. K. Hazell, R. G.. Rasmussen, SABta Chem. Scand.
S3) is best described as a distorted bicapped trigonal prism. 1969 23, 61.
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Wavelength, nm 4.4
800 500 400 300 250 L
M ' ' 4.2 7 CsK
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£129 - Perpendicular to ¢ i << N ]
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= I} ° -
L) +5 3.8
Q 8- a
i) =36 -
2 44
3 41 8 ® Ba
o
< 2 32 ; . —
26 28 30 32 34 36
0 2 ' Peak position for Ay — Ay, kem™

10 15 2|0 25 30 35 40 45

Wavenumber, 10% cm™! Figure 3. Metal-metal distance vs peak position for the lowest-energy
) ) transition related to the #— Az single molecule transition in three
Figure 2. Transformed absorbance spectra of[NECN),4]-H,O, shown Ni(CN)2~ salts.
with a solution spectrum  of Ni(CNj~, illustrating a red shift upon
crystallization. — Az (2ug (d2) — @y (P, 7¥)). 1928 This transition appears
Table 3: Selected Bond Lengths (A) and Angles (deg) at various energies dependent on the stacking distance
Ni c1 1.874(2) N1 c1 1.156(3) betwgen Ni(CNy~ pIane;. In orde_r to relate this peak in
Ni c2 1.879(2) N2 c2 1.159(3) Cs[Ni(CN)4]-H,0 to that in other Ni(CNy§~ salts, we have
Ni C3 1.855(2) N3 C3 1.153(3) shown the energy of this transition as a function of stacking
Ni c4 1.865(2) N4 c4 1.160(3) distance for two other Ni(CNj~ saltd®?®in Figure 3. The
Cl1 Ni C2 177.96(9) C3 Ni  C4  179.71(11) least-squares line falls close to all three data points, sug-
Cl1 N cC3 90.32(9) Ni Cl1 N1 179.1(2) ; : ; . ;
o1 N ca 89.49(10) Ni C2 N2  1771(2) gesting that the 29.3 kcm peak in (_35[_N|(CN)4] H,0 is
c2 Ni c3 87.70(9) Ni  C3 N3 179.0(2) analogous to the other two peaks. It is important to note that
c2 N C4 92.49(10) Ni  C4 N4 179.1(2) for the other Ni(CNY~ salts this transition iz-polarized

(out of plane), whereas the orientation of the electric vector
3-fold screw axes. Selected bond lengths and angles are inn this case is along the helix axis which is about 22rt6m
Table 3. Complete crystallographic data may be found in the out of plane direction. We will discuss the consequences
Table S2. of this shortly. The other prominent transition in Figure 2

Spectroscopic ResultsThe polarized specular reflectance appears in the perpendicularly polarized spectrum, at 35.8
spectra of CgNi(CN)4]-H.O are shown in the Supporting kcm™L. This appears to correspond to the solution peak at
Information (SI), Figure S5, and those of fF%(CN),]-H.O 37.2 kemr! and also to the lowest energy in-plane transition
are shown in Figure S6. Prominent maxima in the reflectancein Ba[Ni(CN)s] which has been assigned assA~ E, (&
spectra are indicative of strong absorbances but are not direct{d,,, d,,) — au (p, 7*)).%
ly useful for comparison with energies of absorption spectra  Further examination of Figure 2 shows that there is a
or for intensities. Maxima in specular reflectance spectra fall significant peak in the parallel-topolarized spectrum
at slightly lower energies than the corresponding absorbanceunderneath the prominent 35.8 kchperpendicular spec-
peaks. trum. Since the Ni(CN§~ planes have a 12.58ilt with

Cs[Ni(CN)4]-H20. Figure 2 shows the Krametr&ronig respect to the needle, or helix, axis which is also the
transformed absorbance data for two polarizations on a sideorientation of the electric vector, one expects to see such an

face (100) of C4NIi(CN)4-H,O: with the electric vector  “in-plane” component in a parallel-polarized spectrum. By
aligned parallel and perpendicular to theghelical) axis. the same argument, however, if the transitions indeed
Included is a solution spectrum ofi(CN),]. The solution involved molecular orbitals confined to a single planar

was sufficiently dilute (6x 10> M) to avoid spectral complex ion, one would also expect some “out-of-plane”
perturbations due to oligimet8The two prominent features component to appear in the perpendicular spectrum under
of the crystalline material are a relatively low energy peak the prominent 29.3 ket peak. No component is seen in
in the parallel spectrum at 29.3 kcfand a sharp peak at this region, however. We will wait until after the results from
35.8 ket in the perpendicular spectrum. Both of these our ZINDO calculations have been presented to revisit this
peaks appear to have been significantly red-shifted andapparent discrepancy. Note also that there is a significant
increased in intensity from corresponding solution peaks at hump at about 32 kcnt; this has no obvious equivalent in
34.9 and 37.2 ket which have been demonstrated to be the previously reported specti®i!28

z- andx,y-polarized, respectivel§% Similar solid-state peaks Csy[Pt(CN)4]-H20. Figure 4 shows both polarizations of
have appeared in earlier tetracyanometalate sp€éfmost the spectrum for GEPt(CN),]-H,O after Kramers-Kronig
prominently in Ba[Ni(CN)]-4H,0.2° The lowest energy peak transformation to absorbance values along with a solution
at 29.3 kem? is reminiscent of the red-shifted out-of-plane- spectrum of Ba[Pt(CN) ]-4H,O. The most notable differ-
polarized “solid state” band in Ba[Ni(ChJy4H,O and other ence from solution to solid state is the very intense peak A
salts with stacked planes which have been assignedi@s A at 28.6 kcm?. The relatively small peak in the solution

3030 Inorganic Chemistry, Vol. 42, No. 9, 2003
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Figure 4. Transformed absorbance spectra of[B§CN)]-H,O shown

with a solution spectrum of Pt(Ch, illustrating a large red shift and
intensity increase of peak A upon crystallization.

10 15 45

spectrum at 35.7 kcnd appears to be the origin of peak A
by analogy with the Ni(CN§~ case and a similar analogy
with the z-polarized transition in Ba[Pd(CM}4H,0.12 Peak

A in this platinum complex differs from the parallel-ts-
polarized transition in GENi(CN)4]-H,O at 29 kcnt! with

its much higher intensityemax = 42 000 Mt cm™* compared
with 9000 M cm™* for the nickel complex. Peak G appears
to be derived from the solution peak at 39.1 kémThe
region around 3839 ket is quite similar to that for the
35 kent?! region in Cg[Ni(CN)4]-H»0, including the peak
intensities and the residual intensity in the parallel spectrum

beneath the prominent peak in the perpendicular spectrum.

Also, peak E at about 34 kcrhseems to be a larger version
of the as-yet-unexplained bump in the[BE(CN)4]-H,O
spectrum at 32 kcrt. While the transitions will prove to
be similar to those in the nickel complex, we will wait until

ZINDO Calculation Results. Our objectives in perform-
ing ZINDO calculations on GENi(CN)4]-H.O were to model
as well as possible with a relatively easy-to-use routine the
transition energies of the solid-state system and thus have a
result to aid in the assignment of transitions. Our work on a
single Ni(CN)?~ dianior?? was focused on selecting param-
eters that would result in calculated spectra that most closely
resembled experimental spectra; a singly excited Cl level of
10 was found to be best for all transitions, but tieolarized
transition could be accurately modeled with €16. The
maximum CI level available with the CAChe suite of
programs is 22. While it would be most desirable to model
an extended helical chain of Ni(CNJ complex ions,
practical limitations dictated a set of three planes in the helix.
Since the Cl level for a set of three planes would be expected
to be three times that required for single plane, the limit of
Cl = 22 would be satisfactory for thepolarized transition-
(s). Thex,y-polarized transitions, however, may be under-
processed for configuration interaction with three planes and
Cl = 22, but from our earlier work, we showed that a Cl
level in the range of 7 gave a reasonable approximation to
experiment, although not the remarkably close agreement
from the Cl= 10 calculation. We felt that using CAChe
with a CI level of 22 on three planes would hopefully give
a reasonable suggestion of the solid-state electronic environ-
ment. Agreement with experiment would, of course, be a
clear test of the reasonableness of the model and method,
but even a partial reproduction of the red shift that occurs
in the solid state for bothkx,y- and z-polarized transitions
would be especially rewarding, particularly in light of the
extremely limited (three-plane) model chosen.

The objective of our calculations in this report is to identify
the orbital involvement and if possible the transition polar-

our calculations have been presented to provide assignmentizations of the experimental transitions in the three regions

to these transitions.

Table 4. Experimental and Calculated Spectral Parameters

of interest. This means that we will emphasize state transition

exptl (Gaussian deconvolution)

calcd

transition moment

peak energy, maxabs  state trans energy, osc adj abs halfwidth
curve kem™? € trans X y z kem™ strength 1M~tcm2  kem?t assignment
Ni Parallel toc

A 28.45 5.23 5 0.950 -0.186 —3.136 28.130 0.143 4.131 25 a dap°

B 30.25 4.56 15 -0.105 0.113 —2.577 32.470 0.102 2.950 25 Qa da°

C 34.70 1.18

D 35.75 162 b 2y — danf

Ni Perpendicular t@

E 32.10 0.63 12 0.650 2.166 0.285 31.740 0.078 1.404 2.0 g 2etap

1—13 2,271 -0.647 0.368 32.200 0.087 1.567 2.0 g2edad
33.90 0.87

F 34.75 1.73

G 35.95 8.85 20 2428 -0.624 0.224 36.440 0.109 1.967 2.0 g2eday
1—21 0.768 1.084 —0.759 36.560 0.040 0.729 2.0 L€ 4
1—22 1.357 —3.564 0.201 36.670 0.252 4.557 2.0 g2eday
1—23 -2965 -—1.828 —0.692 36.730 0.218 3.946 2.0 L€ 4

Pt Parallel tac
A 28.60 35.94 Arg— Ay
B 38.30 0.82 Arg— Az
Pt Perpendicular to
E 33.45 4.73 Ag— Ef
G 38.55 5.53 Ag— Ef

ac-Polarized divided by 3; perpendicular ¢odivided by 6. See tex Part of 1— 22 and 1— 23 appear in parallel direction. See texTransition

derived from these state$Transition primarily derived from these states.
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Figure 6. c-Polarized experimental and calculated spectra foNis
(CN)4]-H20. See text for explanation of transition—t n.

Figure 5. Transition moments for the eight most intense calculated
transitions in CgNi(CN)4]-H2O: (a) and (b) two orthogonal views normal

to thec axis.
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energies, polarizations, orbital transition components, and the
wave functions, but it is also interesting to look at the orbital Figure 7. Orbital transition components of the state transitions related to
energies resulting from the calculations. In our previous work the single-molecule £ — A,y state transition. The coefficients for each

. . . . . orbital transition are overlaid on the transition arrows.
on a single Ni(CNy~ ion, we included only that ion and
not any surroundmg cations al_though this w_ould result N The calculated electronic spectrum for our model of
an overall negative charge whl_ch tends to distort energ'eSCsQ[Ni(CN)4]-HZO includes numerous absorptions due of
somewhat® The energies were in excellent agreement with e 15 numerous state transitions. It is important to note,
ab initio calculation$? When the ionic charge |s.|ncrease(.1 though, that each state transition is in turn composed of
to —6, however, we have observed that the orbital energies seyera| orbital transitions as was the case for one of the

are dramatically elevated (one expects the Fermi level t0 beyaitions in the single-molecule stutWe have selected
close to 0 eV, butinstead, itis about 12 eV while the HOMO  ge of state transitions which have oscillator strengths of

— Sllevelis closest to 0), but as will be seen, the transition 4635t 0.04 and which are listed in Table 4. A more complete
energies are in quite good agreement with experiment. We g of state transitions and their component orbital transitions
chose to not include counterions for charge neutralization ;g given in the SI, Table S-4. Since there is no symmetry
because of the inability to a_lssign noninteger charges in aboveC; for this segment of three planes, we will simply
CAChe, and the use of only six whole charges would result 55gjgn transition designations numerically as they are given
in greatly distorted orbital shapes, thereby altering the i, the ZINDO output in CAChe (- n, where 1 refers to
polarizations of transitions. The energies of the 123 molecular e ground state amuthe excited state). From Table 4, it is
orbitals are listed in the SI, Table S-3. While these are much gyjigent that there are two transitions—45 and 1— 15,

higher than we expect due to the aforementioned unbalancedyith predominately(z) character, whereis along the helical
charge on the .set of .three ple_mes, the trgnsmqn ENnergiesxis. This is illustrated graphically in Figure 5 where the
depend on relative orbital energies and configuration interac- spheres marked 5, 15, etc. represent the several transition

tion, and the transition polarizations depend on the MO moment vectors for = 5, 1— 15, etc. Transition > 5 is
geometries, both of which we believe are not significantly

affected by the charge on the model.

155 1515 A1g— Ay

(43) Cory, M. G.; Zerner, M. C. Personal communication.
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Figure 8. MOs principally involved in transitions of interest, and their uncombined origins on the left.

close to the metatmetal direction, and transition-+ 15 is reasonably close to peak B. The calculated oscillator strengths
close to the helical axis direction; for the purposes of this have been divided by 3 in order to agree with the absorbance
model, we will assume that they are both generally indhe data where the intensities are essentially per molecule. Peaks

direction. Transitions > 12, 1— 13, 1— 20, and 1— 22 C and D will be discussed after the remaining calculated

are close to perpendicular to thleaxis, while transition transitions have been presented.

moments 1~ 21 and 1— 23 have significant amounts of In Figure 7, we have shown the four most significant

in them. contributors to each of state transitions-15 and 1— 15
The calculatect-oriented transitions + 5 and 1— 15 on a schematic energy-level diagram with their coefficients

are depicted along with our experimentapolarized spec-  listed on each arrow. To the right is the one orbital transition

trum for Cs[Ni(CN)4]-H-O in Figure 6. The shapes and comprising the single-molecule;p— Ay, state transition,
energies of the deconvoluted experimental peaks are variabl€ag (d2) — 4&. (P, 7*).32 The single-molecule origins of

to some extent, of course, but the asymmetry of the selected MOs in the three-stack model are shown with dashed
experimental peak makes it clear that more than onelines. In Figure 8, the orbitals involved in most of the
transition is present. The simple three-plane model showstransition components are illustrated. In the three-molecule
remarkable agreement with experiment: transitiorn>15 model, the three Qgorbitals from the Ni(CNy*~ ions have
agrees very closely with peak A, and transition~115 is essentially become MOs 67, 68, and 72, and the thrge 4a
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experimental hump E at 32 kcrhand peak G at about 36
kecm™L. The four largest orbital transition contributors to each
of the six state transitions in regions E and G are illustrated
in the left %, of Figure 10; in the right/, are the orbital
transition components of the single-molecule state transition,
A1y — E.*2In addition, as with the Zpolarized” case, the
single-molecule origins of selected MOs in the three-stack
model are shown with dashed lines. All 24 of the orbital
transition components shown are related to one or both of
the single-molecule orbitals associated with thg A E,
single-molecule state transition. In all cases except one (1
— 20, where the value is 43%), at least 74% of the total
intensity of each state transition is from orbital transitions
related toboththe origin and target orbitals in the principal

Figure 9. Perpendicular-ta-experimental and approximately perpendicular-  orbital transition component (2¢€dyz, dyy) — 4da (o %))

to-¢ calculated spectra for G8I(CN)d)-HO. in the single molecule. This establishes that the intensity in

orbitals appear primarily in MOs 73, 74, and 79. Note that both regions E and G is derived from the,A~ E, single-
MO 73 shows extended vertical orbital lobes (tilted because Molecule state transition.
of the helical arrangement of the planes) indicating a  One additional item regarding energies and orbital transi-
significant delocalization of electron density along the metal tion components is of interest. The two transitions in region
chain. We earlier proposed such a scenario to explain someE have their orbital transition origins in MOs 70 and 71
of the collective effects we had observed in similar com- which, as Figure 8 shows, have their wave functions
pounds!®13 At least 86% of the transition intensity of state concentrated on the middle complex plane, whereas those
transitions 1— 5 and 1— 15 are from and to these in the higher energy region G have their origins from MOs
derivatives of the orbital components of the single molecule 63, 64, 65, and 66 which are concentrated on one or both of
A1y — Ay transition. Thus, we assign transitions 5 and 15 the outer planes of the set of three. A similar pattern is seen
as correlating with the A — Az, (9ayg (d2) — 4ay (P, *) in the c-polarized transitions in Figure 7. The lower-energy
single-molecule state transition. transition 1— 5 has all of its orbital component transitions
As was also the case with the single molecule, the originating on MO 72 which is essentially the inneg d
perpendicular-ta transitions are much more complex than orbital, and transition > 15 has its component transitions
the parallel transitions. Figure 9 depicts the remaining starting from MOs 67 and 68, consisting of essentially the
prominent calculated transitions compared with the experi- outer two @ orbitals. These observations may relate to eval-
mental perpendicular-to-polarized absorbance spectrum. uating the most accurate infinite-chain modeling configura-
Two regions of calculated absorbance agree well with the tion. One might propose that orbitals concentrated on the

Figure 10. Orbital transition components of the state transitions for a 3-stack #4i(@N), related to the single-molecule;f— E, state transition.
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Wavelength, nm the red shift and intensity increase are present and suggest
5D 350 300 270 250 that a simple linear combination of molecular orbitals is
——Unperturbed c-polarized exp. sufficient to reproduce the solid-state effect in complexes

----- Unperturbed c-pol. calculated
— Cs,Ni(CN), c-pol. experimental
————— Cs,Ni(CN), c-pol. calculated

such as this, and thus, this simple model is also a reasonable
explanation for the effect experimentally.
Cs[Pt(CN)4]-H20. In Figure 4, peak A may now be
assigned as having derived from thgqA~ Ay, single-
molecule transition since it is polarized along thaxis and
has red-shifted significantly from the unperturbed solution
position!® Peak G is close to thgy-polarized Ay — E,
transition in the Pt(CN§~ solution spectrum?“* so it is
. . likely derived from that state transition. In addition, the
25 30 35 40 relative intensities and positions of peaks G and D reflect
Wavenumber, 103 cm’ those in the same peaks inADi(CN)4]-H,0. We thus assign
Figure 11. c-Polarized experimental and calculated comparisons of peak G as due to state transitions polarized close to
perturbed (CgNi(CN)4]-H0) and unperturbed (CsK[Ni(Ch)) (refs. 11 perpendicular to the axis as well as those with soro@xis
and 32) transitions. . L
components. All are derived from the & E, transition

inside of the three-plane model have a more realistic environ-In the single Pt(CN§~ ion. Peak D is from the state
ment than those on the outside of the model. This appearsiransitions appearing in peak G which are polarized partially
to be a reasonable suggestion, especially with regard to theParallel toc. Peak E is cleanly polarized in the perpendicular-
c-polarized transitions, where transition45 falls very close ~ (0-C direction, so it is likely not analogous to peak C in the
to experiment while transition - 15 is somewhat to the ~ Nickel complex. This peak may in fact be due to state
blue of experiment. The other six transitions all model experi- ransitions analogous to transitions-112 and 1 13 which

ment well, so the distinction for them is somewhat moot. are polarized close to perpendicularctand are significantly
to the red from the other transitions comprising peak G, but

Discussion which are also derived from components of thg A E,

Transition Moments. With the calculation results in hand, transition |.n the single P{CH)- |on..
we can look at peak D in Figure 6. From Figure 5, it can be ~ Conclusions.We have found GNi(CN)4]-HzO to have
seen that two state transitions;4 21 and 1— 23, have a @ Similar structure to GfPt(CN)]-H,O and the UV absorp-
significantc-polarized component. We believe that peak D tion spectra of the two complexes to be significantly red-
in the c-polarized spectrum is from transitions similar to 1 Shifted from solution. We have additionally calculated
— 21 and 1— 23 in the infinite chain which also have a Molecular orbitals and absorbance spectra for a limited
c-polarized composition. Peaks C (Figure 6) and F (Figures Seégment of the GENi(CN)4]-HO structure and have found
6 and 9) which have the same energies and similar intensitiesthat linear combination of molecular orbitals is sufficient to
have no corresponding transition in our three-molecule model €xPlain the spectral red shift upon crystallization in this class
and thus cannot be assigned from our calculated model. Their°f complexes. It is also important to note that comparison
similarity suggests that they may have the same origin and of smgle—molecule transitions with those in th(_a solid stat.e
could possibly be derived from the symmetry-forbidden must take into accpunt the several state transitions res_ultmg
transition, Ag — By, from the aggregation, as well as the fact, also present in the

Solid-State Effect. Finally, we can look at the spectral Single molecule, that each state transition may be a composite
perturbation upon crystallization. Figure 11 shows both Of several orbital transitions.
unperturbed and perturbed spectra. The unperturbed spectra
are the z-polarized experimental spectrum for CsK]|Ni-
(CN)4]** and the ZINDO-calculate@-polarized spectrum
from our single-molecule papétThe perturbed spectra are
the experimental GBNi(CN)4]-H.O c-polarized spectrum and
the ZINDO-calculated transitions-+ 5 and 1— 15. Both
of the latter two spectra show the dramatic red shift upon  supporting Information Available: Complete crystallographic
closer stacking in the crystal (NNi in CsK[Ni(CN),] = data in CIF format, effective transitions for the Kramekgonig
4.20 A; Ni—Ni in Cs[Ni(CN)4]'H,O = 3.85 A) as also transformations, listings of all 123 molecular orbitals from ZINDO,
illustrated earlier in Figure 4. One of the most satisfying and components of state transitions. Color depictions of thermal
results from our ZINDO calculation is the excellent red shift €llipsoids, an axial view of GENi(CN),]-HO crystal, coordination
and intensity increase obtained for transition-15 at 28 polyhedra for Qs, and orbitals 4®3. This material is available
kem L. The lesser degree of agreement of transition 15 free of charge via the Internet at http://pubs.acs.org.
at 32.5 kemt is understandable in light of the arguments in  1C026101A
the previous paragraph, while the integrated intensity has
again increased. In both calculated transitions, however, both(44) Gray, H. B.; Ballhausen, C. J. Am. Chem. S0d.963 85, 260.

Absorptivity, 103 M-Tcm1
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