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Three adducts have been prepared from Hg(CN), and square planar M"(CN),2~ transition metal cyanides (M = Pt,
Pd, or Ni, with d® electron shell) as solids. The structure of the compounds K,PtHg(CN)s-2H,0 (1), Na,PdHg-
(CN)g=2H,0 (2), and K;NiHg(CN)s-2H,0 (3) have been studied by single-crystal X-ray diffraction, XPS, Raman
spectroscopy, and luminescence spectroscopy in the solid state. The structure of K,PtHg(CN)e-2H,0 consists of
one-dimensional wires. No CN~ bridges occur between the heterometallic centers. The wires are strictly linear,
and the Pt(Il) and Hg(ll) centers alternate. The distance dug—py is relatively short, 3.460 A. Time-resolved luminescence
spectra indicate that Hg(CN), units incorporated into the structure act as electron traps and shorten the lifetime of
both the short-lived and longer-lived exited states in 1 compared to K,[Pt(CN)4]-2H;0. The structures of Na,PdHg-
(CN)g=2H,0 and K;NiHg(CN)s+2H,0 can be considered as double salts; the lack of heterometallophilic interaction
between the remote Hg(ll) and Pd(ll) atoms, dug—ps = 4.92 A, and Hg(ll) and Ni(ll) atoms, dhg—ni = 4.61 A, is
apparent. Electron binding energy values of the metallic centers measured by XPS show that there is no electron
transfer between the metal ions in the three adducts. In solution, experimental findings clearly indicate the lack of
metal—metal bond formation in all studied Hg"-CN——M"(CN)>~ systems (M = Pt, Pd, or Ni).

Introduction equilibrium/ and kinetics of formatiot of a family of cyano

Recently, the metallophilic interactions between heavy compounds containing a direct (but not supported by ligands)

elementshave earned considerable interest. Metal cyanides Platinum-thallium metat-metal bond have been reported.
are known to form hetero-dimetallic complexesOur The compounds are diamagnetic, and the electronic states

contribution to this subject is the discovery of a new family and the naturergg the PTTl bonds have been elucidated by
of platinum-thallium complexes. The formatidrstructuret© DFT calculation’® _ o _
One of the earliest detailed descripti&hnsf a luminescent
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optical properties of crystalline [Pt(CN}~ compounds of
columnar structure and those of [Pt(GN) oligomers

formed in solution at high solute concentration have been

proved to be mainly determined by the-fRt distances
(depending on several other parameters, e.g.,

pressure, concentration, external electric, and magnetic

field).22-15 The photoexcitation of crystals results in typical

double-exponential emission, assigned as the transition from
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vessel. Slow evaporation of the solvent resulted in colorless Na
PdHg(CN}-2H,0 crystals.

2.3. KoNiHg(CN)e:2H,0 (3). 3was prepared in a similar manner
as in the case df but 1.25 mmol of both KNi(CN)4]-3H,0 and

temperature,19(CN) were dissolved in 2.5 cfrici = cig = 0.5 M) of distilled

water. Yield: 0.41 g (60%).

Selected crystalsl( as well as2 and 3) were used for X-ray
study. Powder samples, made in identical preparations, were used
for Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),

the higher-energy, delocalized, exciton-state and a radiativeang jyminescence spectroscopy.

decay of the lower-energy, self-trapped, exciton state.

To obtain a deeper insight into the nature of the interaction
between Pt(Il) with 8 and the TI(lll) with d°° electronic
structures, a study of [Pt(CNj~ with Hg(ll) being isoelec-
tronic with TI(lll) has been carried out in aqueous solution
and in the solid phase. The crystal structure of thBtklg-
(CN)s-2H,0 adduct (first mentioned in the literature 86 years
ago by Stianholm'®) has been solved. Investigation of the

systems consisting of the lighter analogues of Pt(Il), namely

the [Pd(CN)]>~ and [Ni(CN)]?~ with Hg(CN),, have also
been made and reported here.

Experimental Section

1. Materials. K,[Pt(CN)y]-3H,0, K [PdCLl] (Aldrich, reagent
grade), NiS@7H,0, NaCN, KCN, and Hg(CN)(Reanal, reagent
grade) came from commercial sources.

1.1. Ng[Pd(CN)4]-3H,0. The salt was obtained by an exchange
reaction between PdCl] and NaCN in aqueous solution with a
molar ratio CN/Pd of 6, followed by a recrystallization of the
tetracyano-palladate salt. Anal. Calcd (%) for[¥al(CN),]-3H,0:

Pd 34.3; Na 14.8. Found: Pd 33.9; Na 14.4.

1.2. K[Ni(CN)4]-3H20. NiSO,-7H,0 (7.5 g, 26.5 mmol) was
dissolved in 25 crhof water at 60°C and 3.5 g of NaCN (53
mmol, dissolved in 10 cfof water) was added to the solution
while stirring. Pale blue Ni(CN)was formed, and the slurry was
kept at 60°C for 10 min. It was separated by a centrifuge and
washed with water. The freshly prepared Ni(GM)as dissolved
in 6 cn? of an aqueous solution containing 3.5 g of NaCN (53

3. Analysis. The atomic ratio of the adducts was checked by
XPS and/or by an AMRAY 18301 Scanning Electron Microscope.
The estimated uncertainties at€10% rel in atomic ratios.

3.1. UV—Vis. UV —vis spectrophotometric measurements were
made with a CARY 1E UVvisible spectrophotometer using a
Hellma QS cuvette with 0.01 mm path length.

3.2. NMR. 13C NMR spectra were recorded by a Bruker AM
360 instrument: SF 80 MHz, PW= 10 us (3C°), delay between
pulses AQ+ RD= 10 s. Chemical shifts refer to TMS* as external
standard®*Pt NMR measurements were carried out by a Bruker
DRX 500, typical parameters were $F96.7 MHz, PW= 10 us
(30°), AQ + RD = 2 s, 2000 scans. Chemical shift is referred to
Nag[PtClg] as external standard,= 4533 ppm to higher frequency
from E (**Pt) = 21.4 MHz at 25°C.

3.3. Raman SpectroscopyRaman spectra of the crystalline
samples were measured by using a Renishaw System 1000
spectrometer, equipped with a Leica DMLM microscope, a 25 mW
diode laser (780 nm), and a Peltier-cooled CCD detector.

3.4. Single-Crystal X-Ray.X-ray-quality crystals were fixed
onto the tip of a glass fiber with epoxy glue. Data foand3 were
collected at 293(1) K, using a Enraf Nonius MACH3 diffractometer,
Mo Ka radiation,A = 0.71073 A,w—26 motion. The structure
was solved using heavy-atom methods and refineBarsing the
SHELX-97 progrant/ Publication material was prepared with
WINGX-97.18 Other details of X-ray structure determination are
summarized in Table 1. Only a fraction of very high angle>(
25°) reflections were collected. Residual electron density peaks were
close to heavy atoms. Empirical absorption correction was Hade
using they scan method. The data f& were collected on a

mmol). The red solution was concentrated in a steam bath until Bruker—Nonius KappaCCD diffractometer at 299 K using Ma.K

precipitation started, and then it was cooled to room temperature.
The orange-colored crystals were filtered, washed by cold water,

and dried in air. Yield: 2.57 g (33%).

2. Preparation of Heterometallic Adducts. 2.1. KPtHg(CN)g*
2H,0 (1). K[Pt(CN)]+-3H,0 (100 mg, 0.23 mmol) and 58 mg (0.23
mmol) of Hg(CN) were dissolved in 0.23 chof distilled water at
80 °C (Cpt = Cng = 1 M) in a small screw-cap vessel. The vessel
was allowed to cool slowly to room temperature. The crystals were
filtered by a G3 filter, kept in air until constant weight, and
measured. Yield: 95 mg (65%). The molar ratio of K/Pt/Hg
2:1:1 was measured by a scanning electron microscope.

2.2. NaPdHg(CN)s-2H,0 (2). Nag[Pd(CN)]-3H;0 (31 mg, 0.1
mmol) and 25 mg (0.1 mmol) of Hg(Ckyvere dissolved in 0.20
cm® of distilled water at 25°C (Cpq = Cg = 0.5 M) in a small

(10) Autschbach, J.; Ziegler, T. Am. Chem. So001 312 221.

(11) Khvostikov, J. ATr. Gos. Optich. Inst. Leningra937 12, 8—11.

(12) Gliemann, G.; Otto, H.; Yersin, KChem. Phys. Lettl975 36, 86—
87.

(13) Stock, M.; Yersin, HChem. Phys. Lettl976 40, 423-428.

(14) Schindler, J. W.; Fukuda, R. C.; Adamson, A. WAm. Chem. Soc.
1982 104 3596-3600.

(15) Hidvegi, I.; von Ammon; Gliemann, G. J. Phis. Chem1982 76,
4361-4369.

(16) Stranholm, Z.Anorg. Chem1919 108 1.
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radiation,A = 0.71073 A. All crystals of turned out to be twinned.
Orientation matrixes for both twin domains were obtained using
Dirax.2° During the integration, all overlapping reflections were
omitted using EvalCCB! The structure was solved using direct
methods and refined oR2.17 The oxygen atom turned out to be
disordered. By applying split positions, the quality of the structural
model could be improved.

3.5. XPS MeasurementsAll XPS spectra were recorded with
a Kratos Axis Ultra electron spectrometer using a monochromatic
Al K, source operated at 180 W and with a charge neutralizer. To
avoid loss of water and minimize possible X-ray degradation of
samples, a liquid nitrogen precooling procedure was carried out
before the measurements. This procedure includes (a) precooling
the end of the sample transfer rod (20 min-dt70°C), (b) sample
loading and waiting 30 s, and (c) pumping of the introducing

(17) Sheldrick, G. MSHELX9S7 and SHELXB7; University of Gdtin-
gen: Gdtingen, Germany, 1997.

(18) Farrugia, L. IWINGX-97 systepUniversity of Glasgow: Glasgow,
UK, 1996.

(19) North, A. C. T.; Phillips, D. C.; Mathews, F. #cta Crystallogr.
1968 A24 351-359.

(20) Duisenberg, A. J. MJ. Appl. Crystallogr.1992 25, 92—96.

(21) Duisenberg, A. J. M.; Kroon-Batenburg, L. M. J.; A. M. M. Schreurs,
J.J. Appl. Crystallogr.2003,36, 220-229.
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Table 1. Crystal Data and Structure Refinement for2, and3

empirical formula GH4HgK,NO2Pt (1) CeH4HgNaNO2Pd 2) CeH4HgK,NGNIO2 (3)

fw 666.03 541.076 529.65

temp (K) 293 299 293

wavelength (A) 0.71073 0.71073 0.71073

cryst syst monoclinic triclinic monoclinic

space group P21/c (No. 14) P1 C2/c (No. 15)

unit cell dimensions

a(A) 9.9880(10) 3.770(2) 18.9710(30)

b (A) 6.9208(10) 9.172(4) 4.0243(10)

c(A) 11.2143(10) 9.838(4) 18.240(3)

(%) 102.94(3)

B(°) 113.00(1) 100.88(2) 94.13(2)

7(°) 94.85(4)

V (A3) 713.5(1) 322.7(2) 1388.9(5)

z 2 2 4

Dcaic (Mg m~3) 3.1 2.784 2.533

absorption coefficient (mmt) 21.12 13.3 13

F (000) 588 242 976

cryst size (mr) 0.5x 0.1x 0.06 0.12x 0.06 x 0.06 0.54x 0.2x 0.15

cryst color colorless colorless colorless

habit needle needle rod

6 range for data collection 2.4629.9 5.52-27.49 2.2-25.29

index ranges —-1l<h=<s7 —4<h=<4 O0<h=<22
—2=<k=8 —1l1=<k=11 O<k=<4
—13=<1=<13 —12=<1=<12 —21=<l=21

reflns collected 1594 4181 1743

independent reflns 159RE: = 0.0104] 1245R,: = 0.053] 1263 Rt = 0.06]

completeness of data 67% 84% 99.90%

absorption correction
max/min transmission

empiricap(scan)
0.0226/0.777

numerical
0.30/0.43

empirical/(scan)
0.012/0.0524

decay (%) none none 1

refinement method full matrix least-squaresrn

data/restraints/params 1594/0/92 1245/0/94 1743 /0/85

final Rindices [all data] R¥ 0.0224, wR2= 0.0935 R1= 0.0265, wR2= 0.0498 R1=0.0515, wR2=0.176
GOF onF? 0.695 1.124 1.186

largest difference peak and hole

chamber. After pumping to between 4 anck3.07° Pa, the sample
was transferred to the precooled 60 °C) manipulator where it
was kept until the base vacuum of 4 to«610~7 Pa in the analysis

chamber was reached.

The binding energy (BE) scale was referenced to the C 1s line

0.57B1927 (e A3)

0.72/-0.90 (e A?)

3.771/-3.893 (e A3)

250, and 280 nm) upon addition of Hg(GNjolution. The

spectra showed the superposition of the spectra of the starting
solutions, and they were unchanged even after a few weeks.
These measurements had to be done in relatively dilute

of aliphatic hydrocarbon contamination, set at 285.0 eV. This value samples (0.00020.05 M) because of the large molar

was taken from “XPS of Polymers Databag&The uncertainty in abso_rptlon coefficient ¢( ~ 10° M cm™). However,
the BE value’s determination was0.1 eV, and10% rel in atomic solutions ofcet = cg = 1 M could be measured by NMR.
ratios. Processing of the spectra was accomplished with Kratos Superposition of thé’C NMR spectra of the Hg(CN)and
software. [Pt(CN)]?~ species could be seen in the spectra with
3.6. Luminescence Spectroscopjuminescence excitation and  unchanged chemical shift and spispin coupling constant
emission spectra of the solid compounds were recorded by a Perkin-values (147.5 ppm anﬂng,C = 3222 Hz and 128 ppm and
Elmer LSSO.B spectrometer using a samplg holder developed foriy, . = 1032 Hz, respectively). Neither ne##iC NMR
powaers. Time-resolved spect.ra an_d Iumlnesce_nce decay Weresignals nor two-bondHg—Pt—C or Pt—Hg—C spin-spin
obtained by laser flash photolysis equipment described elsehere. coupling constants could be observed. The spectra were

$2%ﬁggg?t\ﬁ: V;as npsepr:ler’rsn \?v?d?r{ the third harmonic of the Nd similar also when 0.5 M NaCN was added, except for the
effect of fast ligand-exchange reaction between Hg¢zy

Results free CN-, resulting in a time-averaged signal at 154 ppm
with no visible coupling between th8'Hg and'3C nuclei.
The %Pt NMR spectrum showed only the signal of
Pt(CN)?~ at—214 ppm. Thé3C NMR signal of Ni(CN)?~
at 138.2 ppm was not changed by the presence of Hg{(CN)
although the?®Hg—13C coupling could not be seen. Only a
broad signal was observed, which was attributed to the
0, exchange decoupling. These observations showed clearly the

lack of interaction between the square planar [M(gN)
(22) XPS of Polymers DatabasBeamson, G., Briggs, D., Eds.; Surfac- and Hg(CN) complexes in solution.

eSpectra Ltd.. Manchester, UK, 2000, 2. Studies of the Solid Compounds. 2.1. Single-Crystal

(23) Fodor, L.; Horvéh, A. J. Photochem. Photobiol. A998 112, 213— i ; : . -
223, X-Ray Studies.Slow cooling of a solution with (typically)

1. Spectroscopic Studies in SolutionUV and NMR
spectroscopy were used to study solutions with a wide range
of concentrationsay = 0.0001-1 M) in order to check the
interaction between the coordinative saturated metal com-
plexes, i.e., [M(CNJJ>~ (M = Pt, Pd, Ni) and Hg(CN)
There was no change in the UV spectrum of [Pt(gN)
(characteristic bands with absorption maximum at 215, 24
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Table 2. Selected Bond Lengths and Angles (A, deg) of
K2PtHg(CN)-2H,0 (1)2

Ptl-Hgl 3.460(1)  C1-N1 1.149(11)
C1-Ptl 1.979(9) C2-N2 1.159(11)
C2-Ptl 1.979(9) C3-N3 1.129(13)
C3-Hgl 2.020(14)  N2Hgli 2.823(12)
K1-01 2.747(8) O+H101 0.854(37)
N1-K1 2.863(7) 01-H201 0.846(45)
C1-Ptl-C2 89.70(34) N2-C2—Pti 177.91(77)
C2—Pt1-C1 90.30(34) Hgi-N2-C2  139.43(62)
C3i—-Hg1-C3  180.00(56) KEN1-C1 112.12(56)
N2V—Hgl-C3 93.75(32) 01-K1-01 77.89(23)

C3-Hgl-N2¥ 86.25(32) K¥—01-K1 102.11(25)
N3—C3—Hgl 176.90(131)
N1-C1-Ptl 179.40(79)

aSymmetry codes: (iy-X, =y, —z (ii) —x, 0.5+y, —0.5— z (jii) —x,

—1-vy, -z (iv) X, =0.5—y, 0.5+ z (v) —x, —0.5+y, —0.5— z (Vi)
-1-x,-1-y,—-1—-2z

Figure 2. View of K;PtHg(CN)-2H,0O (1) normal to [001]; K and HO

are omitted for clarity. Color code: Pt, yellow; Hg, black; N, blue; C, gray.

Table 3. Selected Bond Lengths and Angles (A, deg) of
NaPdHg(CN}-2H,0 (2)2

Pd1-Hgl 4.924(37) Nal-N3' 2.612(46)
Hg1l-C1Ii 2.038(37) NaiNalv 3.629(43)
Pd1-C2 1.982(16)  NatNafi 3.770(4)
Pd1-C2i 1.982(16) NatNal 3.770(4)
Pd1-C3 1.992(23)  NazNal’ 3.780(25)
Pd1-C3i 1.992(23) C#N1 1.130(22)
Cl-Hgl-Cl  179.99(27)  N3—Nal-Nafi 43.72(12)
C2-Pd1-C21  179.99(26)  N%Nal-Nafi 138.33(16)
C2—-Pd1-C3 90.64(25) N3-Nal—NaZi 92.32(13)
C2i—Pd1-C3 89.36(25)  N3-Nal-Nafi 137.64(14)
C2-Pd1-C3i 89.36(25)  Na—Nal-Nali  61.41(7)
C2i—pd1-C3  90.64(25)  O*Nal-NalV 99.72(29)
Figure 1. Fraction of the structure of #tHg(CN)-2H,O (1) at 50% C3—Pd1-C3 180.00(24) O2-Nal—Nav 78.34(29)

probability level.dug-pe = 3.46 A. ) .
asSymmetry codes: (iyx, =y, —z (i) 1 —x, =y, 1 —z (i) 1 + x Y,

. s (V)2-x1-y,1-zMW1-x1-y1l-z(V)-1+xyz

1 M K[Pt(CN)] and 1 M Hg(CN} yielded colorless crystals =W X Y Z2M)1-x Y z 00 e

of KzPtHg(CN)-2H,O (1). The molar ratio of K/Pt/Hg was  Table 4. Selected Geometric Parameters (A, deg) of
2:1:1, as measured by scanning electron microscopy, indi- K2NiHg(CN)s-2H:0 (3)*

cated the formation of the adduct described by i&trolm?242 Nil—Hgl 4.613(1)  C4-N4" 1.140(19)
iy Hgl-N3 2.710(13)  OIW-KI 2.733(13)

A crystal (select.ed froma sample of the addug:t after checking Nil-—C4 1868(13) HIOOLW 0.953(47)
the homogenelty by scanning electron mlcroscopy) was Nj1—c3i 1.861(14) H2G-01W 0.944(125)
studied by means of the single-crystal X-ray diffraction Hgl-C1 2.001(16)  K+O1w 2.782(15)

; Hgl—Ka1i 5.390(33)  Nit-Nill 4.024(1)
method, an_d the structural data are sh(_)wn in Tables 1 and Cl-Ni 1220(20) HgikHgl 4.024(1)
2. The fraction of the structure and the view normal to [001] N3-c3 1.150(20)
for 1 are shown in Figures 1 and 2. Pd and Ni analogues, C3-Ni1-C4 90.06(58)  Ki-OIW-K1 93.74(50)

. ; ) C4'—Ni1—C3 89.94(58) H1G-0IW-H20  89.31(1219)
NaQPng(.CNE 2H,0 (2) and KZN'Hg(.CN)G 2H,0 (.3)’ were Cl-Hgl-Cl¥  169.41(62)  NB8-Hgl-N3" 95.20(37)
prepared in a similar way and studied by the single-crystal pgii—N3—C3  160.44(116) N3C3-Nil 177.33(136)
X-ray diffraction method. Selected structural data are shown N3—Hgi-C1 92.85(56)  NA—C4—Nill 179.43(132)

N3i—Hgl-Cl  94.29(56)
(24) (a)The original description of Strtholm'® was not quite clear as to asymmetry codes: (ix, 1+, z (i) 2 — x, =y, 1 — z (iii) x, =1+
whether the Hg/Pt molar ratio was 1 or 1.2, i.eg[R(CN)] or K»- v,z (iv) X, =y, 05+2z (V)2—XYy,05—2z (V2 —x,1+y,05— 2z

[Pt(CN)4]-3H20 was the weighing form of the Pt compound. In the
case of Hg/Pt 1.2, i.e., at excess of Hg(Ch)pur product was mainly

Hg(CN)(s), but some KPtHg(CN)-3H,0(s) was also formed onthe  in Tables 1, 3 and 4. Figures 3 and 4 present the packing

surface of the larger Hg(ChiErystals according to pictures obtained  diagram of2 and an Ortep view 08, respectively.
by the scanning electron microscope. This kind of inhomogeneity was ’

not observed in the case of Hg/Pt 1 in the starting solution. 2.2 Raman Spectra of Selected SolidRaman spectra

(b)Detailed experiments were done on the [PA(@N)-TI(lll) —~CN~ of the solidsl and3 were recorded together with the spectra

system in order to find the Pd analogues of the [(§F%) TI(CN)]."~ . . .
family. Using similar conditions as in the case of-FHi compouﬁds, of the starting materials, Pt(CN)]-3H,0, K;[Ni(CN)4]-

no similar meta-metal-bonded complexes have been detected so far. 3H,0, and Hg(CN). A spectrum of compound is shown
It might be explained by the different redox potentials, but one can

note the larger kinetic lability of the Pd complex compared to N Figure 5. Frequencies of the bands are collected in Tables

Pt(CN)2~. 5 and 6.

9646 Inorganic Chemistry, Vol. 44, No. 26, 2005
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Figure 3. Packing diagram of N@dHg(CN}-2 H:O (2). dng-pa = 4.92
A

Figure 4. Ortep view of KNiHg(CN)s-2H,0 (3) at 50% probability level.
Org-ni = 4.61 A.

,JU

T
2200

T /,/ll T T T T T T T T T T
2100 600 500 400 300 200 100

Wavenumber (cm™)
Figure 5. Raman spectrum of the RtHg(CN}-2H,O (1) compound.

2.3. XPS Measurements of the SolidsXPS data were
collected forl, 2, and3 together with the data of the parent
cyano complexes, fPt(CN),]-3H,0, Ng[Pd(CN)]-3H.0,
K2[Ni(CN)4]-3H,0, and Hg(CN)-2H,O. The data for k-
[Pt(CN)]-3H.O were also measured in order to compare the
BEs of Pt(Il) and Pt(IV). Data are collected in Tables9.

2.4. Luminescence Spectroscop¥excitation spectra of
K2[Pt(CN)]-3H,0O and KPtHg(CN)}-2H,O with emission

spectra of complexes obtained by different excitation wave-

lengths fexc = 244 nm andlex. = 384 nm) can be seen in

Table 5. Raman Frequencies (ci) of K.PtHg(CN)}-2H,O (1) and the

Parent Compounds &Pt(CN),]-3H,O and Hg(CN)

K2PtHg(CN)-2H;0 Ko[Pt(CN),] -3H,0? Hg(CN)>
2189 2196h(CN)
2159 2165/(CN)

2136 21444(CN)
477 4730,(PtC)
468 4661(PtC) 43144(HgC)
394 396/5(HgCN)
330 341
319 3225(PtCN)
285 2835(CHgC)
218
172/5(CPtC)
146 148
134 131 131
121

a Assignment of the bands according to Kubas éf &t Assignment of
the bands according to Jones e#’al.

Table 6. Raman Frequencies (c#) of KoNiHg(CN)s-2H,0 (3) and

the Parent Compounds;Ni(CN)4]-H20 and Hg(CN)

K2N|Hg(CN)G'2HZO KQ[NI(CN)4]'H20a Hg(CN)gb
2188 2196h4CN)
2136 21414(CN)

2124 21334,(CN)
424 4150,(NiC)
411 405/4NiC) 431h4(HgC)
392 396/5(HgCN)
334 341
301 3026(NiCN)
285 2836(CHgC)
1806 (CNiIC)
150 148
131
123 121

a Assignment of the bands according to Kubas &P &f.Assignment of
the bands according to Jones efal.

Table 7. Binding Energy Values (eV) Measured by XPS for
K2PtHg(CN)-2H20 (1) and Its Components, &Pt(CN)4]-3H.0O and
Hg(CN),

K2PtHg' Kz[Pt(CN)4]' Ko
(CN)s2H;0  3H,0  [Pt(CN)] Hg(CN),
line BE, eV BE, eV BE,eV BE,eV
Cls 285.0 285.0 285.0 285.0_€C,H)
285.8 285.8 286.3 P{CN
286.6 286.1 HgCN
N 1s 398.8 398.7 398.3 Pt(11)4C
399.7 399.4 399.4 HgCN, Pt(IV)-CN
400.9 399.7 400.7 PINC (tentative)
K 2ps2 293.7 293.5 293.3
Pt 4f;, 74.0 73.9 74.0 Pt(I)-CN
75.2 Pt—NC (tentative)
77.2 Pt(IV)-CN
Hg 4f;2 102.4 102.4 Hg—CN

the emission spectra of Pt(CN),]-3H,O and1 complexes
are very similar, indicating the same lowest-energy chro-
mophore and luminophore of for the two samples. The
excitation and emission spectra of Hg(GMpave been also
recorded. The intensity of these spectra is significantly lower
than that of complexX. The emission band shows a peak at
390 nm, while the maximum in the excitation spectrum
appears at 240 nm.

Figure 7 shows the luminescence decays initiated by
excitation of crystalline K[Pt(CN),]-3H,O andl complexes
using a laser pulsé.g.= 355 nm). Both curves show double
exponential decay, the short-lived emitting states hawe
= 80 £ 20 ns andriprng< 10 ns, while the longer-lived

Figure 6. The low energy range of excitation spectra and excited states havep;= 550+ 30 ns andrzprng = 290+
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Table 8. Binding Energy Values (eV) Measured by XPS for
NaPdHg(CN}-2H,0 (2) and Its Component, NEPd(CN)]-3H,O

NaPdHg- Nap[Pd-
(CN)e'2H20  (CN)4]-3H,0  Hg(CN), %
line BE, eV BE, eV BE, eV S
Clis 285.0 285.0 285.0 _€(C,H) =
285.8 285.8 PeCN 2
286.5 286.1 HegCN <
N 1s 398.8 398.9 PdCN 12
399.7 3994  HgCN
399.8 Pa&-NC (tentative)
400.6 Hg-NC (tentative)
Na 1s 1071.6 1071.3
1073.0
Pd 3d» 339.3 339.4 Pd—CN 75—
Hg 4f7» 102.4 102.4 Hg—CN >
[}
Table 9. Binding Energy Values (eV) Measured by XPS for § 50 —
KoNiHg(CN)e+2H,0 (3) and Its Component, Ni(CN)4]-3H,0 =
>
K2NiHg(CN)e: K[Ni(CN)4]- B i
. 2H,0 3H,0 Hg(CN), S|
line BE, eV BE, eV BE, eV 25
Cils 285.0 285.0 2850 _€(CH) -
285.8 285.9 Ni-CN /
286.8 286.1 HerCN 0 e —
N 1s 399.0 399.0 NtCN 200 300 400 500
400.1 399.9 399.4 HgCN Wavelength (nm)
K 2pap 294.0 293.5
Ni 2pa/ 856.2 856.1 Ni—CN Figure 6. Comparison of excitation and emission spectra gPCN)]-
Hg 4f;) 102.8 102.4 Hg—CN 3H,0 (Pt) and KPtHg(CN)}-2H,0 (1) crystals detected at 298 (a) and at

o 77 K (b), respectively: excitation spectra of Pt (continuous line) and those
15 ns lifetime values for Pt(CN)]-3H,O and1l, respec- of (1) (— - -), emission spectra of Pt obtained by excitatiomat=384

tively. Comparing the longer lifetime measured fosRt- ?m _g_a; d_gua“d:atz’lﬁcn:mzé;‘ nm ©) and those ofl at 1ex:=384 nm
(CN)4]-3H,0 crystals with that of the phosphorescencent ¢ '

[Pt(CN)]?~ oligomer reported by Schindler et &l(525— 200

560 ns), the radiative decay characterized by a lifetime of

550+ 30 ns can be assigned to a spin-forbidden transition. 160 4 |

On the other hand, the short-lived luminescence {820 :

ns) of the K[Pt(CN)]-3H,0 crystals is expected to originate g 12071

from a singlet excited state. g 5 | ;"-,.

Discussion \\
- N,

1. Solution Studies All experimental findings in solution 0 &»_NWM‘M
by UV—vis and NMR spectroscopy have clearly shown the 0 : : T~
lack of interaction between Hg(ChNand the square planar 150 400 650 900 1150
d® transition metal complexes, [M(CN¥~ (M = Pt, Pd, or Time (ns)

Ni). Keeping in mind the outstanding stability of the Figure 7. Luminescence decay of JPt(CN)]-3H.0 (- - -) and KoPtHg-
[(CN)sPt=TI(CN),]"~ complexes, it is somewhat surprising, (CN)s*2H0 (11(—) after the excitation of 355 nm Iaser_pulseépt) =80
especially in the case of the PteHHg(Il) system, because = 20 "7y = 350 30 N8, Tuperig) = 10 NS Toprg = 290 15 ns.
Hg(I1) and TI(I1) are isoelectronic and their cyano complexes 2. Studies of the Solid Compounds. 2.1. X-Ray Struc-
behave quite similarly. DFT calculations for the [(GR}- tures. X-ray data confirm that the stoichiometry of the single
TI(CN)]~ have shown the role of the (NY&Pt=Tl linear, crystal 1 is the same as the formula published by 8tro
three-atom entit§19 The relative oxidation state of the metal holm 26 A fraction of the structure is shown in Figure 1. The
center$®indicates electron transfer from Ptto T, or in other pt—Hg distance at 3.460 A is much longer than the-Pit
words, TI(Ill) can partially oxidize Pt(ll). Although the distance in the PtTl-bonded compoundslf_pi= 2.60 A).
formal redox potential values valid for our experimental This is in accordance with the experimental results in
conditions (having cyanide ligands present) are not available,solution, i.e., there is no chemical bond between the two
it is quite rational that Hg(ll) is a weaker oxidant than Tl- heavy atoms. Howevethy_p = 3.460 A is much shorter
(1M). 1t might indicate the important role of the redox than the distance between the Hg atoms in Hg(())
potential in the formation of metalmetal-bonded cyano Ohg-Hg = 4.501 and 4.989 A% and it is also shorter than
complexeg!™® Realizing that Hg(CN) does not react with ¢, o = 3.48 A in K[Pt(CN)]-3H,0,2¢ in which the
Pt(CN)2~ in solution, we have not expected strong interac-

tions between Hg(CN)and the Pd(CN¥~ and Ni(CN)?~ (25) zsf;cgzrgbe, R.C.; Kennard, C. H.1..Organomet. Cheni969 18,
complexes and our interest has been focused on the solld(ZG) Washecheck, D. M. Peterson, S.: Reis, A. H., Jr.. Williams, J. M.
adducts, see below. Inorg. Chem.1976 15, 74-78.
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[Pt(CN)]?" units are rotated by 45 resulting in optimal As expected, the structure 8fshown in Figure 4 is also
‘stacking’ interactions. In contrast, i the Pt(CN)?>~ units dominated by the alternately located layers of Hg(£&)d
(having almost 180Pt—C—N angles) are eclipsed and Hg- [Ni(CN)4]?>". The value ofdugni = 4.61 A precludes the
(CN). rotated by 30is located in between. This arrangement possibility of heterometallic interaction.
might be less favorable for ‘stacking’; therefore, other  2.2. Raman SpectroscopyRaman spectroscopy is usually
interaction(s) could be responsible for the relatively short very useful for identification of vibrations attributed to
dug-p There is a very weak H bond in the lattice between symmetrical metatmetal stretche®:*° Thus, for example,
the O atom of the lattice water molecules and one of the N strong bands, indicative of nonbuttressedPtand Pt-Pt
atoms of the Pt-bonded cyanideds—n = 3.068(13) A (a metal-metal bonds, have been observed in a series of related
typical distance for strong ©H:++N is 2.68-2.79 A)2” This compounds [(NGPt=TI(CN),]" and a species [(NGPt—
interaction, together with some PHg attraction, may  Pt(CN)]*" at about 160 and 145 crh respectively, both in
explain the relatively short PtHg distance. The issue ‘if  solution and in the solid state. The corresponding bond
this metallophilic interaction can be detected by Raman or lengths are 2.662.64 and 2.73 A, respectivefy! Taking
XPS method’ will be discussed below. The structure in into account both the lack of bonding between the metallic
Figure 1 and the formula resemble the structure and centers for the Pt(Pd,Ni)Hg systems in solution and long
stoichiometry of CAu(l)CIZJ[Au(llCI 4. In fact, the Au- intermetallic distances in the solids (vide supra), one can
(D—Au(lll) entity is isoelectronic with the Pt(IF-Hg(ll) hardly expect the MHg stretching vibration to appear in
entity. However, the linear [Au(l)G]~ anions connect the  Raman spectra of the solid compounds-8). However,
square planar [Au(lll)Cl~ anions through CI bridges; comparison of vibrational spectra of the heterometallic and
therefore, the metal atoms are quite far from each other in parent cyanide compounds is of obvious interest. Because
the formally Au(ll)—chloride compound? of high sensitivity of frequencies of molecular vibrations to
A different view of the structure df can be seenin Figure  even small changes both in structure and in oxidation states,
2. A closer look clearly indicates that the lattice consist of vibrational spectroscopy can provide valuable information
infinite (—Pt—Hg-), ‘one-dimensional wires’ without bridg-  on structural and bonding features in the studied heterome-
ing cyanides. The distance between the closest wires is 5.607allic systems.
A. In a plane perpendicular to the-Pt—Hg—), chain, Pt Vibrational spectra of cyano compounds of [M(GN)
and Hg atoms alternate. The weakly hydratedddunterions (M = Pt, Pd, Ni) and Hg(CN)were thoroughly studied by
are located between the polymer chains; the water moleculesones et at?32 Raman frequencies of the vibrational bands
stabilize the lattice by H bonds, see above. The strictly linear for the compounds of [M(CN)?>~ and Hg(CN}, presented
chain, characteristic for one-dimensional conductors, is in Tables 5 and 6, are in good agreement with the data in
similar to the partially oxidized Pt(ltycyano complexes, e.g., the cited papers. Figure 5 and Tables 5 and 6 clearly show
K178Pt(CN)-1.5H,0. The renaissance of chain compounds that, in the case of both compountiand3, the majority of
based on transition metal backbone has recently beenthe bands found in the spectra of the parent compounds can
reviewed?® Conductivity measurements tfare in progress.  be recognized in the spectra of the adducts. Both [M{ZN)
The structures determined f@rand 3 are not similar to and Hg(CN) behave therefore as discrete entities, preserving
the structure ofl. The unit cell of2 can be seen in Figure their original symmetry and structure in the heterometallic
3. The cell consists of Naions, which are coordinated by compounds. Comparing the frequencies of the bands in the
five cyanide-N atoms and one water molecule. The coordina- adducts and in the starting compounds reveals, however, that
tion polyhedron is an octahedron, which is only slightly there are small but notable shifts in the band positions for
distorted. The Na-centered octahedra share edges which eactihe most indicative €N and M—C stretching vibrations.
other, yielding double chains. These chains are bridged by The frequency of the MC stretch in the [M(CNJ?~ unit
Pc&* ions, each of which carries another two C-bonded is increased in the heterometallic complex compared to the
cyanide groups, and by Ky ions yielding a three-  parent compounds, indicating some strengthening in the
dimensional network. The Hgions are weakly coordinated metalcarbon bonding. This is accompanied by an expected
by four N atoms of surrounding CNgroups @rg-n ~ 2.8 weakening (decrease of the wavenumber) for the correspond-
A). The coordination geometry of Pd is a slightly distorted ing C—N bonds. A similar trend, namely shift @(CN) to
square plane. The Hg(ll) ions are coordinated by two cyanide lower wavenumbers, is observed for the Hg(gRBijtity as
groups in a linear fashion. Taking into account the four well (cf. Tables 5 and 6).
additional cyanide groups, the polyhedron is a very distorted A number of bands also appear in the low-frequency
octahedron. Both the linear Hg(CN)nits and square planar region (>150 cnt?) of the Raman spectra of the compounds.
[PA(CN)]?>~ entities are eclipsed. The structure can be

i . ilic (29) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
considered as a double salt; the lack of heterometallophilic 2nd od.: Clarendon Press: Oxford, 1993,

interaction between the remote Hg(ll) and Pd(ll) atoms, (30) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-

ngde = 4.92 A seems obvious. This is in agreement with dination Compoundssth ed.; Wi_Iey-Interscie_nce: New York, 1997.
the solution studies (31) Jalilehvand, F.; Maliarik, M.; Mink, J.; Sandstng M.; llyukhin, A.;
: Glaser, JJ. Phys. Chem2002 104, 3501-3516.
(32) Kubas, G. J.; Jones, L. thorg. Chem.1974 13, 2816-2819.
(27) Greenwood, N. N.; Earnshaw, &hemistry of the Elemengnd ed.; (33) Jones, L. HSpectrochim. Actd963 19, 1675.
Butterworth-Heinemann: Oxford, 1997; p 60; p 1189. (34) Viswanath, A. K.; Patterson, H. KEhem. Phys. Lettl981 82, 25—
(28) Durham, K. R.; Bera, J. KAngew. Chem., Int. EQ2002 4453. 28.
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These bands cannot be assigned to the metakal stretch- that of Kj[Pt(CN)]-3H,0O at 298 K. It should be noted that
ing vibrations since this would result in unreasonably high the Stokes shift of KPt(CN),]-3H,O is more pronounced
(for the studied heterometallic systems) force constants ofat 77 K (3500 cm?) than at 298 K (2600 cnt) due to the
the M—M' bond* For example, the force constant calculated significant red shift of the emission spectrum with decreasing
for the Pt=Pt bond in the [(NGPt—Pt(CN)}]*~ complex, temperature, as it has also been observed by Gliemann et
which exhibits a strong Raman band at 145 &rvy(Pt— all2 However, the Stokes shifts for the spectra of the Pt
P)) in solution and has the metahetal bond length of 2.73  Hg complex obtained at ambient temperature (3400%m
A, is 123.8 N miL. One can see that the bands in this region and at 77 K (3380 cmr) are the same within experimental
are also found in the spectra of the starting compounds. Thesexrror. Moreover, the excitation spectrum of the parept K
bands probably arise from mixed modes involving bending [Pt(CN)]-3H,0 compound has a more intense broad band
CMC vibrations and/or lattice vibrations. between 230 and 340 nm compared to the one of the
2.3. XPS Measurements.A three-dimensional X-ray  heteronuclear complex in this range. This experimental
structure gives the most valuable data, but it gives only finding indicates the formation of luminescent excited states
limited information about the oxidation state of the metal \ith 3 relatively high efficiency in crystalline £Pt(CN)]-
centers. Although the metametal distances measuredlin 31,0, Figure 7 shows the luminescence decays initiated by
and especially ir2 and3 preclude any significant bonding,  excitation of the crystalline §Pt(CN)] -3H,O and 1

we have made XPS measurements in order to correlate thecompounds using laser pulsa,(=355 nm). The very rapid
structure and the BEs of the electrons at the metal centersdecay of the short-lived emitting stateyd yo< 10 ns vs

XP_S c_ould also be used as an analytical tool to check thetlpt: 80+ 20 ns), as well as the shortening of the lifetime
stoichiometry of the adducts usually prepared at a very small ¢, 1o longer-lived excited state (froms=550+30 ns to

scale. , ) Toperg = 290 £ 15 ns) in the case ofl due to the
BE values are summarized in Tablesd. The BE of Pt jncqrporation of Hg(CNyinto the columnar structure of the

4f;, electrons is 74.0.eV for the adduttand 73.9 eV i'n pure K[Pt(CN)]-3H,0, can be explained by a quenching
K2[PCN)]-3H,0, while the BE of Hg 4, electrons is — gtect of Hg(CN) units. In principle, the quenching may

102.4 eV for botfl and Hg(CN). All these values are equal occur by means of either energy or electron transfer.

f)r Id?’ not d!gfe{_ S'ng'Ctaf]tly]i ttr;]erefor(? lno ch[ange in tf;)e Luminescence study on Ba[(Pt,Ni)(CjnHO crystals has

rela ;Vg SXITP? lon state t ° 1 ethme al cen ertsl ?ag_ € shown a characteristic change of the luminescence spectra

concluged. IS 1S in contrast 1o e expesnmen &l TINCINgs ity temperature between 24 and 250°*KThe narrow

for (CN)sPtTI(s) having a strong P{TI bond> As expected, . :
luminescence peak (observed at 498 nm and assigned as a

the BE values of the Ni 2 electrons in3 and in Kyj[Ni- . .
S ) fluorescence of an excited-state delocalized over several Pt
(CN)4]-3H,0 are not significantly different, 856.2 and 856.1 . . : )
and Ni centers along the one-dimensional chain) has been

eV, respectively. A similar situation has been observed for decreased in intensity with an increase of temperature, while
Pd 3dy, 339.3 eV in2 and 339.4 in NgPd(CN)]-3H0. y P '

The BE of Hg 4f,, electrons is 102.4 eV fa2, being the a new broad emission peak at 560 nm emerged over 125 K
same as the value of 102.4 eV in Hg(GNds i,t should be and became pronounced with further increase in temperature.
if the counter metal centers (Ni and Pd) have not been The latter has been assigned to a phosphorescence from
changed. In the case of Ni, it looks like the Hg(GN) clusters of [Pt(CNyjJ?~ due to energy transfer from the-Pt
fragment shows not only an increase in C 1s and N 1s BEs i delocalized excited state. It has also been demonstrated
but also in the Hg 4f, one. This increase is larger than in 2Y comparison of\vy, values of the fluorescence band of
i ~ T 1

the case of Pt and Pd, but it can still be attributed to the Bal(PLN)(CN)] (~900 cnt?) and Ba[P{(CNj] (1340 cn™)
uncertainty of the measurements. crystals that the delocalization in a pure Pt complex is more

2.4. Luminescence Measurementéuminescence spectra  Pronounced compared to the Ba[(Pt,Ni)(GNgompound.
of Ko[Pt(CNY]-3H,0 and K[PtHg(CN)]-2H,0 are shown We observe a significantly broader band in the luminescence
in Figure 6. The characteristics of the spectra can be SPectrum of KPtHg(CN)-2H,0 than in Kg[Pt(CN)]-3H0
compared to the results of the detailed emission studies ofat Poth 77 and 298 K, in contrast to the observation for the
Ba[Pt(CN)]*S and of various other crystalline JPt(CN),]- fluorescence of Ba[(Pt,Ni)(Ch) and Ba[Pt(CN)] com-
xH,O complexes (M= K and Na, K and Li, Mg, Srn=1 plexes, respectively. Moreover, the feature of the emission
or 2 for alkaline or alkaline earth cations, respectively). Spectra of KPt(CN)-3H,0 and KPtHg(CN)-2H,O com-
Experiments using external pressure on the crystal®gl  plexes do not show significant changes between 77 K{(Pt
kbar) have shown that the energy of the emitted light is 1720 cn*, Pt-Hg = 1830 cm) and 298 K (Pt= 2610
linearly dependent on the PPt distancé?® Considering ~ cm™, Pt-Hg = 2890 cn1?, see Figure 6). Hence, it might
the data of ref 13, one can estimate an emission maximumallow us to explain the quenching by an electron transfer in
for a microcrystalline-disordered sample ob[Rt(CN)]- the case of the WPtHg(CN)-2H,O compound. In other
3H0 to be between 420 and 440 nm and the appearance ofvords, some electron transfer can be observed between the
the emission at somewhat longer wavelengthdlfan good heterometallic centers in the exited stateldfy measuring
agreement with the observed emission on the spectra inluminescence decay, although all the other spectroscopic
Figure 6. On the other hand, the spectra of heteronuclearmethods used ruled out a similar process in the ground state.
species show a slightly more pronounced Stokes shift thanFurther study is needed to explore this phenomenon.
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Conclusions salts, the lack of heterometallophilic interaction between both
An interaction between Hg(CM)and square planar '€Mote Hy(ll) and Pd(ll) atomsgpq = 4.92 A, and Hg(ll)
[M'(CN),]2~ transition metal cyanides (M Pt, Pd, or Ni, and Ni(ll) atoms,dng—ni = 4.61 A, seems to be obvious.

with d8 electron shell) does not result in a metatetal bond Electron BE values of the metallic centers measured by XPS
formation in solution in contrast to the isoelectronic'fPt show that no electron transfer between the metal ions occurs

(CN),]2"—TI"(CN),*3" system, revealing a strong and not in the three adducts.
supported Pt Tl bond. However, well-defined adducts can
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