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Abstract: Structural and spectroscopic
properties of and theoretical investiga-
tions on dinuclear [Pd2(CN)4(P ± P)2]
(P ±P� bis(dicyclohexylphosphanyl)-
methane (1), bis(dimethylphosphanyl)-
methane (2)) and mononuclear trans-
[Pd(CN)2(PCy3)2] (3) complexes are de-
scribed. X-ray structural analyses reveal
Pd ¥¥¥ Pd distances of 3.0432(7) and
3.307(4) ä in 1 and 2, respectively. The

absorption bands at �� 270 nm in 1 and
2 have 4d*� � 5p� electronic-transition
character. Calculations at the CIS level
indicate that the two low-lying dipole-
allowed electronic transition bands

in model complex [Pd2(CN)4(�-H2-
PCH2PH2)2] at 303 and 289 nm are due
to combinations of many orbital transi-
tions. The calculated interaction-energy
curve for the skewed dimer [{trans-
[Pd(CN)2(PH3)2]}2] is attractive at the
MP2 level and implies the existence of a
weak PdII ± PdII interaction.

Keywords: ab initio calculations ¥
metal ±metal interactions ¥ palladi-
um ¥ UV/Vis spectroscopy

Introduction

Studies on metal ±metal interactions in homobimetallic d8 ± d8

systems[1] have generated considerable interest in inorganic
and organometallic photochemistry, luminescent materials,
and columnar stacking of square-planar metal complexes.[2]

Extensive spectroscopic studies on dinuclear RhI, IrI, and PtII

complexes have revealed weak metal ±metal bonding inter-
actions in the ground states[3, 4] and a net metal ±metal single
bond in 1,3[(nd*� �(n� 1)p�] excited states produced on excita-
tion.[5]

Compared with the numerous reports on PtII complexes,
less attention has been devoted to the study of metal ±metal
interactions in PdII systems by spectroscopy. Many structural
studies have revealed short intramolecular Pd ¥¥ ¥ Pd separa-
tions, for example, 2.715(3) ä in [Pd2(S2CCH2Ph)4],[6]

2.5626(7) ä in [Pd2(dpt)4] (dptH� 1,3-diphenyltriazene),[7]

2.754(1) ä in [Pd2(dta)4] (dtaH� dithioacetic acid),[8]

2.546(1) ä in [Pd2(mhp)4] (mhpH� 6-methyl-2-hydroxypyri-
dine),[9] 2.745(1) ä in [Pd2(bttz)4] (bttzH� 1,3-benzothiazole-
2-thiol),[10] 2.570(1) ä in [Pd2(chp)4] (chp�� 6-chloro-2-hy-
droxypyridinate),[11] 2.677(1) ä in [Pd2(pyt)4] (pytH� pyri-
dine-2-thiol),[12] and 2.622(3) ä in [Pd2(form)4] [form� (p-
CH3C6H4)NCHN(p-CH3C6H4)�].[13] Some dinuclear PdII com-
plexes display longer Pd ¥¥¥ Pd separations, such as 2.927(3)
and 3.046(2) ä in the two diastereoisomers of [Pd2{4-
OCH3C6H4N�C(COPh)Ph}2(�-OAc)2].[14] Furthermore, tri-
nuclear [Pd3(�3-S)2(L)3](ClO4)2 complexes show intramolecu-
lar Pd ¥¥ ¥ Pd separations of 3.065(1) ä for L� 4,4�-tBu2bpy and
3.156(1) ä for L� 4,4�-(CO2Me)2bpy.[15] Although the Pd ¥¥¥
Pd separations in the above complexes are shorter than or fall
within the range of M ¥¥¥M distances found in linear-chain
platinum complexes (3.0 ± 3.5 ä),[16] the evidence for PdII ±
PdII interaction at separations shorter than the sum of the
van der Waals radii (3.26 ä)[17] remains controversial. Cotton
et al.[13] performed SCF-X�-SW calculations on the model
[Pd2(HNCHNH)4] with a Pd ¥¥ ¥ Pd distance of 2.622 ä and
concluded that there is no net Pd ±Pd interaction at the
™zeroth order∫.

Previous studies by Patterson et al.[18] on the photolumi-
nescence of the chain compound Ba[Pd(CN)4] ¥ 4H2O re-
vealed that the fluorescence at 382 nm, which was attributed
to changes in intermolecular Pd ¥¥ ¥ Pd separations, is
strongly temperature dependent. The dinuclear complex
[Pd2(CN)4(dppm)2] (dppm� bis(diphenylphosphanyl)me-
thane) with a Pd ¥¥¥ Pd separation of 3.276(1) ä was previously
studied in our group to probe the PdII ± PdII interaction.[2b]

However, the assignment of excited states with Pd�Pd bonds
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by spectroscopic means was complicated by the intraligand
transition of the dppm ligand. We have now synthesized the
new dinuclear complexes [Pd2(CN)4(�-dcpm)2] (1; dcpm�
bis(dicyclohexylphosphanyl)methane) and [Pd2(CN)4(�-
dmpm)2] (2 ; dmpm� bis(dimethylphosphanyl)methane) and
the mononuclear congener trans-[Pd(CN)2(PCy3)2] (3).
The absorption and photophysical properties of these com-
plexes have been studied. Theoretical calculations on the
[Pd2(CN)4(�-H2PCH2PH2)2] and [{trans-[Pd(PH3)2(CN)2]}2]
models to probe the ground-state PdII ± PdII interaction were
undertaken.

Results

Syntheses and characterization : The diphosphane ligands
dcpm and dmpm were chosen for the syntheses of dinuclear
PdII complexes. Unlike dppm, the dcpm and dmpm ligands are
optically transparent in the UV region. Therefore, it is feasible
to probe high-energy metal ±metal-bonded electronic tran-
sitions. We prepared [Pd2(CN)4(�-dcpm)2] (1) and
[Pd2(CN)4(�-dmpm)2] (2) by modification of the method of
Shaw et al.[19] The IR spectra show one intense �(C�N) band
at 2125 and 2124 cm�1 for 1 and 2, respectively, in accordance
with a trans geometry. The 31P{1H} NMR spectra of both
complexes show one set of 31P signals, consistent with their
formulation. Variable-temperature (20 to �60 �C) 31P{1H}
NMR spectra showed little change in 31P{1H} chemical shift
(��� 1 ppm) with temperature. However, the signal for 1
gradually broadens with decreasing temperature, and the full
width at half-maximum (fwhm) is about 2 ppm at �60 �C (see
Supporting Information). In contrast, the spectra of 2
measured at different temperatures all show single sharp
peaks.

To aid spectral assignment, we prepared the monomeric
congener trans-[Pd(CN)2(PCy3)2] (3). Its IR spectrum shows
one intense �(C�N) band at 2124 cm�1.

X-ray crystal structures : The dinuclear complexes 1 and 2
were characterized by X-ray crystallography. The crystal data
and structure refinement are summarized in Table 1. The
ORTEP plots are depicted in Figures 1 and 2, and selected
bond lengths and angles are listed in Table 2. Complexes 1 and
2 are structurally related to other [M2(CN)4(L)2] complexes
(L� dcpm, dmpm, M�Pt, Ni;[2f] L� dppm, M�Pt,[2a] Pd[2b]).
Complex 1 has a pseudo-C2 symmetry, while 2 contains a
crystallographically imposed center of symmetry. In both
complexes, each Pd atom has a square-planar geometry with
two trans-cyano groups and two trans-P atoms of bridging
diphosphane ligands. The two PdP2(CN)2 units in 2 are
eclipsed, similar to the structures of [Pd2(CN)4(dppm)2][2b] and
other [M2(CN)4(L)2] (M�Pt,[2a,f] Ni;[2f] L� dppm and/or
dmpm) analogues. However, the two PdP2(CN)2 units in 1
are not eclipsed but skewed, with the P-Pd-Pd-P and C-Pd-Pd-
C dihedral angles of about 22 and 28�, respectively. As
mentioned in previous work,[2f] the structural difference
between dmpm-, dppm-, and dcpm-bridged metal complexes
could be attributed to the steric bulk of the dcpm ligand,
which disfavors an eclipsed arrangement of neighboring

Figure 1. Structure of 1 (ORTEP plot: thermal ellipsoids at the 40%
probability level; hydrogen atoms are not shown).

MP2(CN)2 moieties. The P-Pd-P angles in 1 and 2 are about
177�, while the C-M-C angles are 174.01(5) ± 177.4(3)�. These
values are comparable to those of 175.40(6)� for P-Pd-P and
167.8(3)� for C-Pd-C in [Pd2(CN)4(dppm)2].[2b] The P-Pd-Pd
angles in 1 and 2 are close to 90�. The C-Pd-Pd angles can be
categorized into two sets. In 1, the two sets of C-Pd-Pd angles
are about 86.0 and 96.0�, which are close to 90.0�. However,
the related values in 2 are 68.68(3)� and 117.30(3)�, that is, the
PdP2CN and Pd2P2 planes are not orthogonal to each other.
The average Pd�C/Pd�P distances of 2.001(8)/2.345(2) ä in 1
and 2.003(1)/2.3135(4) ä in 2 are comparable to the average

Table 1. Crystal data and refinement of 1 and 2.

Complex 1 ¥ 2.5H2O 2

formula C54H92N4P4Pd2 ¥ 2.5H2O C14H28N4P4Pd2

M [gmol�1] 1179.08 589.14
crystal system monoclinic monoclinic
space group P2/a P21/n
a [ä] 18.086(3) 9.067(1)
b [ä] 14.777(2) 11.533(2)
c [ä] 23.739(3) 10.618(2)
� [�] 90.0 90.0
� [�] 100.13(2) 90.623(3)
� [�] 90.0 90.0
V [ä3] 6245(1) 1110.3(3)
Z 4 2
F(000) 2484 600
�(Mok�) [cm�1] 7.18 19.18
�calcd [Mgm�3] 1.254 1.810
2	max [�] 51.1 55.04
reflections collected 58325 7086
independent reflections 11894 2548
parameters 597 120
final R indices, R1/wR 0.049/0.080[a] 0.023/0.080[b]

GOF 2.42 0.69
max./min. residual electron
density [eä�3]

� 0.58/1.08 � 0.50/0.55

[a] By least-squares refinement on F. [b] By least-squares refinement on F 2.
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Figure 2. Structure of 2 (ORTEP plot: thermal ellipsoids at the 40%
probability level).

values of 2.017(8) ä for Pd�C and 2.337(2) ä for Pd�P in
[Pd2(CN)4(dppm)2].[2b] The intramolecular Pd ¥¥¥ Pd distances
in 1 and 2 are 3.0432(7) and 3.307(4) ä, respectively.

Electronic spectra : The UV/Vis absorption spectra of 1 ± 3 in
CH3OH at room temperature are depicted in Figure 3, and
the spectral data, together with those of related complexes,
are summarized in Table 3. Variable-temperature absorption
spectra of 1 in CH3OH are depicted in Figure 4. Complex 3
displays no detectable absorption at �� 300 nm, while both 1
and 2 exhibit significant absorption at 300� �� 350 nm. In
CH3OH solution at room temperature, complex 3 shows three
absorption bands with �max at 205 (
� 19210 dm3mol�1 cm�1),
228 (25690), and 254 nm (28770), and a shoulder at about
236 nm (
� 18690 dm3mol�1 cm�1) ; complex 2 shows two
absorption bands at �max� 223 (
� 37100 dm3mol�1 cm�1) and
273 nm (12640). Under the same conditions, the absorption
spectrum of 1 is somewhat different from that of 2 ; there is an
intense absorption band at 239 nm (
� 34470 dm3mol�1 cm�1)
and a broad absorption consisting of three shoulder bands at

Figure 3. UV/Vis absorption spectra of 1 ± 3 in CH3OH at room temper-
ature.

about 257 (
� 20000dm3mol�1 cm�1), 280 (11560), and
310 nm (4060). The 273 nm band of 2 is similar to the
272 nm band of [Pd2(CN)4(dppm)2];[2b] both are broad and

Table 2. Selected bond lengths [ä] and angles [�] of 1 and 2.

1 ¥ 2.5H2O
Pd1�P1 2.351(2) Pd1�C1 2.001(7)
Pd1�P2 2.349(2) Pd1�C2 2.013(7)
Pd2�P3 2.336(2) Pd2�C3 2.015(9)
Pd2�P4 2.343(2) Pd2�C4 1.975(8)
N1�C1 1.146(8) N3�C3 1.14(1)
N2�C2 1.132(8) N4�C4 1.143(9)
Pd1 ¥¥¥ Pd2 3.0432(7)
Pd1-Pd2-P3 88.75(5) Pd2-Pd1-C1 86.3(2)
Pd2-Pd1-P1 91.66(4) Pd1-Pd2-C3 97.4(2)
Pd1-Pd2-P4 88.74(4) Pd2-Pd1-C2 96.3(2)
Pd2-Pd1-P2 90.90(4) Pd1-Pd2-C4 86.8(2)
P1-Pd1-P2 176.97(6) P3-Pd2-P4 177.46(6)
P1-Pd1-C1 88.7(2) P3-Pd2-C4 94.7(2)
C1-Pd1-C2 177.4(3) C3-Pd2-C4 175.7(3)

2
Pd1�P1 2.3123(4) Pd1�P2 2.3147(4)
Pd1�C1 2.004(1) Pd1�C2 2.002(1)
N1�C1 1.144(2) N2�C2 1.132(2)
Pd1 ¥¥¥ Pd1A 3.307(4)
C1-Pd1-C2 174.01(3) P1-Pd1-P2 176.31(1)
N1-C1-Pd1 177.1(1) N2-C2-Pd1 174.5(1)
C1-Pd1-P1 90.50(4) C1-Pd1-P2 90.70(4)
C2-Pd1-P1 89.11(4) C2-Pd1-P2 90.06(4)
P1-Pd1-Pd1A 91.0(3) P2-Pd1-Pd1A 85.4(3)
C2-Pd1-Pd1A 68.68(3) C1-Pd1-Pd1A 117.30(3)

Table 3. Spectroscopic and photophysical properties of 1 ± 3 and some related complexes.

Complex Medium �abs [nm] (
 [dm3mol�1 cm�1]) �em [nm]/� [�s]

[Pd2(CN)4(dcpm)2] (1) CH3OH 203 (30230), 239 (34470), 257 (20000), 280 (11560), 310 (4060) nonemissive
CH2Cl2 237 (39700), 257 (22960), 285 (11580), 310 (4890) nonemissive
solid nonemissive
solid[a] 503/19
glass[a] 490/170

[Pd2(CN)4(dmpm)2] (2) CH2Cl2 230 (23290), 275 (12730) nonemissive
CH3OH 223 (37100), 273 (12640) nonemissive
Solid[a] 493/1.7

trans-[Pd(CN)2(PCy3)2] (3) CH3OH 205 (19210), 228 (25690), 236 (18690), 254 (28770) nonemissive
[Pd2(CN)4(dppm)2][b] CH2Cl2 272 (52000), 359 (500)
trans-[Pd(CN)2(PnBu3)2][c] CH3CN 200 (25500), 221 (22200), 228 (24800), 244 (22700)
[Pd(DEPE)2](PF6)2[c] CH3CN 211 (29500), 221 (29000), 242 (31000), 253 (24000)

[a] At 77 K. [b] From ref. [2b]. [c] From ref. [22].
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Figure 4. Variable-temperature UV/Vis absorption spectra of 1 in CH3OH
at 298, 288, 273, 263, 233, 223, and 213 K.

unsymmetrical with absorption profile tails from the peak
maxima to about 350 and 400 nm in 2 and [Pd2(CN)4(dppm)2],
respectively. We believe that these unsymmetrical absorption
tails could have an electronic origin similar to that of the
shoulder at about 310 nm in 1.

As discussed below, the absorption spectrum of 1 is
different from the excitation spectrum measured in glassy
solution at 77 K at the 290 ± 330 nm spectral region. This
prompted us to record its absorption spectrum at low temper-
ature. Spectra measured between 298 and 213 K are depicted
in Figure 4. The structureless absorption at 290 ± 350 nm at
298 K becomes a distinct absorption peak at �max� 291 nm at
213 K. We propose that the molecular structure of 1 at 213 K
is different from that at room temperature; presumably,
shortening of the Pd ¥¥¥ Pd separation occurs at low temper-
ature.

Emission spectra : Complexes 1 and 2 are nonemissive at room
temperature but display emission at 77 K. Figure 5 shows the
emission spectra of 1 and 2 in the solid state at 77 K and of 1 in
glassy solution (CH3OH/EtOH 4/1) at 77 K; the correspond-
ing excitation spectrummonitored at the 490 nm emission of 1
in glassy solution at 77 K is also depicted. The photophysical
data are summarized in Table 3. Complex 1 emits at 503 nm in
the solid state (77 K) and at 490 nm in glassy solution
(CH3OH/EtOH 4/1, 77 K) with emission lifetimes in the
microsecond regime. The excitation spectrum of 1 recorded in
glassy solution features three distinct peak maxima at 242,
265, and 299 nm. This is comparable to the absorption
spectrum of 1 in CH3OH at 213 K. Complex 2 shows an
emission at 493 nm with a lifetime of 1.7 �s in the solid state at
77 K.

Results of calculations : [Pd2(CN)4(�-H2PCH2PH2)2]: Opti-
mized geometrical parameters of the ground state of

Figure 5. Excitation (––) and emission (����) spectra of 1 in glassy
solution (CH3OH/EtOH 4/1 at 77 K) and emission spectra of 1 (- - - -) and 2
(�±�±) in the solid state at 77 K.

[Pd2(CN)4(�-H2PCH2PH2)2] are summarized in Table 4. For
both models A and B (C2 and Ci symmetry, respectively; see
Experimental Section), these parameters are similar, except
that the optimized Pd ¥¥¥ Pd distances are different (3.107 ä
for model A and 3.355 ä for model B). The shorter optimized
Pd ¥¥¥ Pd distance of model A compared to model B is

consistent with the shorter Pd ¥¥¥ Pd distance in 1 (pseudo-C2

symmetry, 3.0432(7) ä) than in 2 (Ci symmetry, 3.307(4) ä),
as revealed by X-ray structure determinations. The other
optimized geometry parameters are also consistent with the
corresponding bond lengths and angles of 1 and 2 in their
X-ray crystal structures.

Compositions of high-lying occupied MOs that have 4d(Pd)
parentage and of low-lying unoccupied MOs for models A
and B are summarized in the Supporting Information. A
simplified qualitative MO diagram is depicted in Figure 6.
Because the electronic structures of the ground states of
models A and B are similar (vide infra), and the Ci symmetry
of model B facilitates assignment of the electronic transitions,
we only performed CIS calculation on model B. The results
are summarized in Table 5.

[{trans-[Pd(CN)2(PH3)2]}2]: Optimized geometrical parame-
ters of trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(CN)2(PH3)2]}2]
are listed in Table 6. For the monomer, structural data

Table 4. The main optimized geometrical parameters for [Pd2(CN)4(�-
H2CH2PH2)2].

Calcd (A) Exptl (1) Calcd (B) Exptl (2)

Bond lengths [ä]
Pd ¥¥¥ Pd 3.107 3.0432(7) 3.355 3.307(4)
Pd�P 2.357 2.3447(2) 2.350 2.3135(4)
Pd�C 2.020 2.001(8) 2.020 2.003(1)
C�N 1.224 1.140(7) 1.224 1.138(2)
P�H 1.422 1.423
C�H 1.104 1.106

Bond angles [�]
P-Pd-Pd 90.5 90.01(4) 90.4 88.2(3)
C-Pd-Pd 93.8 91.7(2) 92.6 92.99(3)
P-Pd-P 179.1 177.21(6) 179.3 176.31(1)
C-Pd-C 172.4 176.35(3) 174.9 174.01(5)
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Figure 6. Simplified MO diagram showing the higher energy occupied
MOs with large 4d(Pd) contributions for models A and B of [Pd2(CN)4(�-
H2PCH2PH2)2].

obtained with two different basis sets are similar. For the
dimer, the optimized Pd ¥¥¥ Pd distance in the skewed geom-
etry calculated with the b1/b2 basis set is 0.38/0.28 ä shorter
than those in the eclipsed geometry. This is consistent with the
X-ray structural data: the Pd ¥¥¥ Pd distance in 1 (3.0432(7) ä,
the PdP2(CN)2 units are skewed, see above) is 0.26 ä shorter
than that in 2 (3.307(4) ä, the PdP2(CN)2 units are eclipsed).
The other optimized geometric parameters of the dimer
[{trans-[Pd(CN)2(PH3)2]}2] with the two different basis sets are
similar. In both the skewed and eclipsed dimers, the P-Pd-Pd
angle is within 4 ± 7� of 90�, and each trans-[Pd(CN)2(PH3)2]
unit is not coplanar. We used this optimized dimer structure to
calculate the interaction energy. The calculated interaction
energy curves are depicted in Figure 7.

Figure 7. Interaction-energy curves of [{trans-[Pd(CN)2(PH3)2]}2], calcu-
lated by the CP method.

Discussion

X-ray crystal structures : The Pd ¥¥ ¥ Pd distances of 3.0432(7) ä
in 1 and 3.307(4) ä in 2 are longer than those in the Pd2

complexes mentioned in the Introduction. They are compa-
rable to the values of 3.465(1) and 3.209(1) ä in discrete
stacked molecules of cis-[Pd{o-C6H4N(O)O}2],[20] and
3.276(1) ä in [Pd2(CN)4(dppm)2].[2b] The Pd ¥¥¥ Pd distance
in 1, however, is shorter than the intermolecular Pd ¥¥ ¥ Pd
separation of 3.37 ä in crystal chains of Ba[Pd(CN)4] ¥ 4H2O
at room temperature[21] and the sum of the van der Waals radii
(3.26 ä).[17]

Table 5. Calculated low-lying dipole-allowed electronic transitions of [Pd2(CN)4(�-H2PCH2PH2)2] (model B).

Transition[a] �calcd [nm] Oscillator strength Assignment �exptl [nm] in [Pd2(CN)4(L)2]

L� dcpm (1) dmpm (2) dppm
X1Ag�A1Au 303 0.0004
28ag� 34au, 36au d�� [(sp)*� ��(ligand)], (sp)*�
29au� 34ag, 35ag d*� ��(Pligand), [(sp)��d���(Pligand)]
X1Ag�B1Au 289 0.0016 270 ± 350 270 ± 340 270 ± 400
22au, 30au� 35ag d�, �(CN)� [(sp)�� d���(Pligand)]
23ag, 33ag� 34au d*� , �(CN)� [(sp)*� ��(ligand)]
23ag, 33ag� 36au d*� , �(CN)� (sp)*�

[a] The depicted MO transitions have �CI � coefficients � 0.2.

Table 6. Partial optimized structural parameters (bond lengths [ä] and
angles [�] in trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(PH3)2(CN)2]}2] with b1
and b2 basis sets.

Monomer b1 b2

Pd�P 2.319 2.319
Pd�C 1.992 1.982
C�N 1.188 1.190
P�H 1.421 1.423
H-P-Pd 116.0 116.0
dimer b1, skewed b1, eclipsed b2, skewed b2, eclipsed
Pd ¥¥¥ Pd 3.221 3.602 3.186 3.470
Pd�C 1.991 1.995 1.978 1.983
Pd�P 2.322 2.303 2.313 2.293
C�N 1.190 1.189 1.192 1.191
P�H 1.415 1.416 1.412 1.418
P-Pd-Pd 94.1 95.2 95.6 97.3
C-Pd-Pd 91.0 91.0 90.7 91.9
H-P-Pd 116.7 117.6 116.5 117.3
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Spectroscopic properties : The absorption spectrum of 3 is
similar to that of trans-[Pd(CN)2(PnBu3)2][22] with a
minor shift in absorption peak maximum; both
complexes exhibit absorption at �� 300 nm with 
 values
of 1.8 ± 2.9� 104 dm3mol�1 cm�1, assigned to 4d(Pd)�
[5p(Pd),3d(P),�*(CN)].[22] According to a previous theoret-
ical investigation, the 3d(P) orbitals play no significant role in
bonding.[23] However, the �*(P�R) orbitals lie at relatively
low energy and could act as acceptor orbitals.[23d]

We compared the absorption spectra of dinuclear PdII

complexes with those of mononuclear congeners. The intense
absorption band at 239 nm and the shoulder at about 257 nm
in 1 are related to the Pd�P unit, since mononuclear PdII

phosphane complexes display comparable bands; for exam-
ple, [Pd(DEPE)2](PF6)2[22] has absorption bands with �max�
242 (
� 31000 dm3mol�1 cm�1) and 253 nm (24000). The
band at 223 nm in 2 is also assigned to the absorption related
to the Pd�P unit by comparison with absorptions at �max�
228 nm in 3, 221 and 228 nm in trans-[Pd(CN)2(PnBu3)2], and
221 nm in [Pd(DEPE)2](PF6)2. The blue shift in absorption
maximum from 239 nm in 1 to 223 nm in 2 appears to
correlate with the corresponding decrease in Pd�P distances
(av 2.345 ä in 1 and 2.314 ä in 2). Here, the transition energy
decreases as the Pd�P distance increases. A similar relation-
ship was suggested for related trans-[Ni(CN)2(phosphane)2]
and [Ni2(CN)4(phosphane)2] complexes.[2f] The distinct in-
tense absorption bands at �� 270 nm with 
� 104

dm3mol�1 cm�1 in the dinuclear [Pd2(CN)4(phosphane)2]
complexes are absent in the absorption spectra of trans-
[Pd(CN)2(PCy3)2] and trans-[Pd(CN)2(PnBu3)2]. Therefore,
these absorption bands should be related to the PdII ± PdII

interaction.
The notable change in UV/Vis absorption spectrum of 1 at

�� 280 ± 350 nm when the temperature decreases from 298 to
213 K (Figure 4) suggests structural nonrigidity of this com-
plex. In solution, 1 may exist in several conformations with
slightly different Pd ¥¥ ¥ Pd separations at room temperature.
This is supported by the broadening of its 31P{1H} NMR signal
at lower temperatures. We propose fast dynamic interchange
between different conformations of 1 at room temperature,
and slowing of the exchange with decreasing temperature
accounts for broadening of the 31P{1H} NMR signal. In 2 and
[Pd2(CN)4(dppm)2],[2b] the respective intense absorption
bands with �max� 273 and 272 nm are broad with tailing
extending to about 350 and 400 nm, respectively; they are
similar to the distinct absorption of 1 at �max� 291 nm,
recorded at 213 K. The red shift of these absorption bands
relative to the absorption spectra of mononuclear congeners,
together with their spectral profile and large 
max values
(�104 dm3mol�1 cm�1), are reminiscent of the 1[nd*� � (n�
1)p�] transitions of dinuclear d8 ± d8 and d10 ± d10 complexes
that have been shown to have weak metal ±metal interactions.
The red shift of these lower energy absorption bands from 2
(�max� 273 nm in CH3OH) to 1 (�max� 291 nm in CH3OH at
213 K) is consistent with a shorter Pd ¥¥¥ Pd distance in the
latter. We propose that these absorption bands have 1(4d*� �
5p�) character. According to previous work on d8 ± d8 metal
complexes,[1, 2] the strongly dipole allowed nd*� � (n� 1)p�

transition is usually present as a distinct symmetric absorption

band with 
max� 104 dm3mol�1 cm�1. This is in contrast to the
absorption spectrum of 1 at �� 280 ± 350 nm measured in
CH2Cl2/CH3OH, which exhibits overlapping dipole-allowed
transitions. Indeed, ab initio calculations on the model
[Pd2(CN)4(�-H2PCH2PH2)2] revealed that the two low-lying
dipole-allowed electronic transitions are close in energy and
involve transitions from filled MOs that have 4d*� and 4d�

character to unoccupied MOs that have (5s5p)�(Pd) and
ligand character (see below). Thus, the absorption bands at
�� 270 nm in 1, 2, and [Pt2(CN)4(dppm)2] are assigned to
combinations of spin-allowed 4d*� � (5s5p)� and 4d��
(5s5p)� transitions.

These absorption bands are at higher energies than the
5d*� � 6p� transitions at 337 nm (
� 24100 dm3mol�1 cm�1) in
[Pt2(CN)4(dcpm)2], 328 nm (
� 24300 dm3mol�1 cm�1) in
[Pt2(CN)4(dmpm)2],[2f] and 324 nm (
� 10500 dm3mol�1 cm�1)
in [Pt2(CN)4(dppm)2].[2b] This is consistent with the larger nd ±
(n� 1)p splitting for PdII than for PtII.[24] Unlike its platinum
analogues, the spin-forbidden 4d*� � (5s5p)� and/or 4d��
(5s5p)� electronic transition in the [Pd2(CN)4(diphosphane)2]
complexes has not been recorded. Presumably, this is due to
the smaller spin-orbital coupling constant of PdII (
4d�
0.15�m�1) compared to PtII (
5d� 0.35�m�1).[25]

The emissions of 1 and 2 at 77 K are phosphorescence due
to their long lifetimes (in the microsecond regime). The
excitation spectrum of 1 recorded in glassy solution (CH3OH/
EtOH 4/1) at 77 K differs from its UV/Vis absorption
spectrum at room temperature but is similar to that at
213 K. The distinct absorption band at 299 nm in glassy
solution at 77 K is comparable to the absorption band at
291 nm in CH3OH at 213 K. The emissions of 1 and 2 at about
490 ± 500 nm have large Stokes shifts of 13000 ± 16000 cm�1

relative to the low-energy absorption bands at 291 (at 213 K)
and 273 nm in 1 and 2, respectively. The Stoke shifts between
the 1[5d*� � 6p�] absorption and 3[5d*� 6p�] emission energies
are 7000 ± 8000 cm�1 in [Pt2(CN)4(L)2] (L� dcpm or dmpm)[2f]

and [Pt2(P2O5H2)4]4�.[1] We propose that the emissions of 1 and
2 originate from an excited state that is not 3[4d*� (5s5p)�] in
nature but could be attributed to 3[4d�(5s5p)�].

The emissions at about 490 ± 500 nm in 1 and 2 at 77 K are
comparable to the phosphorescence of Ba[Pd(CN)4] ¥ 4H2O at
512 nm at 7 K,[18] which was proposed to originate from
intrachain Pd ±Pd interaction. Note that intrachain Pd ±Pd
interaction could affect the energy of the [4d�(5s5p)�] excited
state.

Ground-state electronic structure : To probe the ground state
metal ±metal interaction in dinuclear PdII complexes, we
analyzed the MO compositions in models A and B of
[Pd2(CN)4(�-H2PCH2PH2)2]. As shown in Figure 6 and Ta-
bles S1 and S2 (Supporting Information), the higher energy
occupied MOs 31a to 33b (HOMO) in A and 30ag to 33ag
(HOMO) in B are mainly CN ligand orbitals. The MOs 19a to
30a in A and 18au to 29au in B have large 4d(Pd) contributions.
We only consider these two sets of MOs.

In model A with C2 symmetry, the contributions of 4d(Pd)
and ligand orbitals to MOs 19a or 21b are similar. These MOs
are regarded as arising from Pd ± ligand interactions. The
MOs 20a, 20b, 21a, 22a, 23a, 23b, 24b, 25b, 28a, and 30a have
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mainly contributions from 4d(Pd) orbitals and could be
related to Pd ±Pd interaction. The other MOs have little Pd
character and are mainly ligand orbitals.

The MOs 20a and 23a are mainly composed of dxy(Pd) (52.1
and 54.5%, respectively) with some dx2�y2(Pd) character (18.6
and 11.1%, respectively) and are regarded as d� and d*�
orbitals. The MOs 20b and 23b with dxz(Pd) contributions of
84.5 and 80.9%, respectively, are d� and d�* orbitals. The MOs
24b and 25b with dyz(Pd) contributions of 76.3 and 56.1%,
respectively, are similarly assigned. The MO 25b with 38.8%
Pligand contribution presumably results from dyz(Pd) ± Pligand

interaction. The MOs 28a and 30a with dz2 contributions of
45.6 and 63.3%, respectively, are designated d� and d*�
orbitals. The MOs 21a and 22a have mixed dz2 , dx2�y2 , and dxy

characters; they are antibonding- and bonding like molecular
orbitals.

Since all d�, d�, d� , d�*, d*� , and d*� MOs are fully occupied,
no net bonding interaction is expected. However, we note that
there is some 5s(Pd) character in MOs 28a and 30a. The
5s(Pd) contribution toMO 28a (8.9%) is twice that inMO 30a
(4.1%). Perhaps the slight outweighing of 5s(Pd) in bonding
MO 28a relative to antibonding MO 30a results in weak Pd ±
Pd interaction. The calculated splittings of d�/d*� , d�/d*� , and
d�/d*� orbitals for MOs 20a/23a, 20b/23b and 24b/25b, and 28a/
30a are 0.99, 0.59 and 0.75, and 1.32 ev, respectively. These
splittings are smaller than those of the PtII analogue
[Pt2(CN)4(�-H2PCH2PH2)2] (0.7 ± 2.7 ev; the d�/d*� splitting is
2.66 ev).[2f] We infer that Pd ±Pd interactions should be much
weaker than Pt ±Pt interactions.

For model B with Ci symmetry, the electronic structure is
similar to that of model A. The MOs 19ag/21au, 22au/23ag and
22ag/24au, and 28ag/29au are d�/d�*, d�/d*� , and d�/d*� type
orbitals with calculated splittings of 0.86, 0.40 and 0.84, and
0.81 eV, respectively. The main difference between A and B
lies in the splittings of these metal ±metal-bonding orbitals
(see Figure 6). The shorter Pd ¥¥¥ Pd separation in model A
causes a slightly larger d�/d*� splitting.

Calculated electronic transitions : The two calculated low-
lying dipole-allowed electronic transitions occur at 303 and
289 nm in [Pd2(CN)4(�-H2PCH2PH2)2] (model B). As shown
in Table 5, these are combinations of a number of orbital
transitions with �CI � coefficients greater than 0.2.

For the 303 nm band, the 28ag� (34au, 36au) and 29au�
(34ag, 35ag) transitions have larger �CI � coefficients (�0.2).
As noted above, MOs 28ag and 29au are respectively d� and d*�
in nature. The MO 34ag is mainly the Pligand (74.6%) orbital
with some pz(Pd) parentage. The MO 34au is a combination of
(spz)*� with �(Pligand) and �*(CN), and has spz(Pd) and ligand
(Pligand�CN) contributions of 65.8 and 34.2%, respectively.
The MO 36au is mainly an (spz)*� orbital, with an spz(Pd)
contribution of 86.9%. The MO 35ag is a mixture of
spzdx2�y2(Pd) (53.9%) and Pligand (36.8%), which can be
characterized as [(sp)�� d���(Pligand)]. Therefore, the
303 nm band can be described as combination of d��
{[(sp)*� ��(ligand)],(sp)*� } and d*� � {�(Pligand), [(sp)��
d���(Pligand)]} transitions. The transition 29au� 35ag, which
can be described as d*� � [(sp)�� d���(Pligand)], has the
largest �CI � coefficient (0.37) among all the orbital transitions

that contribute to the calculated 303 nm band. Therefore, the
calculated transition band at 303 nm is not the same as the
conventional metal-centered nd*� � (n� 1)p� electronic tran-
sition.

For the calculated band at 289 nm, the transitions (22au,
30au)� 35ag, (23ag, 33ag)� 34au, and (23ag, 33ag)� 36au
have relatively large �CI � coefficients (�0.2). The MOs
22au and 23ag are d� and d*� orbitals, respectively. The MOs
30au and 33ag are mainly �(CN) orbitals. Therefore, the
calculated 289 nm band is assigned to a mixture of d�,
�(CN)� [(sp)�� d���(Pligand)], d*� , �(CN)� [(sp)*� ��(li-
gand)], and d*� , �(CN)� (sp)*� transitions.

In summary, the calculated absorption bands at 303 and
289 nm are combinations of many transitions involving MOs
that have both metal and ligand components. Furthermore,
the energy difference between these two calculated transition
bands is small (1599 cm�1). We attribute these two calculated
transitions being the electronic origin of the absorption at ��
270 nm in 1, 2, and [Pd2(CN)4(dppm)2].

Ground-state PdII ± PdII interaction energy : The interaction
energy curves obtained with the b1 and b2 basis sets are
similar. As depicted in Figure 7, the interaction energy curves
are attractive for the skewed dimer [{trans-[Pd(CN)2-
(PH3)2]}2], but repulsive for the eclipsed dimer at both HF
andMP2 levels (for simplification, only the results with the b2
basis set for eclipsed geometry are shown in Figure 7). Hence,
PdII ± PdII interaction in the ground state of 1, which displays a
skewed geometry for the two PdP2(CN)2 units, is confirmed.
Complex 2 with the two PdP2(CN)2 units in an eclipsed
geometry and a longer Pd ¥¥¥ Pd separation does not have a
Pd ±Pd interaction.

The correlation attractive effects (at the MP2 level) are
normal for weak interaction systems.[26] However, the attrac-
tive character at the HF level for the skewed dimer differs
from previous reports on d10 metal dimers; for example, the
calculated interaction energy curves for (ClAuPH3)2[27, 28] and
(X-M-PH3) (M�Cu, Ag, Au; X�H, Cl)[29] both exhibit
repulsive trends at the HF level.

Here, for the skewed [{trans-[Pd(CN)2(PH3)2]}2] dimer, the
electrostatic dipole ± dipole interaction vanishes. The induc-
tion interaction is usually neglected since it is rarely the
predominant source of attraction between molecules.[26] The
HF interaction energy �E(HF) mainly results from short-
range interaction, which arises from intermolecular Coulomb
and exchange terms involving electrons on different mono-
mers. Alternatively, the electron clouds of the two trans-
[Pd(CN)2(PH3)2] molecules interpenetrate each other, which
brings about charge overlap and exchange effects.

The metallophilic attraction between monovalent d10 metal
ions is referred to as a closed-shell interaction. However, the
d8 metal complexes of PtII and PdII are not good examples of
closed-shell systems. The unoccupied valence nd shell is liable
to hybridize with the upper (n� 1)s,p shell. Hence, the
interaction between d8 metal ions such as PdII cannot be
described by correlation effects alone.

The well depth of the interaction energy curve for the
skewed structure is pronounced, with a �E value of about
�0.67 eV (�15.5 kcalmol�1) at r(Pd�Pd)� 3.46 ä and
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�0.69 eV (�15.9 kcalmol�1) at r(Pd�Pd)� 3.41 ä at the MP2
level, and �0.32 eV (�7.4 kcalmol�1) at r(Pd�Pd)� 3.78 ä
and �0.23 eV (�5.3 kcalmol�1) at r(Pd�Pd)� 3.76 ä at the
HF level with the b1 and b2 basis sets, respectively. However,
the values of �0.67 or �0.69 eV at the MP2 level cannot be
regarded as the bonding interaction energy of PdII ± PdII

because the curves cannot reach the zero point even at
r(Pd�Pd)� 4.5 ä (�E��0.32, �0.23 eVat the MP2 and HF
levels with b1,�0.32,�0.14 eVat the MP2 and HF levels with
b2). We assume that PdII ± PdII orbital interaction should
vanish at r(Pd�Pd)� 4.5 ä (long Pd ¥¥ ¥ Pd separation), and
this assumption should be reasonable because the attractive
character of the �E value at r(Pd�Pd)	 4.5 ä can only
originate from the long-range van der Waals interaction,
which arises from electrostatic, inductive, and dispersion
interactions [see Experimental Section, Eq. (3)] and should
not have contributions from metal ±metal bonding. Under
this assumption, the well depth can be corrected by the �E
value at r(Pd�Pd)� 4.5 ä, and the corrected values are
�0.35 eV (�8.1 kcalmol�1, b1) and �0.37 eV
(�8.5 kcalmol�1, b2) at the MP2 level, and �0.09 eV
(�2.1 kcalmol�1) at the HF level. These corrected values
can be compared to the weak cuprophilic and argentophilic
interaction energies of ca. 4 ± 9 kcalmol�1 calculated by Stoll
et al.[29] and Schwerdtfeger et al.[30] for a number of model
compounds. These results indicate that PdII ± PdII interaction
is weaker than aurophilicity; the well-documented AuI ±AuI

interaction energy can be as large as 7 ± 10 kcalmol�1.[31]

Alvarez et al.[32] reported metal ±metal bonding energies of
9.1 and 19.9 kcalmol�1 in [{PtCl2(CO)2}2] and [{trans-
[PtCl2{HNCH(OH)}2]}2]. Our calculated value for [{trans-
[Pd(CN)2(PH3)2]}2] is much smaller than these.

We note that the calculated req(Pd�Pd) of 3.41 or 3.46 ä at
the MP2 level is longer than the Pd ¥¥¥ Pd separation of
3.0432(7) ä in 1 and the optimized Pd ¥¥¥ Pd distance of ca.
3.2 ä in the skewed [{trans-[Pd(CN)2(PH3)2]}2]. This may
have several reasons. First, the two Pd atoms in the theoretical
model are unbridged, whereas those in 1 are bridged, and the
presence of a bridging group will shorten the metal ±metal
distance. Second, the interaction-energy curve does not
describe the absolute minima on the interaction-energy
surface of [{trans-[Pd(CN)2(PH3)2]}2], since only the coordi-
nate of the Pd�Pd distance was varied during calculation.
Furthermore, the PdII ± PdII interaction can occur over a range
of Pd ¥¥¥ Pd separations. At r(Pd�Pd)� 3.0 ä (the Pd ¥¥ ¥ Pd
separation in 1), the interaction energy curve at the MP2 level
is attractive. The equilibrium separation is also affected by the
ligands ligating the metal atoms. Metal complexes with bulky
ligands usually exhibit long equilibrium metal ±metal distan-
ces, as suggested by Pyykkˆ et al..[28] Although the results of
the calculation provide qualitative evidence for this, the
conclusion on the attractive interaction in the skewed dimer is
confirmed.

Conclusion

We have examined the PdII ± PdII interaction in dinuclear
[Pd2(CN)4(�-diphosphane)2] complexes by spectroscopy and

ab initio calculations. The intense absorption bands at ��

270 nm in 1, 2, and [Pd2(CN)4(dppm)2] could be related to
PdII ± PdII interactions. Weak but attractive PdII ± PdII inter-
action in the ground state was verified by calculations at the
MP2 level.

Experimental Section

General : The starting materials [PdCl2(L)] (L�dcpm, dmpm) were
prepared following a procedure similar to that for [PdCl2(dppm)]. [19] The
mononuclear complex 3 was prepared by a method similar to that for trans-
[Pd(CN)2(PnBu3)2].[22] 1H and 31P NMR spectra were recorded on a Bruker
DRX-500 multinuclear FT-NMR spectrometer. Chemical shifts (�/ppm)
were reported relative to tetramethylsilane (1H NMR) and 85% H3PO4

(31P NMR). Infrared spectra were obtained on a Bio-Rad FTS-165
spectrometer. Room-temperature UV/Vis spectra were obtained on a
Hewlett-Packard 8453 diode-array spectrophotometer, and the variable-
temperature spectra were recorded on a Perkin Elmer Lambda 900
spectrophotometer. Positive-ion FAB mass spectra were recorded on a
Finnigan MAT95 mass spectrometer. Elemental analyses were performed
by the Institute of Chemistry, the Chinese Academy of Sciences.

[Pd2(CN)4(�-dcpm)2] (1): [PdCl2(dcpm)] (0.130 g, 0.22 mmol) was sus-
pended in CH3OH (10 mL). A methanolic solution (15 mL) of NaCN
(0.024 g, 0.49 mmol) was added dropwise to give a colorless solution. After
reaction for 10 h, the solvent was removed and a white solid was obtained,
which was washed with water and dried. Yield: 0.09 g (70%). Crystals for
X-ray crystallography were obtained by slow evaporation of a CH3OH
solution. 1H NMR (CDCl3): �� 2.82 (m, CH2), 1.25 ± 2.50 ppm (m, Cy);
31P{1H} NMR (CD3OD): �� 28.59 (s, 20 �C); 28.49 (s, 0 �C); 28.37 (s,
�20 �C), 28.26 (�40 �C); 28.09 ppm (s, �60 �C); IR (KBr disk): �� �
2125 cm�1 (C�N); MS (FAB, �ve): m/z : 1108 [M�CN]� ; elemental
analysis (%) calcd for C54H92N4P4Pd2 ¥H2O (1152.10): C 56.30, H 8.22, N
4.86; found: C 56.03, H 8.50, N 4.53.

[Pd2(CN)4(�-dmpm)2] (2): This complex was prepared by a method similar
to that for 1. Yield: 82%. 1H NMR (CDCl3): �� 1.98 (m, CH2); 1.51 ±
1.54 ppm (CH3); 31P{1H} NMR (CDCl3/CD3OD): ���5.13 (s, 20 �C);
�4.97 (s, 0 �C); �4.79 (s, �20 �C); �4.60 (s, �40 �C); �4.38 ppm (s,
�60 �C); IR (KBr disk): �� � 2124 cm�1 (C�N); MS (FAB, �ve): m/z : 589
[M]� ; elemental analysis (%) calcd for C14H28N4P4Pd2 (589.14): C 28.54, H
4.79, N 9.51; found: C 28.57, H 4.80, N 9.50.

trans-[Pd(CN)2(PCy3)2] (3): A solution of [PdCl2(PCy3)2] (0.120 g,
0.16 mmol) and NaCN (0.015 g, 0.30 mmol) in methanol (20 mL) was
refluxed for 10 h to give a colorless solution. After removal of solvent, the
white product was washed with water and dried. Yield: 0.11 g (87%).
1H NMR: (CDCl3): �� 1.20 ± 2.75 ppm (m, Cy); 31P{1H} NMR (CDCl3):
�� 40.36 ppm (s); IR (KBr): �� � 2124 cm�1 (C�N); MS (�ve FAB): m/z :
719 [M]� ; elemental analysis (%) calcd for C38H66N2P2Pd (719.31): C 63.45,
H 9.25, N 3.89; found: C 63.65, H 9.49, N 3.22.

Computational details : All calculations were performed on the High
Performance Computing Cluster with the Gaussian98 program package.[33]

[Pd2(CN)4(�-H2PCH2PH2)2]: In this work, [Pd2(CN)4(�-H2PCH2PH2)2]
was used as a model of 1 and 2 for calculations. The ground-state structures
were partially optimized at the second-order M˘ller ± Plesset (MP2)
level.[34] Based on the optimized ground state structures, single-excitation
configuration interaction (CIS)[35] calculations for low-lying dipole-allowed
electronic transitions were undertaken. In crystalline form, 1 has pseudo-C2

symmetry, and 2 has Ci symmetry. Therefore, the model molecule
[Pd2(CN)4(�-H2PCH2PH2)2] was optimized with C2 (model A) and Ci

(model B) symmetry, respectively. In the model molecule, the z axis is
coincident with the Pd�Pd vector, and the y axis is set parallel to the C�C
vector of two CH2 units. For the sake of simplicity, we only performed CIS
calculations on [Pd2(CN)4(�-H2PCH2PH2)2] with Ci symmetry. In the
calculations, the quasirelativistic pseudopotentials of Pd and P atoms
proposed by Hay and Wadt[36] with 18 and 5 valence electrons (VE),
respectively, were employed. The LANL2DZ basis sets were adopted for
all atoms.
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[{trans-[Pd(PH3)2(CN)2]}2]: The PdII ± PdII interaction of ground state
[{trans-[Pd(CN)2(PH3)2]}2] was calculated. Two sets of basis sets were used
for the Pd atom: one (set b1) is the LANL2DZ set used for [Pd2(CN)4(�-
H2PCH2PH2)2] but with addition of a diffuse f-polarization function (�f�
0.14), and the other (set b2) is the 18-VE quasirelativistic (QR)
pseudopotential and basis set of Andrae[37] with an additional diffuse
f-polarization function (�f� 0.10). The diffuse f orbital exponents were
obtained by maximizing the Pd(0) MP2 electric-dipole polarizability. For P
atoms, the LANL2DZ basis set and pseudopotential was used. A d-polar-
ization function (�d� 0.334[38]) was added. For C, N, and H atoms, the
standard 6-31g* basis sets were used.

The structures of trans-[Pd(CN)2(PH3)2] (C2h symmetry) and [{trans-
[Pd(CN)2(PH3)2]}2] were optimized at the MP2 level. The dimeric [{trans-
[Pd(CN)2(PH3)2]}2] molecule was arranged to have either an eclipsed or a
skewed geometry (Scheme 1), and its structure was optimized in each case.

The P-Pd-Pd and C-Pd-Pd angles were not kept constant but optimized.
The optimized trans-[Pd(CN)2(PH3)2] and [{trans-[Pd(CN)2(PH3)2]}2] struc-
tures were used for calculating the PdII ± PdII interaction energy by varying
the r(Pd�Pd) value and maintaining the other structure parameters. The
interaction energies were obtained according to Equation (1); the counter-
poise (CP) corrections for basis-set superposition errors (BSSE)[39] were
taken into account.

�Ecp�E
Pd2�
Pd2 � 2E
Pd2�

Pd �Vint(r) (1)

The term �Ecp is the interaction energy with CP corrections, E
Pd2�
Pd2 is the

energy of the [{trans-[Pd(CN)2(PH3)2]}2] dimer, which was calculated on the
optimized geometry with varying r(Pd�Pd) distances, and E
Pd2�

Pd is the
energy of trans-[Pd(CN)2(PH3)2] monomer at different r(Pd�Pd) values,
calculated by the CP method[39] (see Scheme 2).

An alternative partitioning of the interaction energy of Equation (1) is
given in Equation (2), where �E(HF) is the interaction energy evaluated
from self-consistent field (SCF) calculations at the Hartree ± Fock (HF)
level, and �E(2) is the second-order correlation interaction energy.

�E(MP2)��E(HF)��E(2)�Vint(r) (2)

The intermolecular potential Vint can be partitioned into short-range
(Vshort), electrostatic (Velect), induction (Vind), and dispersion (Vdisp) con-
tributions[26] [Eq. (3)].

Vint�Vshort�Velect�Vind�Vdisp (3)

It is common practice to associate the HF term �E(HF) with the sum of
Vshort , Velect , and Vind , while the �E(2) [Eq. (2)] electron-correlation term is
associated with dispersion (Vdisp).[26]

We fitted the calculated interaction energy points using the Morse type
potential, as described by Equation (4).[40]

�E(r)�D{[1� exp(�a[r� r0])]2� 1} (4)

Photophysical measurements : Steady-state emission and excitation spectra
at room temperature and 77 K were obtained on a Spex 1681 Flurolog-2
Model F111AI fluorescence spectrophotometer equipped with a Hama-
matsu R928 PMT detector. The spectra at 77 K in the solid state and at 77 K
in glassy solution inMeOH/EtOH (4/1) were recorded on samples in quartz

tubes immersed in a quartz-wall optical Dewar flask filled with liquid
nitrogen. For measurements of solution emission spectra at room temper-
ature, the solutions were subjected to four freeze/pump/thaw cycles prior to
measurements. The emission lifetime was measured by time-resolved
photon counting with Multi-Channel Scaler/Averager Model SR430.

X-ray structure determinations : Graphite-monochromatized MoK� radia-
tion (�� 0.71073 ä) was used. For 1 ¥ 2.5H2O, crystal data were collected at
301 K on an MAR diffractometer with a 300 mm image-plate detector. The
images were interpreted and intensities integrated by using the program
DENZO.[41] The structure was solved by Patterson methods, expanded by
Fourier methods (PATTY[42]), and refined by full-matrix least-squares
methods (TeXsan[43]) on a Silicon Graphics Indy computer. The crystallo-
graphic asymmetric unit consists of one formula unit with O(3) of the third
water molecule at a special position. Three of the C atoms of one of the
cyclohexyl rings bonded to P(4) were placed at two alternate positions such
that C(52), C(52�), C(53), C(53�), C(54) and C(54�) all had half occupancy.
In the least-squares refinement, 64 non-H atoms were refined anisotropi-
cally, the disordered C atoms were refined isotropically, and 81 H atoms at
calculated positions with thermal parameters equal to 1.3 times that of the
attached C atoms were not refined. H atoms of the disordered cyclohexyl
ring and the water molecules were not included in the calculation. For 2, the
diffraction experiment was performed at 294 K on a Bruker SMART CCD
diffractometer. The crystal structure was determined by direct methods and
refined by full-matrix least-squares methods on F 2 (SHELXL97[44]) on a
PC.

CCDC-200046 (1) and CCDC-200047 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (�44) 1223 ± 336 ± 033; or deposit@ccdc.cam.uk).
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