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bstract

The structures of trans-[Pd2X4(PH2CH2PH2)2] (X = Cl (1), Br (2) and I (4)) and [Pd2(μ-I)2I2(PH2CH2PH2)2] (3) in the ground and excited states

ere optimized by the MP2 and unrestricted MP2 methods. It is shown that upon excitation the Pd–Pd distances shorten ca. 0.40 Å for 1, 2 and 4
ut lengthen ca. 0.10 Å for 3. This is rationalized by their electronic structures in the excited states and spectroscopic calculations. On the basis
f such structures, we predict the absorption and emission spectra of 1–3 in the CHCl3 solution at the time-dependent density functional theory
TD-DFT) level. Experimental absorption spectra are well reproduced by theoretically simulated spectra.

a
s
i
t
a
p
a
[

t
[
i
e
t
u
t

2006 Elsevier B.V. All rights reserved.

eywords: Palladium(II) complexes; Spectroscopic properties; Excited state

. Introduction

Binuclear d8 complexes have attracted considerable atten-
ion from synthetic and material chemists because of their
ovel structural characteristics and also because of the pos-
ibility of their distinct solid state properties [1]. The d8

etal such as Pt(II), Pd(II) usually forms the square-planar
etracoordinate structures with a wide range of ligands, result-
ng in an abundance of complexes [1–10]. The discovery of
he famous complex, [Pt2(pop)4]4− (pop = P2O5H2

2−) [9,10],
reatly motivates researchers to seek the promising optical mate-
ials. Extensive spectroscopic investigations have indicated that
he triplet excited state, [Pt2(pop)4]4−*, can abstract hydro-
en atoms from a wide range of substrates, including alcohols,
ydrocarbons, silanes and stannanes, as well as halogen atoms
rom alkyl and aryl halides [9–11].
Special attention has been focused on the spectroscopic
nd structural properties of binuclear palladium(II) complexes
12–18]. For example, trans-[Pd2X4(PR2CH2PR2)2] (X = Cl
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nd Br, R = Me and Et; X = CN, R = Me, Cy and Ph) has been
tructurally characterized with a well-known Pd–Pd distance
n the range of 3.0–3.3 Å [16–18]. Their featured absorp-
ion and emission spectra are closely related to the halogen
toms and/or the palladium atoms. Despite their interesting
hotoluminescent and excited state properties, few theoretical
ttempts were made on the binuclear palladium(II) complexes
17,19].

So far, computational methods are sufficiently advanced
o allow calculation of excited states of large molecules
11,20–22]. Associated with the accurate experimental results,
t is possible to investigate systematically spectroscopic prop-
rties of transition metal complexes in theory. In the paper,
he second-order Møller-Plesset perturbation (MP2) [23] and
nrestricted MP2 (UMP2) optimizations were performed for
rans-[Pd2X4(PH2CH2PH2)2] (X = Cl (1), Br (2) and I (4))
nd [Pd2(μ-I)2I2(PH2CH2PH2)2] (3) in the ground and triplet
xcited states, respectively. Their absorption and emission spec-
ra estimated by the time-dependent density functional theory
TD-DFT) [24–26] were discussed in detail.

.1. Computational details
In the calculations, we used 1–3 to replace the
eal complexes trans-[Pd2X4(PR2CH2PR2)2] and [Pd2(μ-
)2I2(PR2CH2PR2)2] (X = Cl and Br; R = Me and Et) [18].
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he similar model was applied in many works to save
he computational resources [20,21,27,28]. Although a face-
o-face complex, trans-[Pd2I4(PR2CH2PR2)2, are not found
n experiment, we theoretically optimize its structure. Fur-
hermore, we explored the relative stabilities of 3 and 4
s well as [Pd2(μ-I)2I2(PMe2CH2PMe2)2] (5) and trans-
Pd2I4(PMe2CH2PMe2)2] (6). The C2h symmetry was adopted
or 1–6 in the calculations, consistent with the X-ray diffraction
rystal structures available [18].

All the calculations were carried out using the GAUSSIAN03
rogram package [29]. We used the effective core potentials
ECPs) of Hay and Wadt [30,31] for Pd, Cl, Br, I and P atoms. The
anL2DZ basis sets associated with the ECPs were employed.

n order to describe the molecular properties precisely, one
dditional function was implemented for Cl (αd = 0.514), Br
αd = 0.389), I (αd = 0.266) and P (αd = 0.34) [32]. The ground-
nd triplet excited-state structures of 1–4 were optimized by the
P2 and UMP2 methods, respectively. Based on the optimized

tructures of 1–3, we performed the Polarized Continuum Model
PCM) [33] calculations at the TD-DFT level to predict absorp-
ion and emission spectra in the CHCl3 solution. According to
hese results, we simulated their absorption spectra using the
aussian curve to compare with the reported spectra [18].

. Results and discussion

.1. Geometry optimizations on 1–4

Selected results from the geometry optimizations on 1–4 are
isted in Table 1, compared with values of the X-ray crystal
iffraction of trans-[Pd2X4(PMe2CH2PMe2)2] (X = Cl and Br)

nd [Pd2(μ-I)2I2(PMe2CH2PMe2)2] [18]. Their structures are
isplayed in Fig. 1 with the depicted coordinate orientation.

In the ground state, the MP2 optimized and experimental
eometry parameters for 1–3 are very close, although deviations

t
c
I
i

able 1
ptimized geometry parameters of trans-[Pd2X4(PH2CH2PH2)2] (X = Cl (1), Br (2) a
sing the MP2 and UMP2 methods, respectively

arametersa 1 2

1Ag Exp.b 3Au
1Ag Exp.b

ond length (Å)
Pd–Pd 3.240 3.352 2.841 3.234 3.350
Pd–P 2.316 2.313 2.348 2.314 2.317
P–C 1.874 1.871 1.876
Pd–X 2.333 2.305 2.378 2.475 2.435
Pd–Xa

Pd–Xb

P· · ·P 3.089 2.912 3.090

ond angle (◦)
P–Pd–P 176.2 174.9 178.3 176.4 174.8
P–Pd–Pd 88.1 90.9 88.2
X–Pd–X 170.6 173.9 159.3 166.2 168.3
X–Pd–Pd 94.7 100.4 96.9
X–Pd–P 86.2 87.4 85.0 87.2 88.3
X–Pd–P′ 94.1 93.0 94.7 93.2 92.3

a X: the halogen atom in the face-to-face isomer; Xa: the iodine atom on the axis o
b Experimental values from Ref. [18].
tobiology A: Chemistry 188 (2007) 287–292

etween theory and experiment are found for Pd–Pd distances.
or example, the calculated Pd–P and Pd–X bond lengths are
ell comparable to experimental values with the largest dif-

erence of 0.045 Å. In the calculations, the P–Pd–P angle of
76◦–177◦ and X–Pd–X angle of 160◦–171◦ for 1,2 and 4 indi-
ate that the Pd(II) atom takes the square-planar geometry, close
o experimental 175◦ and 170◦ (mean value), respectively. We
redict the X–Pd–Pd angles of the three complexes at 94.7◦,
6.9◦ and 100.1◦. This is consistent with the increasing repulsion
long Cl < Br < I in the face-to-face conformations. In contrast,
he Pd(II) atom of 3 forms five-coordination geometry.

An interesting structural feature for the binuclear metal com-
lexes is the shorter metal–metal separation. The calculated
d(II)–Pd(II) distances of 1–4 are 3.240, 3.234, 2.759 and
.192 Å. The first three are comparable to experimental dis-
ances of 3.352, 3.350 and 2.908 Å [18], respectively. Despite
uch a large difference, all the Pd–Pd distances are shorter than
he sum of the van der Waals radii (3.50 Å) [34], an important
ndicator whether the metal–metal interaction occurs or not. So
ur calculations can present a reasonable description for 1–4.
or a ring-skeleton structure complex, the bridging ligands pull

he two metal atoms in a closer distance, which results in the
ompulsive metal–metal interaction. So the metal–metal inter-
ction should be explicitly divided into compulsive and attractive
bonding) interactions. To explore whether the Pd–Pd interaction
n 1–4 is bonding or not, the frequency calculations were carried
ut at the MP2 level. Through carefully examining the vibra-
ional modes, no Pd–Pd stretching vibration is found. Therefore,
e conclude that no metal–metal bonding interaction is present,

onsistent with experimental reports [18].
In experiment, the face-to-face conformation complexes,
rans-[Pd2X4(PMe2CH2PMe2)2], were synthesized for the
hloride and bromide but the bridging conformation, [Pd2(μ-
)2I2(PMe2CH2PMe2)2], for the iodide. The optimizations on
somers, 3 and 4 as well as 5 and 6 (Table 1 and S-Table 1 of

nd I (4)) and [Pd2(μ-I)2I2(PH2CH2PH2)2] (3) in the ground and excited states

3 4

3Au
1Ag Exp.b 3Bg

1Ag
3Au

2.824 2.759 2.908 2.854 3.192 2.814
2.331 2.303 2.304 2.322 2.316 2.312
1.871 1.879 1.891 1.877 1.873
2.509 2.655 2.663

2.684 2.673 2.719
2.881 2.847 2.821

2.902 3.106 3.186 3.083 2.898

178.1 171.4 174.2 171.8 177.3 177.9
91.0 94.3 94.1 88.6 91.0

154.5 159.7 149.9
102.7 61.4 59.6 100.1 105.1

86.6 87.9 87.9
92.9 92.6 91.6

f Pd–Pd; Xb: the iodine atom bridging the two palladium(II) atoms.
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Fig. 1. Geometry structures of trans-[Pd2X4(PH2CH2PH2)2]

upplementary Materials) reveal the reason. The single-point
nergy calculations using the higher-level MP4 method demon-
trate that the total energies of bridging conformation complexes
3/5) are lower than those of face-to-face conformation com-
lexes (4/6). Therefore, the bridging isomer is relatively stable
or the palladium(II) iodide complex.

Compared with those in the ground states, the geometry
arameters in the triplet excited states change greatly. Upon exci-
ation, the Pd–Pd distances shrink by ca. 0.40 Å, the Pt–P bonds
engthen ca. 0.03 Å and the Pt–X bonds lengthen ca. 0.04 Å for
ace-to-face conformation 1,2 and 4; however, the elongation
ccurs in the Pd–Pd distance of 3. This should be correlated with
he promotion of electron into bonding or antibonding orbitals
etween the two Pd atoms.

.2. Absorption spectra of 1–3 in the CHCl3 solution
The combined calculations of TD-DFT (B3LYP) and PCM
n 1–3 were carried out to explore the transition properties of
bsorption spectra in the CHCl3 solution. The calculated transi-
ion energies (cm−1) and oscillator strengths are listed in Table 2,

i
r
p
c

able 2
alculated absorptions of 1 in the CHCl3 solution at the TD-DFT (B3LYP) level, ass

tates Conf. |CI Coeff.| > 0.2 Transition energy

1Bu 12bg → 13au 0.589 21,010
15bu → 16ag 0.314

1Au 12au → 16ag 0.646 23,150

1Bu 11bg → 13au 0.478 29,760
14bu → 16ag 0.449

1Bu 14bu → 16ag 0.513 31,650
11bg → 13au −0.488

1Bu 9bg → 13au 0.563 33,560
12bu → 16ag 0.308

1Au 14ag → 13au 0.553 35,340
13ag → 13au −0.330
10au → 16ag −0.203

a Oscillator strength.
b Experimental absorptions of trans-[Pd2Cl4(PR2CH2PR2)2] (R = Me and Et) fr
arentheses.
l (1), Br (2) and I (4)) and [Pd2(μ-I)2I2(PH2CH2PH2)2] (3).

-Table 2 and S-Table 3, together with the experimental spec-
ral data [18]. At the same time, the compositions of the frontier
olecular orbitals are summarized in S-Tables 4–6.
In Fig. 2, we have simulated the absorption spectra of 1

n solution on the basis of the TD-DFT/PCM calculations.
he theoretical spectra of 1 contain an intense absorption at
9,760 cm−1 and a weak peak at 23,150 cm−1. The experimental
pectra for trans-[Pd2Cl4(PR2CH2PR2)2] (R = Me and Et) [18]
xhibit absorption bands at 31,850 cm−1 (10,400 M−1 cm−1)
nd 26,460 cm−1 (2500 M−1 cm−1) (Fig. 2). Apparently, the
eneral spectral pattern of experimental spectra (dashed line)
s well reproduced by the calculated results (solid line). Our
tudies reveal the lower-energy absorptions are dominated by
he d → d and Cl → Pd charge transfer (LMCT) transitions
Table 2 and S-Table 4). Most orbitals in 1 mainly arise from
he Pd 4d and Cl 3p contributions. The calculated absorption
t 29,760 cm−1 has the largest oscillator strength of 0.112 and

s contributed by the 11bg → 13au and 14bu → 16ag configu-
ations. According to S-Table 4, the py(Cl) compositions are
redominant in 11bg and 14bu while 13au and 16ag have signifi-
ant dx2−y2 (Pd) characters. Thus, the absorption was attributed

ociated with the absorptions observed in the experiment

(cm−1) fa Exp. (R = Me)b Exp. (R = Et)b

0.001

0.009 26,460 (2500) 26,320 (2300)

0.112 31,850 (10,400) 31,250 (12,300)

0.001

0.008

0.005

om Ref. [18], and molar absorption coefficient (M−1 cm−1) listed between
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ig. 2. Simulated absorption spectra in water for 1 from the TD-DFT/PCM
alculations, together with experimental spectra from Ref. [18].

o a py(Cl) → dx2−y2 (Pd) charge transfer (LMCT) transition.
his agrees with experimental assignment for the most intense
bsorption peak [18]. Our calculations show that the A1Bu,
1Au and E1Bu excited states give rise to the dxz → dx2−y2 ,

z2 → dx2−y2 and dyz → dx2−y2 transition absorptions, respec-
ively; however, the 35,340 cm−1 absorption has the admixture
f the d → d and LMCT transitions.

Similar simulation of absorption spectra for 2 was performed
ccording to the TD-DFT/PCM results (a solid line in S-Fig.
), together with the experimental spectra (dashed line in S-Fig.
). Compared with our calculations on 1, although the frontier
olecular orbitals of 2 also are composed primarily of the Pd
and Br p orbitals, the contributions of Br atoms apparently

ncrease. This is related to the donating ability of Br > Cl. Con-
equently, the LMCT increases while the d → d decreases in
he absorptions of 2. For the bromide complex, the theoreti-
ally simulated absorption spectra possess three peaks at 32,680
shoulder), 25,250 and 20,700 cm−1. Among these, the last two

bsorptions correspond to the experimental absorption bands.
ccording to S-Tables 2 and 5, we attributed the two absorptions

o py(Br) → dx2−y2 (Pd) (LMCT) and dz2 → dx2−y2 transitions,
espectively.

t
t
e
t

able 3
D-DFT calculated emission energies (cm−1) of 1–3 in the gas phase and CHCl3 sol

omplexes State Medium Emission

3Au Gas 12,450
3Au Solution 12,720

3Au Gas 11,740
3Au Solution 11,950

3Bg Gas 15,650

3Bg Solution 16,260
tobiology A: Chemistry 188 (2007) 287–292

Because of its structural characteristics in having bridging
odine atoms, simulated spectra of 3 are apparently differ-
nt from those of 1 and 2. S-Fig. 2 (solid line) illustrates
hat the theoretical spectra of 3 contain four absorption bands
t 30,960, 25,250, 18,450 and 16,370 cm−1, more complex
han those of 1 and 2. Because, the donating ability increases
n going from Cl, Br to I, the frontier molecular orbitals
f 3 possess predominant p compositions of I atoms mixed
ith the Pd d orbitals. Therefore, the LMCT transitions are
ominant in absorption transitions as shown in S-Tables 3
nd 6. Reasonable agreement is found between the simu-
ated and experimental spectra (S-Fig. 2). We related our
alculated absorptions to experimental 31,250, 26,460, 18,730
nd 16,080 cm−1 of trans-[Pd2(μ-I)2I2(PR2CH2PR2)2] (R = Me
nd Et) [18], respectively. The three lower-energy absorptions
ere assigned as LMCT mixed with the d → d transitions,
hile the higher-energy absorption favors the d → d transition
roperties.

.3. Emission spectra of 1–3

To explore the emissive properties of 1–3, we performed
he TD-DFT calculations on the basis of the triplet excited-
tate structures. Emission energies (cm−1) in the gas phase and
HCI3 solution are listed in Table 3. The configurations con-

ributing to the emissions and their CI coefficients in the wave
unctions are very similar in the two media. Compared with that
n the gas phase, the solvent effect results in 200–600 cm−1 blue
hift of emission energies.

For the face-to-face complexes 1 and 2, they have identical
Au excited-state symmetry and 12au → 16ag excitation con-
guration; however, the different case occurs in 3 with the
ridging iodine ligands. We present the compositions of the
olecular orbitals involved in the emissive transitions in S-Table

. For 1, it is shown in the gas phase that 12au (HOMO) is
omposed of 61.6% dz2 and 28.0% pz(Cl) and 16ag (LUMO)
s formed by 35.9% dx2−y2 , 21.4% px(Cl) and 13.6 s(P). For

he emissive process, the electron should transfer from the
riplet excited state to the ground state. So, the gas phase
mission at 12,450 cm−1 was attributed to the dx2−y2 → dz2

ransition with some P → Pd charge transfer (LMCT). In the

ution based on the UMP2 optimized structures

energy (cm−1) Conf. |CI Coeff.| > 0.2

12au → 16ag 0.724
12au → 16ag 0.730

12au → 16ag 0.719
12au → 16ag 0.720

15bu → 12au 0.582
10bg → 17ag 0.385
14bu → 12au −0.212

15bu → 12au 0.566
10bg → 17ag 0.381
14bu → 12au −0.256



d Pho

e
A
p
T
t
t
s
s
t
m
δ

t
o
e
1

a
1
e
t
1
a
a
l
o
b
3
(
s

3

d
a
U
d
l
r
f
l

p
T
s
i
t
t
s
t
i
s
o
a
t
r
c

A

F
2
P
t
(

A

i

R

[
[

[

[

[

[

[

[
[

[

[
[
[

[
[

[
[
[

[

Q.-J. Pan et al. / Journal of Photochemistry an

xcited state of 1, the Pd–Pd distance is predicted at 2.841 Å.
t such a short distance, the Pd–Pd bonding interaction is
resent, which is reflected in the bonding 16ag (LUMO) orbital.
herefore, the 12,450 cm−1 emission was further attributed to

he δ(dx2−y2 ) → σ∗(dz2 ) mixed with LMCT transitions. When
he solvent effect is considered in the calculations, the emis-
ion blue-shifts to 12,720 cm−1. The interaction of 1 with the
olvent molecules stabilizes both 12au and 16ag orbitals rela-
ive to those in the gas phase, but the stabilization energy is

ore for the former. The solution emission also arises from the
(dx2−y2 ) → σ∗(dz2 ) transition mixed with the P → Pd charge
ransfer (LMCT). Similar analyses demonstrate that emissions
f 2 have similar δ(dx2−y2 ) → σ∗(dz2 ) and LMCT transitions
xcept for the increase of bromine participations in the 12au and
6ag orbitals.

In contrast to those of 1 and 2, emission of 3 has rel-
tively complex excitation configurations. The 15bu → 12au,
0bg → 17ag and 14bu → 12au configurations contribute to the
missions at 15,650 and 16,260 cm−1 in the gas phase and solu-
ion, respectively. Through the S-Table 7, the occupied 15bu,
0bg and 14bu orbitals possess the predominant iodine char-
cters (>70%) while the unoccupied 12au and 17ag orbitals
re composed of the Pd d orbital, phosphine ligand and iodine
igand. Among these orbitals, analyses on the wave functions
f the excited state show that 12au possesses the σ anti-
onding characters. Therefore, we assigned the emissions of
as σ∗(dx2−y2 , dz2 ) → py(I) (MLCT) and phosphine → py(I)

LLCT) transitions from the triplet excited state to the ground
tate.

. Conclusions

To explore spectroscopic properties of binuclear palla-
ium(II) complexes, the structures of 1–4 in the ground
nd triplet excited states were optimized by the MP2 and
MP2 methods. It is shown that upon excitation the Pd–Pd
istances greatly shorten ca. 0.40 Å for 1, 2 and 4 but
engthen ca. 0.10 Å for 3. The subsequent spectroscopic studies
eveal the promotion of electron into Pd–Pd bonding orbitals
or the former and into Pd–Pd antibonding orbital for the
atter.

On the basis of their optimized ground-state structures, we
redict absorption spectra of 1–3 in the CHCl3 solution at the
D-DFT level. The simulated absorption spectra are in rea-
onable agreement with experimental measurements. The most
ntense peak observed in experiment was theoretically attributed
o py(X) → dx2−y2 (Pd) (LMCT) for 1 and 2 and LMCT/d → d
ransitions for 3, consistent with experimental assignments. The
tudies on the electronic absorptions indicate the halogen con-
ributions apparently increase on going from 1–3 due to the
ncrease of the donating ability from Cl–I. Under the excited-
tate structures, TD-DFT predicts the phosphorescent emissions
f 1–3 at 12,450, 11,740 and 15,650 cm−1 in the gas phase,

ttributed to the, δ(dx2−y2 ) → σ∗(dz2 ) and σ∗(dx2−y2 , dz2 ) → I
ransitions, respectively. The introduction of the solvent effect
esults in 200–600 cm−1 blue shift of the emissions but does not
hange their transition properties.

[
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