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Electronic Structures and Spectroscopic Properties of [Pt(CNMe),(CN),],
(n = 1-4): A Theoretical Exploration of Promising Phosphorescent Materials
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The structures of [Pt(CNMe),(CN),], (n = 1-4) in the ground
states (Sp) and lowest-energy triplet excited states (T;) were
calculated by using the second-order Mgller-Plesset pertur-
bation (MP2) and density functional theory (DFT) methods,
respectively. The MP2 results show that the formation of the
dimer causes a significant red shift in emission energy, and
the frequency calculations reveal that a weak metal-metal
interaction exists in the S, state, which is greatly enhanced
in the ®[d,-p,] excited state. The aggregation of [Pt(CNMe),-
(CN),], (n = 1-4) was explored by using the slate-type VWN
functional in the DFT method. The 3B,—'A, transition in the
dimer at 509 nm corresponds to the experimental higher-

energy emission at 530 nm in CH3CN solution, while the
SA’—!A’ transitions in the trimer and tetramer at 557 and
650 nm, respectively, are responsible for the low-energy
emission at 584 nm observed experimentally. The analyses of
the Wiberg bond indices for the Pt-Pt bond indicate that the
dimer may be the most stable form in solution and that the
oligomer species (n = 3 and 4) can be treated as a special
dimer in which the excess z electron ligand is bonded to the
Pt atoms of the central dimer.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

In the past three decades, there has been a continuous
interest in luminescent platinum(IT) complexes. The distinc-
tive molecular and electronic structures that occur in d®
platinum(II) systems give rise to some unusual and poten-
tially useful excited-state properties, in particular, those
containing weak d®-d® interaction in the range of 2.7
3.5 AN Generally, Pt"-Pt!' contacts exist not only in the
solid state but also in solution. Unusual colors and strong
emissions, as well as highly anisotropic properties, are often
the result of such stacking interactions. Platinum(II) com-
plexes having a weak Pt-Pt interaction are classified into
two types: (a) dimers with bridging ligands connecting two
platinum(II) atoms??! and (b) one-dimensional (1D) linear-
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chain platinum(II) oligomers with a zigzag Pt-Pt—Pt chain
stacked equidistantly.l’]

Platinum(II) dimers have been extensively investigated in
the last century. For example, [Pt,(pop)s]* (pop> =
P,OsH,?>") with rich photophysical and photochemical
properties greatly motivated the study of binuclear d® com-
plexes.?4-204-111 The light-induced 3A,, excited state of
[Pto(pop)s]* is highly reactive. It reacts with a wide range
of quenchers by mechanisms that involve the platinum com-
plex as an oxidant, reductant, or atom-transfer reagent.
Coppens!!?? and Rillema!'?"! have investigated [Pty(pop)4]*
by DFT, and the featured absorptions and emissions were
attributed to the metal-localized 6*(d)—o(p) transition.
Another case is the well-studied trans-[Pty,(CN),-
(PR,CH,PR»),] (R = Me and cyclohexyl) and trans-
[Pto(CN)4(PPh,CH,PPh,),] complexes.>** 1 These plati-
num(II) dimers exhibit an intense emission both in the solid
state and in solution at room temperature in the visible re-
gion, which has been assigned to a o(p)—c*(d) (metal-cen-
tered, MC) transition. Recently, a great interest in 1D plati-
num(Il) linear structures has developed because they are
expected to play a critical role in the fabrication of nano-
devices with novel electrical, magnetic, and optical proper-
ties. The most-investigated 1D platinum(II) complex with a
linear-chain structure is platinum(Il) polypyridine.l’! Com-
pounds with polypyridyl ligands show intense luminescence
and typically exhibit n*(L)—dg« (Pt) emission from a
metal-metal-to-ligand-charge-transfer (MMLCT) excited
state. Furthermore, the nature and lifetime of the excited
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state of these complexes can be changed greatly through
modifying the ligands.

In our previous works, Wang and Che et al. found that
[Pt(CN#Bu),(CN),]*3! can form 1D Iuminescent nanowires
through weak Pt-Pt interactions, which are rare in the re-
ported self-assembly 1D architectures. As suggested, the
metal-localized 5dg«—6p, transition of [Pt(CN7Bu),-
(CN),], can lead to the effective construction of 1D func-
tional nanomaterials and intense green emission; the oligo-
merization of the monomers does impact on the lumines-
cence behavior and the electronic structures. In fact, similar
neutral platinum(IT) complexes with the general formulas
[Pt(CNR)4][Pt(CN),4] and [Pt(CNR),(CN),], (R = alkyl and
aryl) have been extensively studied by Mann and cowork-
ers.'Y However, their investigation was limited to their ap-
plication towards chemical sensors and their vapochromic
behavior, and there was little discussion on their lumines-
cence properties and the effect of oligomerization on the
luminescence and the electronic structures. Furthermore, to
the best of our knowledge, the luminescent properties for
oligomerized [Pt(CN7Bu),(CN),], have not been theoretic-
ally investigated for the platinum(IT) complexes.

In this paper, we have examined the ground- and excited-
state properties of [Pt(CNMe),(CN),], (n = 1-4) by using
ab initio and DFT calculations. We aimed at elucidating
three points: (1) the ground- and excited-state geometrical
and electronic structures of [Pt(CNMe),(CN),], (n = 1-4),
(2) the relationship between the weak Pt''-Pt! interaction
and the electronic structure as well as the luminescence
properties, (3) whether the oligomerization of the plati-
num(II) chain will strengthen the weak inter- and/or intra-
interaction in solution and lower the emission energies.
Here we present the study of the electronic structures, geo-
metrical structures, and spectroscopic properties.

Computational Details

[Pt(CNMe),(CN),] was used as the computational model
to represent the real complex [Pt(CNzBu),(CN),]. This
strategy was employed in our previous work to save compu-
tational cost, and it proved to be suitable for reproducing
the experimental results.[!%]

The electronic structures and emission spectra of mono-
mer [Pt(CNMe),(CN),] (1) and dimer [Pt(CNMe),(CN),]»
(2) were carried out with the Gaussian 03 program package
(G03).l' Full optimizations on the ground state (Sy) and
lowest-energy triplet excited state (T;) were performed at
the second-order Moller—Plesset perturbation (MP2) and
UMP2 levels of theory, respectively.l'”l On the basis of the
optimized T, geometries of the complexes, we employed the
time-dependent density functional theory (TDDFT)!®
method at the PBEO functional level' to predict the emis-
sion spectra. By considering the differences in the emission
spectra in gas and solution, the solvent effect of acetonitrile
was taken into account by using the polarizable continuum
model (PCM).12% The above calculations were performed by
using the LanL2DZ basis sets with effective core potentials
2182
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(ECPs) for the Pt atom proposed by Hay and Wadt.*!l To
describe the Pt-Pt interaction and the molecular properties
precisely, one additional function was implemented for the
Pt atom (a; = 0.14).2%

One of the objectives of this paper is to discuss whether
the formation of oligomers can affect the electronic struc-
ture and emission energy of [Pt(CNMe),(CN),],. However,
to achieve these goals with ab initio calculations will require
very long computational resources, because we are dealing
with large oligomers containing rather heavy atoms, the
modeling of which requires an extremely large number of
basis functions. Therefore, in order to pursue these goals,
we performed DFT calculations with relativistic effects by
using the Amsterdam Density Functional (ADF2005.01)
program.?’l As concluded by Pyykko,?# the weakly- or
non-overlapping systems are not reasonably calculated by
the DFT method, because the dispersion interaction of R ©
is not explicitly included in the present DFT method. Nev-
ertheless, in some recent papers, it was reported that the
experimental results of weak metal-metal bonding can be
reproduced by a simple local density functional (such as
SVWN or Xa), rather than the gradient corrected density
functionals (DFs) [B3LYP, BLYP, BP86, and PBE0].>>! Al-
though the intrinsic reason is not yet clear, the application
of the DFT approach to study large oligomers seems to be
feasible. Similar [AuCN, ], oligomers have been studied
with Extended Hiickel calculations, and the corresponding
results were satisfactory.[?%]

In the ADF calculations, the geometrical structures of
[Pt(CNMe),(CN),], (n = 1-4) in the Sy and T, states were
optimized by spin-restricted and spin-unrestricted Vosko—
Wilk—Nusair (VWN) calculations, respectively.?”! The val-
ence atomic orbitals of the platinum, nitrogen, carbon, and
hydrogen atoms were described by the TZP basis sets. The
cores (1s2s2p3s3p4sdp for Pt and 1s for C, N and O) were
kept frozen. Relativistic effects were included by means of
the Zero Order Regular Approximation (ZORA).[8
TDDFT (PBEO) calculations were performed on the equi-
librium excited-state geometries of [Pt(CNMe),(CN),],.
The conductor-like screening model (COSMO)?*! was used
to simulate the solvent effects, as implemented in the ADF
code. In order to describe the asymptotic behavior well, a
combination of the local VWN and the Becke—Perdew
(BP86)131 gradient correction term was employed.

Results and Discussion

The Monomer and Dimer in the S, State

In this work, C,, symmetry is assigned to monomer 1,
with the two mutually cis CN ligands. For dimer 2, the ini-
tial C, symmetry is adopted with a torsion angle C1-Ptl—
Pt2-C3 of 55°, as indicated in the X-ray results. The torsion
angle is subjected to geometry optimization and decreases
by ca. 0.2° for the dimer, the framework of which is close
to C, symmetry. Such a big difference in the torsion angle
results from the replacement of rert-butyl groups used ex-
perimentally by methyl groups used in the calculation. As
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a result, the steric repulsion between the bulky fert-butyl
groups is eliminated, and the torsion angle is greatly re-
duced. Therefore, the C,, symmetry for the dimer is
adopted throughout this paper. The optimized S, structures
of the platinum(IT) monomer and dimer, with the coordina-
tion axis, are depicted in Figure 1, and the corresponding
important parameters are listed in Table 1. As shown in
Table 1, the geometrical parameters for the monomer and
dimer are very close and agree well with most of the experi-
mental values for [Pt(CN),?> ] ions and for double salts such
as [Pt(CNR)4(CN),] (R = toluene),!'* which indicates that
the eclipsed structures do not have an impact on the geo-
metrical structure of the monomer. The Pt—C1 and C1=N1
bonds are ca. 0.017 and 0.023 A longer than the Pt—C2 and
C2=N2 bonds. The small increase in length results from the
different electronic structures of the isocyanide and cyanide
ligands as discussed in most textbooks. The C1=NI1 and
C2=N2 bonds are slightly long, but fall in the range of
C=N distances generally measured experimentally for these
types of complexes. The deviations are thought to arise be-
cause the experimental values are measured with rather
large uncertainties and because smaller basis sets are ap-
plied to the C and N atoms. To test the dependence of the
Pt-C and C=N bond lengths on the basis sets, we opti-
mized 1 at the MP2 level with different basis sets (Table S1).
The results suggest that with the increase in the size of the
basis sets (BS I-VII), the lengths of the Pt-C and C=N
bonds decrease greatly and are much closer to the experi-
mental values. Because the Pt-Pt bond is obviously short-
ened, a definite hydrogen bond between the N (CN) and H
(Me) atoms is formed and the N1-H1 bond length is

Figure 1. Optimized S, structures for 1-2 determined by MP2
methods.

2.468 A, which falls within the normal range of hydrogen
bond lengths. Further, the stacking of [Pt(CNMe),(CN),],
may be partially stabilized by hydrogen bonds in the solid
state and in solution. In addition, the formation of the hy-
drogen bond gives rise to a tilted angle of 9.6° for the Pt—
Pt vector relative to the z axis, which is in accordance with
that observed experimentally.

The most important Pt—Pt bond length was calculated to
be 3.154 A, which falls in the usual range for most plati-
num(IT) dimers (2.7-3.5 A) and is comparable to those cal-
culated previously for the [Pty(pop)s]* and [Pt,(pop)s]*
ions!'*! and for the neutral molecule [Pty(CN),-
(PH,CH,PH,),].3" The slightly shorter Pt—Pt distance than
the van der Waals contact of 3.2 A indicates the presence
of a possible weak bonding interaction between the two Pt
centers in 2. It should also be noted that the calculated Pt—
Pt bond length is ca. 0.2 A shorter than that determined by
X-ray diffraction. This is because excess electron correlation
effects are included in the MP2 calculation (which consider-
ably shortens the Pt-Pt bond length) and because methyl
groups are used in the calculation. To evaluate the interac-
tion strength between the two monomers, the interaction
energy is obtained by taking into account the counterpoise
(CP) correction; these results are summarized in Table 1.
The calculated interaction energy after CP correction is ca.
35 kJ/mol, comparable to that of hydrogen bonds. The in-
teraction energy should result from three contributions. In
addition to the contribution from the metallophilic interac-
tion between Pt-Pt and from the hydrogen bond of N1-H1,
the attraction between the m-electron clouds of CN™ and
iso-CN™ also partially contributes to the interaction energy.
To further understand the Pt-Pt bonding nature, the fre-
quency calculation was preformed on the dimer (Table 1).
Table 1 shows that the stretching vibration of Pt-Pt is
87 cm! and the force constant is 0.309 mDyne/A. The two
values agree well with those in systems in which there are
weak Au'-Au' interactions,”® and suggest the presence of
Pt-Pt bonding. The MO diagram of 2, represented in Fig-
ure 2, is used to elucidate the formation of the Pt—Pt bond.
The fully occupied 5d.. atomic orbitals of adjacent plati-
num centers split to give ds bonding and dg+ antibonding
molecular orbitals, as has been reported in other papers.*?]
Similarly, the unoccupied 6p. atomic orbitals split to give
ps and pg+ molecular orbitals. There exist two kinds of

Table 1. Optimized S, and T; geometrical parameters for 1-2 determined by MP2 calculations.

Bond length [A] Bond angle [°] Frequency AE
Pt-Pt Pt-Cl PtC2 CI=Nl1 C2=N2 NI-HIl Cl-Pt-C2 C2-Pt-C2" Cl-Pt-C2" «a Vpe pt k(Pt-Pt) [kJ mol ']
[em™'] [mDyne/A]
monomer
A - 2.014 1.995 1.219 1.198 - 87.6 95.5 176.9 - - - -
B, - 2.011 2.036 1.156 1.191 - 91.3 90.0 178.7 - - - -
dimer
1Ag 3.154 2.013 1.998 1.220 1.195 2.468 89.1 98.0 178.4 1054 877 0.3090 32
(Exp.) (3.354) (2.66)
B, 2.830 2022 2014 1.167 1.186 2.696 91.0 89.9 173.5 101.1  115.6 0.4522 176
[a] Interaction energy between two monomers after counterpoise correction.
Eur. J. Inorg. Chem. 2007, 2181-2188 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 2183
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bonding interactions between two platinum(II) atoms: the
first interaction is a four-electron repulsion between the d.-
orbitals that prevents the two platinum(II) atoms from ap-
proaching one another, and the second interaction is a
bonding donor—acceptor interaction between the d.. and p.
orbitals. The combination of the two interactions can ac-
count for the weak Pt—Pt bonding.
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Figure 2. Energy level of 2.

Monomer and Dimer in the T; State and Lowest-Energy
Emission Spectra

The structures of 1 and 2 in the T, states were deter-
mined by the UMP2 method. Optimizations on 1 and 2
predict that their T; states have 3B, and B, symmetry,
respectively. Selected structural parameters are listed in
Table 1. The T, geometries of the monomer and dimer are
found to differ from those in the S, state. Both the Pt-C1
and Pt-C2 bonds are elongated slightly in the T, state. The
formation of Pt-Pt single bond in the T, state weakens the
Pt-C covalent bonds and Pt<C dative bonds, which can
account for the elongation of the Pt-C bond. The C1-NI1
and C2-N2 bonds are shorter in the S, state than in the T,
state, in particular, the CI-N1 bond length is reduced by
roughly 5.0%. For the dimer, the Pt—Pt distance decreases
by ca. 0.324 A on going from the S, state to the T, state,
while the N1-H1 distance increases by ca. 0.23 A. The op-
posite trend for the Pt-Pt and N1-H1 bond lengths implies
that the hydrogen bonding of N1-H1 only plays a second-
ary role in the stabilization of the dimer. Upon excitation,
the coordination geometry of the platinum(II) atom is much
closer to the regular square-planar structure, as indicated
by the C1-Pt-C2 and C2-Pt—C2’ bond angles of ca. 90°.

The tilted angle a for 2 decreases by ca. 4°, which suggests
that the complex has a straighter chain in the T, state. We
performed the frequency calculation for the optimized ge-
ometry of T, at the UMP?2 level for 2 in order to further
characterize the Pt—Pt bonding in the excited state (Table 1).
Table 1 shows that Pt-Pt stretching frequency undergoes a
moderate increase from ca. 87.7 to 116 cm™!, and the force
constant increases by ca. 0.15, which is consistent with a
single electron that is promoted from the dg« antibonding
to ps bonding orbital and with the formation of Pt-Pt sin-
gle bond in the excited state. In addition, the calculated
overlap population between the two Pt atoms is 0.0278 and
0.0169 for the °B, excited state and 'A, ground state,
respectively. From such calculated frequencies and overlap
populations between the two Pt atoms, it can easily be seen
that the Pt-Pt interaction in the former is stronger. This
suggests that there may be some electron transfer to the 6p
bonding orbitals of the Pt atoms. More evidence for the
enhancement of the Pt-Pt bonding is the increased interac-
tion energy between the two monomers. UMP2 calculations
show that the interaction energy is ca. 176 kJmol™!, which
is of the same order of magnitude as that for the covalent
bonding energy. All of the above results illustrate the obvi-
ous contraction of Pt-Pt bond that results from the forma-
tion of single bond between the two platinum(II) atoms.
The conclusion is in agreement with other weakly inter-
acting systems involving heavy transition metals such as
Au' and Pt etc.[12:26:33]

According to the Franck—Condon vertical transition
principle, the emission properties of 1 and 2 were calculated
on the basis of their corresponding T; geometries. Com-
plexes 1 and 2 give rise to the lowest-energy phosphorescent
emissions at 301 and 512 nm (Table 2), which mainly origi-
nate from the excited states with the transitions *B;—'A,
and *B,—'A,, respectively. Table 3 gives the partial MO
compositions for the two complexes in the phosphores-
cence, the results from which can be used to further shed
light on the emission nature. With respect to the ’B;—'A,
transition of 1, the 19a;—6b; configuration has the largest
CI coefficient of ca. 0.72. As shown in Table 3, the MO
19a; (HOMO) results largely from the contributions of the
Pt d.. orbital (83.6%), whereas the MO 6b; (LUMO) is lo-
calized on the Pt p. and iso-CN™ 1* orbital. Therefore, the
calculation shows that the *B, excited state of 1 can give rise
to the p./n*(iso-CN )—d.. phosphorescent emission. With
regard to the *B,—'A, transition of 2, the configuration of
24b,—25a, corresponds to the largest CI coefficient of ca.
0.72. Analyses of the wavefunctions of the 3B, excited state
of 2 indicate that the 24b, orbital (HOMO) is a c*
antibonding orbital that results from the Pt 5d.. atomic
orbital, and the 25a, orbital (LUMO) has bonding charac-

Table 2. Emissions of 1 and 2 in CH;CN solution determined by TD-DFT (PBEO) calculations.

Transition Configuration E [eV] (/4 [nm]) Assignment
(CI coefficients) Calcd. Exp.
monomer B—lA, 19a,—6b,(0.72) 4.12(301) - d.>—p.
dimer B, —'A, 24b,—252a,(0.72) 2.42 (512) 2.29 (542) 5dg+—>6pg
2184 WWW.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 2181-2188



Electronic Structures and Spectroscopic Properties of [Pt(CNMe),(CN),],

FULL PAPER

ter that arises mainly from the Pt 6p. atomic orbital.
Thus, we assign the 512nm phosphorescence as a
o[p-(Pty)]>c*[d.(Pt,)] transition from the triplet to the
singlet S, state, which is comparable to the 542 nm phos-
phorescence observed experimentally.

Table 3. HOMO and LUMO compositions (%) of the phosphor-
escent emissions for 1 and 2 in CH;CN solution.

Composition [%0]

Orbital  E [eV] Pt CN Iso-CN CH;
s p d

monomer

6b,lal -2.0033 - 24.1p. 2.3 11.4 54.9 0.3

19a,1  —7.5441 11.0 - 83.6d.> 35 1.9 -

dimer

25a40 32651 1.2 27.2p. 4.2 14.6 46.4 0.6

24b, P 58108 5.4  3.0p. 76.2d.» 8.4 6.0 0.4

[a] LUMO. [b] HOMO.

The [Pt(CNMe),(CN),], (n = 1-4) in the S, and T, States

In previous experimental work,[!3l it was found that the
emission of [Pt(CN¢Bu),(CN),] at 542 nm can be resolved
into two bands at 530 and 584 nm, which suggests that two
different emissions originate from [Pt(CN¢Bu),(CN),],
oligomers with different values of n in CH3CN solution.
Similar split bands have also been observed in most plati-
num(Il) dimers that exhibit rich excited states such as
L3MLCT, ¥ILCT, and 3n—n transition. However, the vari-
ous excited states are mostly dominated by the different li-
gands not by the stacking of the oligomers. Thus, our inter-
est is in whether oligomerization might occur in CH;CN
solution and in the consequent change in geometry and lu-
minescence behavior. In fact, the photophysics of [Pt-
(CN),> 1,134 with n = 1-5 has been experimentally investi-
gated by Schindler and co-workers in detail; different ab-
sorption bands were attributed to the ![5dg«6ps] and
3[5d4+,6ps] excited states for different values of n. Neverthe-
less, to the best of our knowledge, there is no theoretical
study on the electronic structure and luminescence for sim-
ilar platinum(IT) compounds that are affected by the degree
of oligomerization.

The DF approach was employed to obtain the geometri-
cal and electronic structures for [Pt(CNMe),(CN),], (n = 1-
4, 1-4). Because the choice of functional is very important
for the reproduction of the weak interaction for multiplati-
num(II) complexes, the optimization of dimer [Pt(CNMe),-
(CN),], was carried out with several different versions of
the exchange-correlation DF (BP86, PBEO, BLYP, and
VWN) to test which DF is better suited to the [Pt(CNMe),-
(CN),],, species. Table S2 presents the partial geometrical
parameters of the [Pt(CNMe),(CN),], species. The results
show that, analogous to those found in Au! clusters,**! the
most important Pt—Pt distance was reproduced well by the
VWN DF (3.257 A) but not by the DF involving the gradi-
ent-corrected (GGA) exchange potential (BLYP: 3.631 A,
BP86: 3.505A, PBEO: 3.498 A). Therefore, all the
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[Pt(CNMe),(CN),], (n = 1-4) species were investigated by
using the local VWN DF. The Pt-Pt parameters for 1-4 are
shown in Table 4, and the complete data are tabulated in
Table S3. As depicted in Table 4, the Pt-Pt bond lengths
are sensitive to n, and all compounds show stronger Pt-Pt
bonding in the T, state than in the S, state, which is re-
flected by the shorter Pt-Pt equilibrium distances. The Pt—
C bond length of 1 and 2 (Table S3) is in agreement with
those obtained by the MP2 calculations, but the C=N bond
length is ca. 0.06 A shorter than those obtained by the MP2
calculations with small basis sets (BS I) and compares to
those from calculations with the largest basis set (BS VII).
This result is not surprising because the MP2 method is
known to be unreliable in the prediction of triple bond
lengths.[31]

Table 4. Optimized S, and T, geometrical parameters in 2-4 deter-
mined by DFT (VWN) calculations.

Pt1-Pt2 [A] Pt2-Pt3 [A]

PtI- P2 PB3[] a[]

dimer 1A, 3.57 - - 104.8
B, 2.819 - - 99.6
trimer 1A’ 3.225 3.260 130.8 107.9
AT 2.954 3.000 142.0 105.7
tetramer  'A’ 3.282 3.187 1353 106.1
AT 3.091 2,936 156.9 100.5

A scheme of the geometric structures of the [Pt(CNMe),-
(CN),],, (n = 2-4) species in the S, and T state is presented
in Figure 3 to intuitively understand the geometry change
upon oligomerization. Three points can be drawn from Fig-
ure 3. (1) The chain of the complexes is straighter in the T,
state than in the S state, as reflected by the smaller a angles
and larger Pt-Pt—Pt bond angles. (2) In the dimer, a larger
reduction (ca. 13%) of the Pt-Pt distance on going from
the S, state to the T, state is observed, whereas a smaller
reduction of 6-8% occurs in the trimer and tetramer. This
larger contraction in the dimer implies that the dimer in
the triplet excited state may be the most stable species in
[Pt(CNMe),(CN),],. This conclusion is in agreement with
that by Rillima et al.l*3] for the platinum(II) diphenyl dicar-
bonyl complex. (3) With respect to the trimer in both the
Sp and T, state, the distance between one pair of adjacent
monomers is smaller than that between the other pair. The
case is different for the tetramer; the distance between the
central two monomers (Pt2-Pt3) is much smaller than that
between the other adjacent pairs (Pt1-Pt2 and Pt3-Pt4). In
fact, there are two different interactions in the trimer and
tetramer, e.g. intramolecular and intermolecular interac-
tions. In 24, the Pt1-Pt2 interactions of 2 and 3 and the
Pt2-Pt3 interactions of 4 are intramolecular contacts (d1),
while the Pt2-Pt3 interactions of 3 and the PtI-Pt2 and
Pt3-Pt4 interactions of 4 are of the intermolecular type
(d2). We can see that the dl distances are moderately
shorter than the d2 distances, and d1 gradually decreases
on going from the trimer to tetramer. With reference to
previous remarks by Novoa et al.,** in platinum(II) dimers,
four electrons in one Pt—Pt bond contribute to the excess
electrons in the z direction. If the trimer or tetramer can be
treated as a special dimer in which a monomer is bonded
2185
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to the axial positions, the attacked Pt'! unit could act as a
base and could contribute two d.. electrons to bind in the
axial direction in a face-to-face fashion. Therefore, the
forming of two or three bonds with a total of six or eight
d.- electrons will result in a greater excess of z electron den-
sity and enhance the interactions of the stacked complexes.
Preliminary extended Hiickel calculations®® on the corre-
sponding d®-d® dimers suggested that binding of Lewis acid
and/or base to metal atoms at the axial positions has an
increasing effect on the M-M bond strength. Our results
are in agreement with these conclusions, and excess elec-
trons in the axial direction can account for the variation in
the Pt—Pt distance.

trimer

tetramer

dimer

104.8 107.9 3
- - 1308 | PG P ool e
3.257 P2 3.225 3.260 3.282
P12
ground state
99.6 105.7 100.5
: - 156.9 .
Pul |2 e 1420__|p2 py S R
2819 | P2 2.954 3.000 3.091 293 | 3.09T | pu
P2 P12

triplet excited state

Figure 3. Schematic representation of the Sy and T, structures for
2-4.

The above description is based on only a qualitative
analysis, quantitative proof must be obtained with the bond
order indices. Bond order is a measure of the number of
bonding electron pairs between atoms. Here, we use bond
order to qualitatively compare the relative strength of the
Pt-Pt bond in 2-4. As suggested previously in the
literature,['?*12%] the Pt—Pt bonding of such complexes is
mainly determined by the electrons in the o[d.(Pt,)] and
o*[d»(Pt,)] orbitals. We investigated the Pt-Pt bonding for
2-4 by using the Wiberg bond indices (WBIs)7 in the Nat-
ural Bond Orbital (NBO 5.0) program;138! the details of the
WBIs are presented in Table 5. As seen from Table 5, the
Pt-Pt WBIs in 2-4 are 0.0141 (2), 0.0157 and 0.0149 (3),
and 0.0139, 0.0199, and 0.0139 (4), respectively, and they
are one magnitude order less than that of an ordinary single
bond (for example: Pt1-C3 WBI in 2 is 0.5445), which im-
plies that the Pt-Pt bond is weak. There is a correlation
between Pt-Pt WBIs and Pt-Pt bond lengths — the shorter
the bond length, the higher the WBI. Therefore, the largest
WBI (Pt2-Pt3, 0.0199 in 4) results in the shortest Pt-Pt
contact in 2-4. From another point of view, the proportion
of o[d.-(Pt,)] orbitals relative to 6*[d.-(Pt,)] orbitals in Pt2—
Pt3 of 4 is the largest.

We have analyzed the effect of aggregation on the Pt-Pt
distances, we will now further discuss the effect on the
HOMO-LUMO gap for the [Pt(CNMe),(CN),], (n = 1-4)
species. Figure 4 shows the trend in the HOMO-LUMO
gap as the value of n increases. A progressive reduction in
the HOMO-LUMO gap is observed upon aggregation. The
2186
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Table 5. Wiberg bond orders of 2-4 calculated by the program
NBO 5.0.

Pt1-Pt2 Pt2-Pt3 Pt3-Pt4

2 Bond length [A] 3.257 - -
WBI 0.0141 - -

3 Bond length [A] 3.225 3.260 -
WBI 0.0157 0.0149 -

4 Bond length [A] 3.282 3.187 3.182
WBI 0.0139 0.0199 0.0139

HOMOs for 2-4 are all of the dg«(d.-—d.-) type, while the
LUMOs are mainly localized on the mixed py(p.—p.) and
iso-CN™~ © orbital. The reduction in the HOMO-LUMO
gap due to 1D aggregation is a result of concomitant desta-
bilization of the HOMOs and stabilization of the LUMO:s.
It is noticeable that the decrease in the energy of the
LUMOs is more gentle than the increase in energy of the
HOMOs, which implies that aggregation has a greater im-
pact on dg«(d.-—d..) than on pg(p.—p-). This observation is
in agreement with the results predicted by other calcula-
tions. We do not consider 2D aggregation similar to that
observed in [Au(CN)],, because 2D aggregation is pro-
hibited from the square-planar geometry of the Pt'" atom.

LUMCs
-3.0 — B2 i *
a5 T 24 T0a' - 15?'a
4.0
> 45
Z 381 311 2.70 2,50
& sn
€T
=
W _55
-a.0-] 1553
—— g9a’ '
6.5 —— 23bu

Figure 4. The HOMO and LUMO energy levels for 1-4 in the S,
state.

On the basis of the optimized T; geometry for the
[Pt(CNMe),(CN),], (n = 1-4) species, the emission spectra
were determined by the TD-DFT method embedded in the
ADF2005.01 package (see Table 6). As shown in Figure 4,
the emissions are all attributed to the excitation of
HOMO—LUMO, and the emission energies decrease in the
order 1 > 2 > 3 > 4, in accordance with the sequence of
the HOMO-LUMO gap. The emission energies of 1 and 2
calculated by VWN DF are close to those calculated by the
MP2 method, which shows the relative reliability of the
DFT approach. With respect to the four lowest-energy ex-
cite states, *B,, *B,, *A’, and 3A’, the excitation configura-
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tion of HOMO—LUMO contributes the largest weight of
ca. 0.99 and should be responsible for the character of the
emissions. According to above description, the emissions of
1 and 2 are identical to those predicted by the MP2 method
and arise from the d_.—p./iso-CN" transitions (MC and
MLCT) for 1 and dg«—ps/iso-CN™ transitions (MC and
MLCT) for 2. It should be noted that the emission energies
for 3 and 4 are red-shifted by ca. 0.21 and 0.53 eV relative
to 2, respectively. Although the Pt-Pt intramolecular dis-
tances for 3 and 4 are shorter than that for 2, the contrac-
tion of intramolecular contacts alone cannot account for
the distinctive red-shift. For example, our previous work
showed that the Pt—Pt distance in [Pty(pop)4]* is ca. 0.08 A
shorter than that in [Pty(pcp)s]* (pop = P,OsH,> and pcp
= P,O,CH,*), but the difference in their emission energies
is only 0.07 eV. Thus, we conceive that the intermolecular
5d_-—5d.. interactions also play an important role in the red-
shift of the emission energy. The 557 and 650 nm emissions
for 3 and 4 are attributed to the combination of inter-
molecular and intramolecular dg«—ps/iso-CN™ transitions
(intra/inter MC and MLCT). This can be intuitively under-
stood from the electron density diagram (Figure 4). This
assignment also indicates that the 584 nm emission ob-
served experimentally may arise from the combined contri-
bution of the trimer and tetramer oligomers.

Table 6. Emissions of 1-4 in CH;CN solution determined by TD-
DET (VWN/BP86) calculations.

Excited Configuration E [eV] (A [nm])

state (contribution weight) Calcd. Exp.
monomer B, 16a,—8b, (0.99) 3.81 (326) -
dimer By 23b,—24a,(0.99) 244 (509)  2.34 (530)
trimer 3A 69a’'—70a’(0.99) 223 (557)  2.13 (584)a
tetramer A’ 156a’—157a'(0.99) 1.91 (650)  2.13 (584)
[a] Ref.[13]
Conclusions

We explored the electronic properties of the Sy and T,
states of [Pt(CNMe),(CN),], (n = 1-2) complexes at the
MP2 and UMP?2 levels. The geometrical parameters of the
monomer and dimer are in agreement with that observed
experimentally. In the S state, the calculated Pt-Pt distance
of the dimer is 3.154 A. The shorter Pt—Pt distance than the
van der Waals distance of 3.2 A indicates the presence of a
weak interaction between the two platinum(Il) atoms, and
the frequency calculations further prove that there is a weak
bonding interaction. In the T, state, the Pt-Pt distance un-
dergoes a significant reduction, which results from the pro-
motion of an electron from the c*[Pt(d..)] to o[Pt(p.)] or-
bital. As a consequence, a red-shift in the emission energy
is observed from monomer to dimer, and the luminescence
arises from the 3[dg+p,] excited state.

The slate type VWN functional in the DF method was
used to predict the impact of oligomerization on
[Pt(CNMe),(CN),],, (n = 1-4). In the calculation, the dimer
is proposed to be the most stable form in the solid state and
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in solution. The trimer and tetramer can be treated as a
special dimer in which the donor ligand is bonded to the
central Pt atoms of the dimer. The excess z electrons in-
crease the electron density localized on the Pt-Pt bond and
hence enhance the strength of the Pt-Pt bonding. The Pt—
Pt distance in the tetramer (3.187 A) is the shortest, which
is consistent with the highest WBI in the investigated Pt-Pt
bond.

The experimentally observed lower- and higher-energy
emission bands result from the different oligomers in solu-
tion. The emission at 530 nm mainly originates from the
dimer, while the lower-energy emission at 584 nm derives
from the associated contribution of the trimer and tetramer.
It should be noted that, aside from intramolecular Pt—Pt
interactions, intermolecular Pt-Pt contacts also plays an
important role in the red-shift of the emission energy.
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