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The structures ofrans[Mz(CN)4s(PH.CH:,PH,),] (M = Pt (1), Pd @), and Ni @)), trans[PtX4(PH,CH,-
PH,).] (X = CI (4) and Br §)), andtrans[M(CN)x(PHs);] (M = Pt (6), Pd (7), and Ni @)) in the ground
state were optimized using the MP2 method. Frequency calculations reveal that the weaknme&dal
interaction is essentially attractive fay 2, 4, and5 but not for3. The TD-DFT calculations associated with
the polarized continuum model (PCM) were performed to predict absorption spectra,@l,Gdlution.
Experimental spectra are well reproduced by our results. With respect to analogous monofiudegiexes
(6—8), a large red shift of the absorption wavelength was calculated for the binuéleantgblexes 1—3).
Relative tol with unsaturated CNdonors, introduction of saturated halogen donors htand5 changes
their electronic structures, especially the HOMO and LUMO. The TD-DFT and subsequent unrestricted MP2
calculations predict thdlt produces the lowest-energy-e p emission while2—5 favor the d— d emissions,
agreeing with experimental observations.

1. Introduction of binuclear & complexes originates from simple molecular
orbital theory!” The featured absorption and emission were
attributed to the metal-localized*(d) — o(p) transition.
Recently, density functional theory (DFT) methods have been
used to explore such complex¥sThe PtPt distances of
[Ptx(pop)]*~ calculated by Coppet&and Rillemas are 3.04
and 2.82 A in the ground and triplet excited states, respectively,
'compared with 2.92 and 2.62.71 A determined by experi-
mentsh219 Similarly, the authors related the lowest energy
emission to thes(p) — o*(d) transition.

Since the presence of a bridging ligand facilitates the

Study on the luminescence of domplexes has attracted
growing attention in the last few decades, which is in part due
to the interesting observation of weak metaletal interactions:3
A number of & complexes with well-defined metametal
distances have been reporfespecial attention has been focused
on their unique absorption and emission spectra. For example
Pt(ll) a-diimine complexes often crystallize in linear-chain
structures in which Pt(I5-Pt(ll) distances range from 3.0 to
3.5 A, leading to stronger perturbation on the luminescénte.

One approach to probe the role of metaietal interaction , . - -
in determining the spectroscopic properties of tResquare-  Intramolecular interactioff;”22 trans[M 5(CN)s(PRCH;PRy);]
(M = Pt, Pd, and Ni; R= Me, Ph, and Cy) with the eight-

planar complexes involves the design and synthesis of discrete ; . . 4
molecules with known metaimetal distance -5 Che and co- membered ring conformatiétr'® can serve as an ideal candidate
y for investigations on the relationship between spectroscopic

workerg2-15 synthesized a series of binucled @bmplexes, - ; . !
trans[M(CN)((PRCH,PRy);] (M = Pt, Pd, and Ni; R= Me properties and & d® interaction. While there are some reports
and Cy) andrans{M(CN)s(PPBCH,PPh);] (M = Ptand Pd).  &out the electronic structures df complexes in the ground

These discrete binuclear M(ll) dimers possess intramolecular Stat&i** 2° few attempts on the excited-state properties of a
M(Il) —M(Il) distances of 2.9-3.3 A12-15 Among these, the series of Pt(Il), Pd(Il), and Ni(ll) complexes have been made.

platinum(ll) complex exhibits intense emission in both the solid I this paper, the ground- and excited-state propertiéso$

state and solution at room temperature in the visible region, [M2(CN(PHCH:PHp);] (M = Pt (1), Pd @), and Ni @)), trans

which has been assigned as@) — o*(d) (metal-centered,  [PXa(PH,CHPHy)z] (X = CI (4) and Br §)), and trans-

MC) transition!213.16 while the palladium(ll) and nickel(ll)  [M(CN)2(PHs)2] (M = Pt (6), Pd (7), and Ni @)) were explored

analogues do not produce MC transition emissions under thetheoretically (Figure 1). With variation of the metal atortis-8

same condition&216 and 6—8) and donating ligandsl( 4, and 5), the present
In the early 1980s, the discovery of jiopy]*~ (pop>~ = calculations provide insight into the electronic properties of the

P,OsH,27)12 with rich photophysical and photochemical proper- d® complexes.

ties greatly motivated studies of binucled @bmplexes. The

light-induced 3A,, excited state of [Bfpopk]*~ is highly 2. Computational Details and Theory

reactive. It reacts with a wide range of quenchers by mechanisms .

that involve the platinum complex as an oxidant, reductant, or ~ We usedrans[My(CN)s(PH,CHPH;),] as a computational

atom-transfer reagent. Understanding the electronic structuresodél to represent the real complexasns{Ma(CN)s(PR.-
CH,PR,);] (R = Me, Ph, and Cy}2715 A similar model has

t Jilin University. been applied in many works using hydrogen to replace methyl,
* Heilongjiang University. phenyl, cyclohexyl, etc., heavy substitueft*21.22.27The Cyp,
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M = Pt (1), Pd(2), Ni (3) X = CI (4), Br (5) M = Pt (6), Pd (7), Ni (8)
Figure 1. Geometry structures dfans[M(CN)s(PH.CH.PH,),] (M = Pt (1), Pd @), and Ni @)), trans[Pt.X4(PH.CH,PH,),] (X = CI (4) and
Br (5)), andtrans[M(CN)2(PHs)z] (M = Pt (6), Pd (7), and Ni @)).

TABLE 1: Optimized Geometry Parameters of trans-[M »(CN)4(PH.CH,PH,),] (M = Pt (1), Pd (2), and Ni (3)) and
trans-[Pt,X4(PH.CH,PH,);] (X = CI (4) and Br (5)) Using the MP2 Method for the Ground State and the UMP2 Method for the
Triplet Excited State Together with the Experimental Values from X-ray Diffraction 2

1 2 3 4 5
param8 Aq exp. Ay Aq exp. Ay Aq exp. Aq 3By Aq 3By
bond lengths (A)

M—M 3.069 3.057 2.794 3.020 3.043 2.753 3.021 2.957 3.166 3.144 3.164 3.062
M—P 2.305 2.329 2.343 2.292 2.345 2.356 2.116 2.236 2.300 2.356 2.300 2.332
M-Y 2.020 1.994 2.025 2.005 2.001 2.024 1.826 1.864 2.345 2.373 2.481 2.531
C=N 1.221 1.161 1.171 1.222 1.140 1.228 1.223 1.149
p---P 3.065 3.097 3.069 3.095 3.069 3.067 3.093 3.067 2.981
bond angles (deg)
P—M—-P 179.9 177.3 172.6 178.8 177.2 171.7 178.7 176.5 177.5 178.8 177.6 178.0
P—M—-M 89.9 90.2 93.7 90.6 90.0 94.1 90.7 90.9 88.8 89.4 88.8 89.0
Y-M-Y 1735 176.6 173.8 172.2 176.6 172.6 170.9 175.8 172.1 177.1 167.3 165.5
Y-M—-M  93.2 92.1 93.1 93.9 91.7 93.7 94.5 92.0 94.0 91.5 96.3 97.2
Y-M—-P 92.7 94.7 92.7 93.1 94.7 93.2 92.4 89.9 93.4 93.0 92.8 93.1
Y-M—-P 87.3 88.8 86.9 86.8 88.7 86.3 87.5 85.5 86.7 87.0 87.4 87.1

a Experimental values ofrans[M»(CN)s(PCy.CH,PCy);] (M = Pt, Pd, and Ni) from refs 12 and 12Y atom denotes the C atom of the
cyanide group forl—3, the Cl atom for4, and the Br atom fob.

symmetry was adopted to settle the conformations of the ;';’;\ESL‘[EM%C,\%SH;T_E)? ((’\B/leo:mgtt%i aFEgr?%te;ﬁdO{\” (8)) Using

binuclear & metal complexesl(-5). Structures in the ground  the MP2 Method for the A, Ground State, Together with
and lowest energy triplet excite states were optimized by second-the Experimental Values from X-ray Diffraction 2

order Mgller-Plesset perturbation (MP2)and unrestricted MP2 6 7 8
(UMP2) methods, respectively. Subsequent frequency calcula-

: . S . . . arams A exp. A A exp.
tions provide deep insight into thé@® interactions. P g P g g P
h I lish hat th . . bond lengths (A)

It has been we established t at_t e tra_nsmon energies \_p 2320 2336 2310 2125 2243
calculated by the time-dependent density functional theory (TD- mM-C 2.021 2.021 2.010 1.824 1.857
DFT) method are comparable in accuracy to those by the higher C=N 1.220 1.106 1.221 1.220 1.148
level configuration interaction method%.32 Therefore, we bond angles (deg)
estimated absorption spectralbf5 at the TD-DFT level with C-M-P 885 89.2 88.1 88.0 89.0
the B3LYP functiona~33 on the basis of the ground-state =~ ¢~M—P 915 90.8 92.0 92.0 91.0

structures. Because calculations on the single molecule only 2Experimental values afans[M(CN)2(PCy).] (M = Pt and Ni)
correspond to the behavior in the gas phase, the polarizedfrom ref 12.

continuum model (PCM} was employed to account for the 3 Results and Discussion

CH.ClI, solvent effects. To explore the influence of MEHM(II) L
interaction on electronic transitions, the reference molecules S:1- Ground-State Structures.The MP2 optimizations were

_ : . ; performed for the ground-state structureslef8 keeping the

(679 Soching G syt 1 e 92 phase A SOMOn & mety (e 1) Thess aempiencs all rve,
. . . ground electronic state. The optimized main geometry param-

In the calculations the effective core potentials (ECPs) of Hay gters are presented in Tables 1 and 2. For comparison, we also
and Wad¥ were used for Pt, Pd, Ni, Cl, Br, and P atoms with gt X-ray crystal diffraction data affans[M s(CN)s(PCy,CH,-
18, 18, 18, 7, 7, and 5 valence electrons, respectively. The pcy,);] (M = Pt, Pd, and Ni) andrans[M(CN)»(PCy),] (M
LANL2DZ basis sets associated with the ECPs were adopted = pt and Ni)!213 The calculated results show that two M(Il)
for all atoms. To describe the metahetal interaction and the atoms and two br|dg|ng phosphine |igands of d|me|435) form
molecular properties precisé?® one additional function was  an eight-membered ring skeleton, and two cyanide/halide ions
implemented for Ptd; = 0.18), Pd ¢ = 0.2), Ni (s = 0.22), bond to each M(ll) atom. Each divalent metal atom exhibits
Cl (ag = 0.514), Br (g = 0.389), and Pdy = 0.34)36ac All square-planar tetracoordination with tévans-cyano groups and
calculations were accomplished by using the Gaussian03two trans-phosphorus atoms from the phosphine ligands. The
packagé’ on an Origin/3900 server. calculated PM—P angles of ca. 17&and Y-M-—Y angles of
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TABLE 3: Calculated Absorptions of 1 in CH,CL, Solution at the TD-DFT (B3LYP) Level, Associated with the Absorptions

Observed in the Experiment

PR.C H,PR; (R=H) Me Ph Cy
states conf. |Clcoef] > 0.2 trans. energy (nm) trans. energy (eV) f° Amax  €max Amax €max  Amax  €max
SAy 15a,— 19 g 0.726 392 3.16 0.000 375 50 390 388 300
AA, 15— 193q 0.676 338 3.66 0.215 328 24300 324 10500 337 24100
B'A, 15a— 20 g 0.684 285 4.35 0.004
C!B, 18h,— 193 0.686 276 4.49 0.077 256 6000 275 (sh)9690 263 8900
D!B, 15k—16a 0.644 266 4.67 0.002

18h,— 203 —0.234
EB, 17h,— 19g 0.695 248 5.00 0.003 235 6000 228 (sh)50 450
FB, 16h— 19g 0.640 228 5.44 0.001

18h,— 2043 0.260
G!B, 18h,— 203 0.595 226 5.48 0.003

16h,— 193 —0.280

15h,— 164, 0.229

aAbsorption spectra in C¥l, solution for trans{Pt(CN)s(PR.CH,PR:),] (R = Me, Ph and Cy) from refs 12 and 18Oscillator strength.

¢ Shoulder band observed in experiment.

ca. 172 for 1-5 are comparable to experimental values of°177
and 176, respectively (Table 1, the Y atom denotes the C atom
of the cyanide group fol—3, the Cl atom for4, and the Br
atom for 5). For the platinum(ll) dimers1 4, and 5), the

Y —Pt=Y angles were calculated at 173.372.T, and 167.3,
respectively. Among these, the BPt—Br angle of5 has the
largest 12.7 deviation from 180 to decrease the repulsion of

the two large Br atoms as much as possible. A similar case

occurs in crystals drans[PdX4(PMeCH,PMe),] (X = CN,
Cl, and Br), where the XPd—X angles are 17404 173.1°,%9
and 168.3,%9 respectively. The two MFY , units in1—5 are in
normal face-to-face orientation reflected in Figure 1a and 1b.
With respect to monomer8—8, we predict the PM—P and
C—M—C angles to be 180just like experimental reporfs.

It can be seen from Tables 1 and 2 that the calculated®M
M-Y, and G=N distances are in agreement with the corre-

TABLE 4: Calculated Absorptions of 6 in CH,CL , Solution
at the TD-DFT (B3LYP) Level

trans.  trans.
energy energy
states conf. |Cl coef] > 0.2  (nm) (eV) f
Ay 12— 43, 0.723 264 4.69 0.000
AB, 4by—4a, 0.673 249 498  0.090
Ay 1lla—4a, 0.688 239 5.18 0.001
ClA, 12a—4a 0.672 233 5.32  0.070
DB, 11h,— 133 0.524 208 5.96  0.027
3by— 4a, —0.468
EB, 3by—4a 0.497 198 6.26  0.217
11h,— 133 0.432
F1B, 10h— 13g 0.668 195 6.35 0.124

It is shown that the frequencies at 94, 106, 83, and 75'cm
were attributed to M(IB-M(Il) stretching vibrations forl, 2,

sponding experimental values. The largest differences of these’ @nd5, respectively. Among these, the calculated valué of

distances are ca. 0.08 (MP), 0.04 (M-Y), and 0.11 A (G=N)
for 3, 3, and6, respectively. It is thought that these differences

result from the use of relatively smaller basis sets (P(2s2p1d),

N(3s2p), C(3s2p), and H(2s)) and approximation of H atoms

is comparable to a resonance-enhanced band at 93 fcom
resonance Raman spectrarais[Pty(CN)4(PCy:,CH,PCy),].12
However, despite carefully examining all the vibrational modes,
no Ni—Ni stretching vibration is found foB. Our frequency

in place of Me, Ph, and Cy groups. To examine the dependencecalculations demonstrate that the weak memaétal interaction

of the G=N bond length on basis sets, we optimized the HCN

in 1, 2, 4, and5is bonding in nature, but i is not. The present

molecule at the MP2 level. With the increase of the basis sets Calculated results support experimental investigationtsams-

(LanL2DZ, 6-31G*, 6-311G**, 6-311G (3df, 3pd)), the=N
distance is improved greatly from 1.212 to 1.178 to 1.165 A.
Use of larger basis sets makes the calculateeNGlistance
very close to the experimental value of 1.161 A.

An interesting feature in the binuclear metal complexes is
the weak metatmetal interactiort:>1%-16 Previous studies on
related Au(l) complexes showed that the Au{Bu(l) distance
falls within the range of 2.83.2 A and that the energy of this
interaction is comparable to that of hydrogen bofftig236.38,39
Here, the calculated M(IyM(ll) distances for1—3 in the
ground state range from 3.020 to 3.069 A, in agreement with
ca. 3.0 A (mean value) foirans[M 2(CN)4(PCy:CH:PCy),]

(M = Pt, Pd, and Ni}215 and the Pt(l1}-Pt(ll) distances fo#
and5 are 3.166 and 3.164 A, respectively. For the platinum(ll)
complexes, the longer Pt(tPt(Il) distances oft and5 relative

to 1 are related to the larger repulsion of two halogen atoms,
which has been reflected in the-¥1—M angles (94.0for Cl—
Pt—Pt, 96.3 for Br—Pt—Pt, and 93.2for C—Pt—Pt) as shown

in Table 1. The slightly shorter M(ItyM(1l) distance than the
van der Waals contacts of 3.2%&implies that a possible weak
bonding interaction between the two M(Il) centers in5
occurs. To judge whether the interaction is bonding or not, we
carried out the frequency calculations bn5 at the MP2 level.

[M2(CN)4(PRCH,PR,);] (M = Pt, Pd, and Ni; R= Me and
Cy),'2which demonstrated the existence of weak metadtal
bonding interaction in platinum and palladium complexes but
no bonding interaction in nickel complex.

3.2. Electronic Structures and Absorption SpectraOn the
basis of the ground-state structures, TD-DFT (B3LYP) associ-
ated with the PCM solvent-effect model was performed to
predict the absorption spectrabf8in CH,Cl, solution. With
respect to théAq ground state under th@, point group, the
1Ay — A, and'Ay — By transitions are dipole allowed. We
summarize the calculated low-lying absorptions in ;CH
solution in Tables 3 and 4 and Supporting Information Tables
1-6 together with corresponding experimental d&ta> The
detailed molecular orbital information under the TD-DFT/PCM
calculations is listed in Supporting Information Tables1#.
The coordinate orientation is depicted in Figure 1, wherezthe
axis goes through the two metal atoms for dimers and is taken
normal to the molecular plane for monomers.

3.2.1. Molecular Orbitals of and6. It is found in Supporting
Information Table 8 and Supporting Information Figure 1 that
the occupied orbitals 06 have significant Pt 5d character,
accompanied by participation of the Clgroup. 3l3, 11a, 124,
and 4y (HOMO) molecular orbitals (MOs) are mainly formed
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transitions are in reasonable agreement with experimental
0.25+ measurements. The lowest energy absorption (A in Figure 2)
arising from the XAy — AA, transition was estimated at 338

0204 nm (3.66 eV). It has the largest oscillator strength (0.215) and
§ should correspond to the peak with the largest molar absorbance
%" in the experiment. In the excitation, the }5a 19a (HOMO
£ 0154 — LUMO) configuration has the largest Cl coefficient (ca.

‘g 0.676) in the wave functions, which determines the absorption
E 0.10 character. According to Supporting Information Table 7, the
S

338 nm absorption was attributed te¥d 2(Pt)] — o[pAPb)]
(metal-centered, MC) transition, comparable to experimental
328, 324, and 337 nm absorptions fans[Pty(CN)4(PR.CH,-
PR.);] (R = Me, Ph, and Cy) in CkCl, solution at room
temperature, respectivel§3The calculated 276 nm (4.49 eV)
absorption related to the!B, excited state has the admixture

0.054

0.00

T T T T T T T 1
220 240 260 280 300 320}»/?1?1? 360 380 400 420 of [dy4Pt)] — ofpP¥)] (MC) and z(C=N) — 7*(C=N)
Figure 2. Calculated absorption transitions bt the TD-DFT/PCM  transitions, mainly contributed by the 18 194 configuration.
level together with experimental spectrum todins[Pt,(CN)s(PCys- As shown in Table 3 an_d Supportln_g Inf_ormatlon Tabl_e_ 7, the
CH;PCy);] in CH,CI; solution (ref 12). B!A,, D'B,, and GB, excited states give rise to-¢ d transition

) absorptions at 285, 266, and 226 nm, respectively, while the
by 93% d 36% dy, 82% dz, and 53% ¢, respectively. 3a 1B and PB, excited states produce absorptions related-tdPPt
and 11Q orbitals are the ligand-occupied MOs. For the metal  ; ponding. It is worth noting that combination of the 166
ligand bonding orbitals, 9h10a;, and 10Q MOs have the Pt 194 and 18 — 203, configurations contributes to the 228 (5.44
P, Pt-C, and P+C o-bonding characters, respectively, while = ev) and 226 (5.48 eV) nm absorptions just with different ClI
9g; and 2y MOs are d(Ptyp(CN) w-bonding orbitals. As  coefficients. Since the two absorptions have the sdBie
suggested in many studies on the electronic structures foraycited-state symmetry and very close transition energy, they
mononuclear icomplexes>2°the Pt ¢b_y (133 MO) hasthe  gshould correspond to one absorption band in the experiment.
highest energy of the five d orbitals (Supporting Information Taple 3 indicates that the calculated oscillator strength of
Table 8). The gPt) mixed with some CN) and p(P) character  apsorption is correlated with the molar absorbanggyy) in
forms the LUMO (44@), agreeing with the previous pro_posal experiments, especially farans[Pt(CN)(PR.CH,PR.);] (R
that ther-acceptor 8 complexes have empty orbitals with an  — \e and Cy). Thus, the oscillator strength, to some extent,

admixture of the metah(+1)p, and ligand-based characte?> can be used to theoretically predict the experimental absorption
With respect to dimericl, the Pt(I)-Pt(ll) interaction intensity18b.41.42

strongly modifies the original orbitals of monomec Most
orbitals in1 can be assigned as a single-bonding function as
seen in Supporting Information Table 7 and Supporting Infor-
mation Figure 1. Interactions of the,(Pt) AOs form the and

o* bonds in 18g and 14@ MOs, respectively. Ther orbitals
come from ¢4Pt) and ¢APt) AOs to give ¢ (15h)) ands*
(12ky) as well as ¢, (18h,) andz* (15by) orbitals. It is worth
noting that there is muck(C=N) bonding contribution to metal
dy; 7w and gy 6 MOs but no contribution to,d 7 MOs. This is
because there are symmetry-adaptfm(C=N)] andz[p«(C=

N)] orbitals tozz[dy.(Pt)] and d[dx,(Pt)], respectively. For the
four metat-metal o and o* orbitals, 15a (HOMO) and 13a

are the metatmetalo* MOs mainly contributed by the £(Pt)

Q)(/) ?h;/vf;?;%a Z:]Ze ;ggnzégé.ﬁg?gd;g ?gzl:aﬁei;ign;zg d '.transit.ion. In addition, the. EtPt interaction allso raises the
o-bonding orbitals in the occupied orbitals. 34md 17 MOs intensity of the ¢ — p, transition from 0.0?0 oscillator strengt.h
have the PP o-bonding character, while 16and 133 MOs of 6 to 0.215 ofl. These results agree with the corresponding

have P+C o-bonding character. For lower-energy unoccupied experimental observatloﬁ%. ] )
orbitals, the EPt) interactions give rise to (19a) and o* Inthe TD-DFT calculations ofh, triplet excited states related
(17a), where there is ca. 11% s contribution to tteorbital. to spin-forbidden absorptions are also considered. As a heavy
Two Pt dz_2 AOs form thed*(d—y?) and d(dke—y?) MOs in metal element, the spirorbit coupling of the Pt atom should
16a, (LUMO + 1) and 20g (LURMO + 2), respectively. For bg Ia(ge; thus, the S|.nglet-to-tr|plet transition may appear as Wgak
the two orbitals the result that(d,_,?) is lower in energy than  tails in the absorption spectra. The lowest energy absorption
(che—y?) seems puzzling. In fact, the(Pt—P) character inthe ~ from the XlAg — 3A,, transition for1 occurs at 392 nm (3.16
two orbitals plays a dominant role in determining the orbital €V). belonging to the*[d 2(Pt)] — o[pAPt)] (MC) transition.
order. This is the same transition character as the dipole- and spin-
3.2.2. Absorption Spectra of and 6. We described the  allowed X'Aq — A'A, transition of 338 nm. It has been
calculated electronic spin-allowed transitions Iofn Figure observed tharans-[Pt(CN)s(PR.CH,PRy)2] (R = Me, Ph, and
2 accompanied with the experimental spectrum t@fns Cy) complexes in ChKLCl, solution at room temperature exhibit
[Pt(CN)4(PCy:.CH,PCy),] observed in CHCl, solution atroom  very weak absorptions at 37890 nm (Table 3}213
temperaturé? Every transition is labeled as a capital letter 3.2.3. Molecular Orbitals and Absorption Spectra of Other
related to its singlet excited state in Table 3. The theoretical Complexes.Just like those ofl under the TD-DFT/PCM

With respect to monome, four low-lying d— p absorptions
in CH.Cl, solution were calculated at 249, 239, 233, and 198
nm, corresponding toygPt) — pAPt), dy(Pt) — pAPt), dz(Pt)
— pAPt), and dfPt) — pLPt) transitions, respectively. The
lowest energy 249 nm absorption witfyPt) — pAPt) in6 red
shifts to 276 nm withz[dyAPt)] — o[pAPt)] in 1. The Pt(ll}-
Pt(ll) interaction is included in the latter. The calculated 233
nm absorption fo6 contributed by g(Pt) — pPt) corresponds
to 338 nm forl. It is the strong g-d2 and p-p; interactions in
dimer 1 that result in a ca. 100 nm red shift of the absorption
wavelength with respect t6. Comparison of the absorptions
of 1 and6 indicates that the Pt(H)Pt(ll) interaction strongly
lowers the d— p transition energies, especially the ¢ p,
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calculations, frontier molecular orbitals d@ and 3 have
predominant metal orbital character, i.e., occupied orbitals
mainly arise from metahd (d.y, dy,, Ok, and @) orbitals and
unoccupied orbitals from metad-y2 and @ + 1)p;, orbitals
(Supporting Information Tables 9 and 11). Their electronic

J. Phys. Chem. A, Vol. 111, No. 2, 200291

calculated at 338, 296, and 314 nm. The 105, 78, and 68 nm
red shifts of absorption wavelengths for the Pt, Pd, and Ni
complexes result from the M(H)M(ll) interactions, respec-
tively. Accordingly, similar cases occur in the spin-forbidden
dz — p; electronic transitions for such®dnetal complexes.

structures have little difference. For example, the orbital energies Apparently, the spectroscopic studies display the existence of

with 7(C=N) + o(Ni—P) character (14pand 17g) in 3 are
higher than those with(dx,) + 7(C=N) (18a) ando*(dyy) +
7(C=N) (14a), different from the cases ihand2 (Supporting
Information Tables 7, 9, and 11). The different electronic
structures may lead to more participationagM —P) bonding

in the transitions of3 than of1 and 2.

There is little difference among 7, and8 in the unoccupied
orbitals contributed by metaid,2-2 and f1 + 1)p,. Supporting
Information Table 8 displays that the orbital wit){t) character
(4a) in 6 forms the LUMO, lower in energy than the orbital
with d ,2—2(Pt) compositions (13g However, reversed orbital
order occurs in7 and 8 as shown in Supporting Information
Tables 10 and 12, respectively. This difference results from
stronger relativistic effect contraction of thegrbital in the Pt
atom than in Pd and Ni atoms.

For the platinum(ll) complexesl( 4, and5), the different
ligand X in trans[PtX4(PH,CH,PH,),] causes the differences

a weak M(II)=M(Il) interaction. However, this result seems to
conflict with frequency calculations that show that the-Nii
interaction is not bonding in nature. In fact, two such calculated
results for Ni-Ni interaction are not inconsistent. Compl&x
has an eight-membered ring skeleton structure. In the structure
the bridging phosphine ligands pull the two nickel(ll) atoms to
a closer distance, which results in the compulsive meatatal
interaction. Thus, the metametal interaction should be
explicitly divided into compulsive and attractive (bonding)
interactions. Though the NiNi interaction is essentially not
attractive (bonding) as stated in frequency calculations, it affects
the electronic transition energies 8&f

3.3. Excited-State Properties.Studies on the electronic
excited state of molecules continue to receive intense attention
in many fields such as photochemisti/*3spectroscopy244-46
and molecular pharmacolody.Theoretical calculation is one
of the most effective means, which has been widely applied to

in their electronic structures. First, halogen atoms have more deal with such problenm:22.23

contribution to theo*(d 2)-based orbitals oft and5 than the
CN~ group to that ofl (Supporting Information Tables 7, 13,

We used the UMP2 method to optimize the lowest energy
triplet excited states of—5, but the attempt or3 fails. The

and 14). Second, the interactions between adjacent halogeroptimized main geometry parameters of the excited states are

atoms in4 and5 play a more significant role in determining
the order of orbital energy level. For example, the orbital with
o*(dp) character inl occupies the HOMO, while the larger
repulsion ofz[pAX)] (X = Cl and Br) changes the orbital order
into [7*(dyxy) + 7(X)] (HOMO) and [p*(d2) + 7(X)] (HOMO-

1) of 4 and5. Because of mora[p/X)] participations in [t*-
(dyp) + 7(X)] (49% for Cl and 59% for Br) than those inf(d 2)

+ 7(X)] (13% for Cl and 29% for Br) fodt and>5, respectively,
the orbital with [7*(dx;) + 7(X)] character forms the HOMO.
For 13a (LUMO) and 163 (LUMO+1) in 4, as thes*(Pt—P)
character plays a significant role in these M@g(dx-y?)
occupies the lower energy 13m0, just like in 1—3.

TD-DFT calculations oR—5 (Supporting Information) show
that d— p and d— d transitions are dominant in the absorption
spectra in CHCIl, solution, agreeing with the experimental
observationg? 15 All ¢*[d 2(M2)] — o[pAM2)] (MC) transition
absorptions have larger oscillator strengths in their low-lying
transitions of2—5. For 2, the dipole-allowed lowest energy
absorption of 296 nm (4.19 eV) has the 0.156 oscillator strength,
contributed by the 15a— 19g and 15@— 204 configurations.
We assigned the absorption as wgd 2(Pd,)] — o[pAPd)]/
o[dy—2(Pdy)] transitions, comparable to intense 27291 nm
absorptions fotrans[Pd(CN)4(PR.CH,PRy)2] (R = Me, Ph,
and Cy)15 However, this kind of transition is not clearly
observed in the absorption spectrarains[Niz(CN)y(PR.CH,-
PR,).] (R = Me and Cy)!? although the calculated 314 nm
o*[d ANi2)] — o[pANiy)] absorption for3 has a larger oscillator
strength of 0.124 as shown in Supporting Information Table 2.

given in Table 1. Optimizations ofy 2, 4, and5 predict their
lowest energy triplet excited states ha¥e, %A, °Bg, and®By
electronic excited states, respectively. Epthe PPt distance
shrinks by ca. 0.28 A on going from the ground state to the
lowest energy triple excited state, the P distance decreases
by ca. 0.03 A, and the P# bonds lengthen ca. 0.04 A (Table
1). Because the shrinkage of-fRt is much more than that of
P---P, the bonding interaction between the two Pt atoms drives
the PtPt shrinkage. Through the resonance Raman spectral
experiment oftrans[Pt;(CN)4(PCy.CH,PCy),], Che and co-
workers estimated that the PtHPt(ll) distance contracts ca.
0.11 A upon excitatiod? Apparently, the PPt contraction
trend is reproduced by the present calculations. When electrons
are promoted, the changes of the—M, P---P, and PtP
distances o®, 4, and5 are similar to those of (Table 1). The
bonding interactions between the two metal atoms in the excited
states weaken the#M dative bonds, leading to elongation of
the M—P bond length.

Analyses on the wave functions of triplet excited states
demonstrate that all the HOMOs of such binucléazamplexes
possess MM bonding character, intuitively depicted in Figure
3. This results in stronger MM interactions and shorter MM
distances in the triplet excited states with respect to those in
the singlet ground states. The differences of theN¥distances
are 0.28 {) > 0.27 Q) > 0.10 &) > 0.02 A (4). This order is
closely related to the repulsion between two adjacen{GN,

Cl—, and Br) ligands, the donating ability of X as well as
the HOMO character in the excited state. Because of the lower

Therefore, the oscillator strength of absorptions alone cannotrepulsion of the cyanide ion than that of the halogen atom as

provide sufficient information to predict the intensity of
experimental absorption spectra.

Comparison between monomers and dimers in the-dp;,
electronic transitions can provide insight into the M{AM(II)
interaction in the ground state. For monomeis8, the

mentioned above, the ™M distances ofl and 2 should be
shorter than those dfand5. Figure 3 displays thdt possesses
a o(py) bonding HOMO anc, 4, and5 have the HOMOs with
0(de—y?) character. The stronger(p,) bonding results in the
shorter M=M distance forl. For the HOMOs withd(dk-y?)

calculated 233, 218, and 246 nm absorptions were assigned asharactes o4 and 5, coordination of the halogen atom to

spin-allowed ¢ — p, transitions, respectively, while the*-
(dp) — o(p,) transition absorptions of dimeri—3 were

platinum increases the electrons of bonding HOMOSs, contracting
the PtPt distance. In contrast, the repulsion of the halogen
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1 2 4 5

LUMO

HOMO

Figure 3. Electron density diagrams of HOMO and LUMO fty 2, 4, and5 under UMP2 calculations.
atoms lengthens the PPt separation. For the face-to-face 180+
square-planar complexed @nd 5), halogen atoms directly
coordinate to platinum(ll) while the repulsion interaction occurs 160 ~
between adjacent halogen atoms (3.267 A4and 3.699 A

for 5). Thus, the stronger donating ability of the bromine atom
leads to a slightly shorter PPt distance fo#d thanb.

In this work, we predict that the emission energy that refers
to the difference of the total energies between the triplet excited
state and the singlet ground state with the same excited-state
structurel, 2, 4, and5 give rise to lowest energy phosphorescent 100
emissions at 2.66 (467), 2.30 (539), 1.65 (751), and 1.49 eV
(831 nm), respectively. Compared with experimental values
available, the UMP2 method slightly underestimates the emis-
sion energy. For example, the emission energy (2.66 eV/467
nm) of 1 is lower than experimental 2.76 eV/450 nmtafns 60 T L —

—
[Pt2(CN)4(PCy,CH,PCy,);] in the solid state at room temper- 2 28 29 f(i\?l-M)/A 31 32

ature;? t_he emission energy dl underestimates by ca. 0.17 Figure 4. Plot of M—M distances versus stretching frequencies in the
eV relative to 2.47 .eV (503 nm) afans [Py (CN)y(PCy.CH,- ground and lowest-energy triplet excited states for a series of binuclear
PCy,)2] observed in the solid state at 77 *K.The UMP2 d8 complexes (Supporting Information, Table 15) under MP2 and UMP2
calculations show that th&\, excited state ofl can give the calculations, respectively.
o(py) — 0*(d2) (HOMO — LUMO) phosphorescent emission,
while those o and4/5 contribute to the lowest energyd,-y?) [Pto(pophCly)4~, 14549134 cnr! for [Pty(popuBra]*,14%¢4%nd
— 0*(d2) and 6(de—2) — 7*(dy,) transitions, respectively 156 cnt? for [Pty(popyCHsl]4~.145¢Similarly, the excited-state
(Figure 3). M—M frequencies of2, 3, and 5 (166, 95, and 84 cnt,

In addition, we carried out frequency calculationsioR, 4, respectively) also increase relative to those in their ground states.
and5 for the lowest energy triplet excited states to characterize The present studies demonstrate that the M{UI1) stretching
the M(Il)—M(ll) interactions. Because the HOMOs in their frequency is correlated with MM distance, namely, stronger
triplet excited states all have bonding properties, the excited- frequency, shorter distance. In Supporting Information Table
state M—M stretching frequencies should be higher than those 15, we summarized the calculated¥ distances and stretch-
of the ground states. Through vibrational-mode analyses, theing frequencies in the ground and lowest energy triplet excited
calculated 140 crit frequency ofl in the3[o*(d 2 a(p,)] excited states for a series of binucleaf domplexes from MP2 and
state was attributed to the PPt stretching frequency, much  UMP2 calculations, respectively. The plot of the-Wl dis-
higher than the 94 cnt one in the ground state. This suggests tances versus stretching frequencies in Figure 4 intuitively
that the interaction between the two Pt atoms is weak in the illustrates that the MM distances are linearly correlated with
ground state (3.069 A Pt distance) but strongly enhanced the M—M stretching frequencies for binucleaf domplexes.
in the triplet excited state (2.794 A-PPt distance). The excited-
state Pt-Pt stretching frequency df agrees well with the 145 4 =gnclusions
cm? for trans[Pt(CN)4(PCy.CH,PCy),]* estimated by the
resonance Raman speéfrand is comparable to the excited We explored the ground- and excited-state properties of
Pt—Pt frequencies, 146 cm for {[Pty(pcpu]*}* (pcp = binuclear 8 complexesl—5 at the MP2 and UMP2 levels. In
P,O4CH427)*8 and 155 cm? for {[Pty(pop)y]4~} * 144452.483nd the ground state, the calculated MEM(Il) distances range
to the experimentaldd’ stretching frequencies, 158 cinfor from 3.02 to 3.17 A. Though the slightly shorter distance than

140 4

Freq/cm’

120
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the van der Waals contacts of 3.2 A implies a weak bonding Cera, M.; Cerrada, C.; Laguna, M.; Mata, J. A.; Teruel(ganometallics

interaction between the two metal atoms, frequency calculation
demonstrate that the weak metahetal interaction irl, 2, 4,
and5 is bonding in nature but i is not. This agrees with the
experimental results¥14 Upon excitation, the metaimetal
distances shorten by ca. 0.28, 0.27, 0.02, and 0.10 A.far

4, and 5, respectively. Enhancement of the metaletal
interaction is related to promotion of electrons into bonding
(p2) or o(dy—y?) orbitals. The present calculations on binuclear

d® complexes in the ground and triplet excited states reveal that

the M—M distances are linearly correlated with the—i
stretching frequencies.

To rationalize spectroscopic properties, the TD-DFT method
associated with the polarized continuum model (PCM) was

performed to predict absorption spectia-5 as well as
mononuclear @icomplexess—8 in CH,Cl, solution. For6—8,

the calculated 233, 218, and 246 nm absorptions were assigneq:h

as spin-allowed g — p, transitions, respectively, while thue-
(dp) — o(p,) transition absorptions df—3 were calculated at

338, 296, and 314 nm. With respect to analogous mononuclear

d® complexes, the metaimetal interaction results in a large red
shift of absorption wavelength for the binucle&rabmplexes.
Relative to1 with unsaturated CN donors, introduction of
saturated halogen donors indoand 5 changes their HOMO
and LUMO character, which leads to the lower energy-di
transition absorptions in platinum(ll) halide complexes.
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emissions ofl, 2, 4, and5 at 467, 539, 751, and 831 nm,
respectively. The first two are in agreement with the experi-
mental 450 nm emission dfans[Pt;(CN)4(PCy,CH,PCys),]
and 503 nm oftrans[Pd;(CN)4(PCyCH,PCy),] in the solid
state, respectively. It is shown that th&, excited state ofl
can give theo(p,) — o*(d2) phosphorescent emission, while
those of2 and4/5 contribute to the lowest energy(de-y2) —
0*(d2) andd(de-y?) — m*(dyy) transitions, respectively. These
results are also supported by such TD-DFT calculations.
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