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The structures of [Pty(pop)s]*~, [Pta(pcp)s]*~, and related species [Pty(pop)sXz]*~ and [Pty(pop)4J?~ in the ground
states (pop = P,0sH,%>~, pcp = P,0,CHs*~, and X = |, Br, and Cl) were optimized using the second-order
Mgller—Plesset perturbation (MP2) method. It is shown that the Pt—Pt distances decrease in going from [Pty(pop)s]*~
to [Pta(pop)aXa]*~ to [Pty(pop)sJ?~. This is supported by the analyses of their electronic structures. The calculated
aqueous absorption spectra at the time-dependent density functional theory (TD-DFT) level agree with experimental
observations. The unrestricted MP2 method was employed to optimize the structures of [Ptx(pop)s]*~ and [Pta(pcp)a]*~
in the lowest-energy triplet excited states. The Pt—Pt contraction trend is well reproduced in these calculations. For
[Pty(pop)]*~, the Pt—Pt distance decreases from 2.905 A in the ground state to 2.747 A in the excited state, which
is comparable to experimental values of 2.91-2.92 A and 2.64-2.71 A, respectively. On the basis of the excited-
state structures of such complexes, TD-DFT predicts the solution emissions at 480 and 496 nm, which is closer
to the experimental values of 512 and 510 nm emissions, respectively.

Introduction of a o(p) — o*(d) transition®* Because of its long lifetime
. . B (9.5 us) and high quantum yield>0.5), the triplet excited
Since the discovety of the famous complex [&{pop)* state, [Pi(poph]**, possesses unusual photochemical

o o . - '
((ijpl_ ?3%'12 ). great lllnteresl;tl_ 'E ('jtsb properties h"’?S propertie$8 It reacts with added quenchers by mechanisms
cvelope t ﬂ: 'f now we 4—eStah'kl)§t ed by stpectroscopm that involve the platinum complex as an oxidant, reductant,
expenments tha [E@pophl exnIDILS -an Intense green o arom-transfer reagefit’ For example, the highly reactive
phosphorescence in solution at room temperature becaus?Ptz(pop)414_* can abstract hydrogen atoms from a wide

- — range of substrates including alcohols, hydrocarbons, silanes,
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* Heilongjiang University. and stannanes, as well as halogen atoms from alkyl and ary!

+Jilin University. halides’
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the basic skeleton of [Rpop)]*~ but also contain axial
Pt—X bonds and a PtPt single bond. The PPt distances
in K4[Ptz(popkX2] (X =1, Br, and CI}*" 13 range from 2.75
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spectroscopic properties, we employed theoretical methods

to explore the ground- and excited-state properties of
[Pto(pop)]*~, [Pl(pcph]*, [P(popkX2]*~ (X =1, Br, and

to 2.69 A, which is considerably shorter than a distance of Cl), and [Pi(pop)]>~. The six complexes in sequence are

2.92 A in Ky[Pty(pop)]-2H,0.2 In view of a simple molecular
orbital (MO) theory!® the binuclear Bicomplex [Pi(popy]*~

with (do)?(do*)? configuration has a formal bond order of

labeled agpop, pcp, popl, popBr, popCl, andpop?*. The
second-order MglletPlesset perturbation (MP2)and un-
restricted MP2 (UMP2) calculations grop andpcp show

zero, while a single bond is given to the binucledr d that upon excitation the PPt distances shorten 0.158 and
complexes [R{pop)Xz]*~ with a filled (do)® orbital. The 0 174 A with respect to the 2.905 and 2.987 A distances in
lower energy bands in the absorption spectra of the e ground states, respectively. Taéd 2) — o(p,) transition
[Pt(popkX2]* complexes have been ascribed to excitations makes the PtPt interaction in the excited state close to a
to the empty d* orbital.***!“The oxidative reactions have  gjngle bond. On the basis of the time-dependent density
led to a loss of luminescence of the halide complexes. ¢ nctional theory (TD-DFT? calculations, we simulated the

A structurally analogous complex is Picp)]* (pcp= absorption spectrum in water. This is well correlated with

P20,CH,*"), which differs from [Pi(pop)]*~ by having a the experimental absorption spectrum.
methylenic group rather than an oxygen atom in the ligand

bridge!® The electronic spectroscopy of the two complexes
(both absorption and emission) is very similar. The only
major difference is that the triplet lifetime of [Ppcp)]** We used the MP2 method to optimize the structurepa,
in aqueous solution at ambient temperature under anaerobigcp, popl, popBr, popCl, and pop?* in the ground states. The
conditions is 55 ns, whereas that of Jpopy]* * is 9.5 us. optimizations on the first two complexes in the lowest-energy triplet
Transient difference spectroscopy experiments showed thatexcited states were performed at UMP2 levels. It has been well
the former is more reactive than the latter in the reactions established that the transition energies calculated by the TD-DFT
with alkyl and aryl halide, hydrogen atom donors, ¥tc. method are comparable in accuracy to those by the higher-level
As suggested in the literatu?e’ the metal-localized*- configuration interaction method$.0On the basis of the ground-
(d) — o(p) transition of [Pipop)]*~ leads to a contracted and excited-state structures of- complgxes, we employed the TD-
Pt—Pt distance in the excited state relative to one in the DFT (Becke’s 3 parameter hybrid functional using the t¥ang—
ground state. Recently, Coppéffsand Rillema™ used Parr cqrrelation fgn(?tional, B3LYP) method to predigt the .
density functional theory (DFT) methods to study the absorption and emission spectra. Wg performed calculations using
electronic properties of [Rpop)]*-. The calculated PtPt Hay and Wad® effective core potentials _(ECPs)_for Pt, I, Br, Cl,
distances are 3.04 and 2.82 A in the ground state and tripletand P. The LanL2DZ basis sets associated with the ECPs were

. . ; employed. To describe the PPt interaction and the molecular
excited state, respectively, compared with 2.92 and-2.64

) > A 601 properties precisely, one additional function was implemented for
2.71 A distances determined by experiméit&18-21 Al- Pt (o = 0.18), | (0tg = 0.266), Br (g = 0.389), Cl g = 0.514),

though there have been some studies on the electronic strucang p ¢, = 0.34)27
tures of [Pi(pop)]*~,*” few theoretical investigations on the
spectroscopic properties of ficpy]* and [Pi(popyXa]*~

Computational Details

The calculation on the single molecule model corresponds to
the behaviors of the complex in the gas phase. We considered the
(X =1, Br and Cl) have been done. influence of solvent molecules on spectroscopic properties of

To provide a clear picture of binuclea? domplexes in complexes that was indicated in the previous wgPk8and then
the electronic structures and to gain an insight into their we employed the polarized continuum model (PCM) in the self-
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Theoretical Insight into Binuclear Pt(Il) Complexes

consistent reaction field (SCR®)method to account for the solvent
effect of water. Combined with the PCM solvent-effect model, the
absorption and emission of such complexes in the aqueous solution
were obtained under the TD-DFT calculations. Here, @
symmetry was adopted to settle the ground- and excited-state
conformations ofpop, pcp, andpop’s derivatives. All the calcula-
tions were accomplished by using tBaussian03rogram pack-
age?®

Results and Discussion

In the past two decades, extensive studies were carried
out on the photophysical and photochemical properties of
the binuclear platinum(ll) complexes, [Pt:(pop)] (Y =
K*, (n-BusN)*t, B, and (EiN)zH*").271° Their intense

phosphorescent emission at ca. 512 nm in water was assigned

as a metal-centered (MC) transition by theoreticaind
experimenta&* studies. At room temperature, the triplet
excited state, [Rlpop)]**, can perform a variety of energy-,
electron-, and atom-transfer reactiéné The single-crystal
X-ray structure of K[Pt(pop)]-2H.O showed the anion with
an eclipsed “lantern” type structure, which has planar
platinum(ll) centers linked by ap-pop group. The anion

Figure 1. Structures opop (right side is a lateral view from the PPt

orientation),pcp, andpopX (X = I, Br, and ClI).

Table 1. Optimized Geometry Parameters of fpopy]*~ (pop) and

[Pt(pcpu]*~ (pcp) Using the MP2 Method for théAg Ground State

has a P+Pt separation of 2.925 A with no ligands bonded and the UMP2 Method for théA, Excited State

to the axial sites.
Many investigations on [Rfpop}]*~ have greatly pro-

moted interest in its related species, such aggep)]* and
[Pt(pop)X2]* (X = I, Br and Cl). The isoelectronic pcp

complex also possesses similar structure and spectroscopicPtPt

properties® However, the halide derivatives display shorter
Pt—Pt distances and different featured spectra compared with
their parent compleXt~1* Therefore, an insight into the

nature of these complexes in the ground and excited states

contributes to specifying their similarities and differences

in spectroscopic properties and chemical reactions and

extending their existing and potential applications.
Ground-State Geometries.In this work, the geometries

of pop, pcp, popl, popBr, popCl, andpop?* in the ground

states were optimized using the MP2 method. Their structuresy ,ipt,(pc

are presented in Figure 1 with the depicted coordinate
orientation (thez axis goes through the two Pt atoms).
Selected results from the geometry optimizations on the
complexes are listed in Tables 1 and 2 for comparison with
the data from the X-ray crystallographic determination of
Ka[Pt(pop)]-2H,0?, K4[Pty(pcp)]-6H,0,1%2 and Ki[Pt-
(pop)Xz]-nH,O (X = I, Br, and Cl)11ab.12.13

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.
Gaussian 03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

pop pcp

parameters  !Aq exp 3A, 1Aq exp 3A,
bond length

A)

2905 2925 2747 2987 2980 2813

Pt-P 2373 2320 2389 2368 2328 2.384
— 1662 1579 1661 1696 1.608 1.697
P=0 1576 1519 1577 1594 1530 1592
P—Ow/C 1712 1623 1711 1.869 1.864
p---P 3.063 2980 3.008 3.189 3.132
bond angle

(deg)
P3-Pt1-P4 176.2 173.7 175.1 172.3
P3-Pt1-P7 89.9 89.8 89.9 89.9 89.7
P3-Pt1-Pt2 919 90.7 93.1 92,5 91.8 93.8
P—Oy/C—-P 127.0 1333 123.0 1172 1171 1143
aThe X-ray crystal diffraction data of KPty(popk]-2H,O and

pu]-6H,0 from refs 2 and 16a, respectively.

It is shown in Tables 1 and 2 that similarities and
differences are found between the calculated and the
experimental parameters. Fpop, the calculated Pt(lty
Pt(ll) distance is 2.905 A, much closer to the distance of
2.925 A for Ki[Pty(pop)]-2H,02 The two Pt(Il) atoms tend
to approach each other, which is indicated by the 3.063 A
P---P bite distance being more than the-Pt distance, and
the 91.9 P—Pt—Pt angle being greater than a right angle.
Recently, CoppeA&and Rillema’™ have used DFT methods
to optimize the structure of such a complex. Because the
DFT method does not precisely describe the metabtal
interaction, the PtPt distance was overestimated by ca. 0.12
A in their studies. As shown in Table 1, the other geometry
parameters slightly deviate from the corresponding experi-
mental values. The largest difference is ca. 0.09 A for Pt
Oy in distances and ca.°&or P—Op,—P in angles. Each
divalent platinum atom exhibits square-planar coordination
with four phosphorus atoms from the pyrophosphate ligands,
which is reflected in the 176°2P3—Pt1-P4 and 89.9P3—
Pt1-P7 angles. It is shown in Table 1 that the optimized

Inorganic Chemistry, Vol. 45, No. 21, 2006 8731
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Table 2. Optimized Geometry Parameters of Bop)X2]4~ (X = | the P-O,—P angle decreases by c&, 4nd the PtP bonds

ggoPé)EOELépgﬁ’;& ag?ng'trf’gﬁ’w%)% i‘/l”edth[ﬁg(p"p)“ *" (pop*) in the lengthen only slightly (Tables 1 and 2). Other variables
g remain nearly constant.

popl PopBr popCl  pop™ In the theoretical view, we also optimized the structure of
parameters 'Ay expt  A;  eF Ay exp Ag pop?*. By comparison with those gfop, the Pt-Pt separ-
bo’gg)'ength ation decreases by ca. 0.24 A, the-P distance decreases
Pt-Pt 2802 2754 2775 2723 2758 2695 2666 Dby ca. 0.12 A, and the PP bonds lengthen by 0.07 A
E_*OPH fgég f-ggg fgég igg f-gé;‘ iggg fgﬁg (Tables 1 and 2). When compared with other PtiHPx(I11)
P=0 1570 1504 1571 1529 1571 1512 1557 complexes such gsopX (X = I, Br, and Cl),pop?* has no
P-0p 1702 1621 1703 1635 1704 1616 1698  axial ligands to perturb on the PPto bond. So, the PtPt
e 2ror 2746 2019 2555 2478 2407 . distance opop?* should be the shortest in all the binuclear
bond angle Pt(11)—Pt(lll) complexes as indicated in Table 2.
P;d;%)_m 1751 1746 1760 174.3 1735 Formation of a PtPt single bond apparently drives the
P3-Pt1-P7 89.8 899 89.9 89.8 89.8 binuclear oxidative addition reactions frqmop to popX.t2

PS-Ptl-Pt2 925 918 927 = 920 929 = 922 932 Simple MO theory predicted that two PPt do* electrons
P-Op-P 1242 1269 1237 1288 1233 1255 1200 O Lo oo o Xin each product complex [(Bb is (do)?-
aThe X-ray crystal diffraction data of fPtx(pop}X2]-nH-0 (X = I, (da*) 2 (pﬂll)z is (d0)2]3 The PPt bonding is weak in the
Br, and CI) from refs 11ab, 12, and 13. . .
former but much stronger in the latter. In the present studies,
geometry parameters gbcp agree well with those of we calculated the PtPt distances at 2.905, 2.802, 2.775,
K4[Pty(pcp)]-6H:0.162 The largest difference in these dis- 2.758, and 2.666 A fopop, popX (X = I, Br, and Cl), and
tances is no more than 0.09 A. The calculated 2.987 A pop?*, respectively. (Tables 1 and 2) This reproduces well
Pt—Pt separation is comparable to the experimental distancethe trend in the PtPt distances determined by experi-
of 2.980 A. mentst12
With respect tqpopX (X = I, Br, and Cl), the optimized To provide a deep insight into the PPt bonding, the
Pt—Pt distances are 2.802, 2.775, and 2.758 A, respectivelyorbital energy levels of such complexes in the MP2 calcula-
(Table 2). The Pt X bond lengths of 2.797, 2.619, and 2.473 tions are presented in Figure 2. We list detailed information
A correspond to experimental distances of 2.746, 2.555, andof electronic structures in Supporting Information, Tables
2.407 A, respectivelyta1213Aside from the variations in ~ 1—3. As seen from Figure Dop has the orbital distribution
the PPt distances, the [pop)] skeleton units (Figure  similar topop?" except that the latter has the empti(d2)
1) are remarkably similar in theop andpopX complexes. (28a) orbital and relatively lower-energy orbitals. We
As the PPt distance shrinks by ca. 0.15 A in going from roughly calculated that the PPt bond orders irpop and
pop to popCl, the P+-P distance decreases by only 0.06 A, pop?" are 0.037 and 0.714, respectively. This can elucidate

16 - 2+
] pop pop popl popBr popCl
14 — 303 G*(Pt P)+5*(d d )
i 37a, T o*(Pt-P)+3(d o d )
/ 37, o*PLP)EE, ) 3T, 378
12 — ,// - 313 c*(Pt P)+8*(d ) 31au 31au
] 3??3 o(p, ) !
10 — o au—
8 ] JR— /,// ,/’ 30a — U;Zaz)—‘;&*il—)tl)
6 — 29a e o-*(pt P)+5*(d - d )
% 353 T ot P)+(d,.,
> — 35a —_
B 4 o, 5)
E i
2 |
o(d.)+o(Pt-I
_ 28a, 41 6%(d,s) 36a ﬂ-()(’( _____ b
"""""""""""""""" . O+o(Pt-P) e ST
0 28 o*(d,;, s) o i) J -
P T R ﬁ
| - 3 Pt-I)+o*(d .)+o*
2 7 — %(d )¥d,) 28a G()"() f-(P) -
4 f,,;,' 30ag o(d,, $)tO e
g ‘ 24,
4 P
6 28k, &,’I/(/}"G(Pt-})ﬁc(])[_]))
1 APty =2.666 A 2.905 A 2.802 A ams A 2758 A
8

Figure 2. Orbital energy levels opop, popX (X = I, Br, and Cl), andpop?* in the MP2 calculations.
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Table 3. Calculated Absorptions giop in the Aqueous Solution at the Table 4. Calculated Absorptions gfcp in the Aqueous Solution at the
TD-DFT (B3LYP) Level, Associated with the Absorptions Observed in TD-DFT (B3LYP) Level, Associated with the Absorptions Observed in

the Experiment the Experiment
|Cl coef E |Cl coef| E

states conf >0.2 A(hmp (evy b expg states conf >0.2 A(nmp (evyr o exp
3A, 28a—353 0738 431 2.88  0.000 452 (110) 3\, 283—35a3 0.734 452 2.74  0.000 470 (142)
AA, 283 — 353 0.665 351 3.53 0.276 367 (34500) AA, 28a,— 353 0.666 369 3.36 0.214 382 (29000)
BBy, 34h,— 35g 0.696 301 4,12 0.008 BBy, 34h,— 35g 0.696 338 3.67 0.006
C'B, 33h,— 353 0.696 301 4.13 0.008 C!B, 33h,— 353 0.696 338 3.67 0.006
DB, 32h,— 355 0.685 253 4.89 0.001 DA, 27a,— 35g 0.701 273 4.54 0.021
EIB, 31h,— 35g 0.685 253 4.89 0.001 E'B, 28h—29a 0.690 263 4.71 0.002
F1B, 34h,— 363 0.591 243 5.10 0.024 266 (1550) F1B, 27hy— 29 0.690 263 4.71 0.002

28y —29a, —0.363 G1B, 28h,— 30a 0.658 257 4.83 0.107
G1B, 33h,— 36y 0.592 243 5.10 0.024 HB, 27h— 30a 0.658 257 4.83 0.107

27hy—29a, —0.362

aCalculated absorption spectra in nm and &Qscillator strength.
¢ Experimental absorptions from ref 16a, and molar absorption coefficient
(M~1cm™?) listed in parentheses.

aCalculated absorption spectra in nm and &Wscillator strength.
¢ Experimental absorptions from refs 3, 4a, 14, and 30, and molar absorption
coefficient (M~1cm™?) listed in parentheses.

. . . _ ]a
that the P+ Pt distance is longer in the former than in the 030

latter. With respect topopX, the bonding interactions
between the gPt) and p(X) orbitals remove a majority of
electrons from the filled*(d 2) orbitals ofpop. So, the Pt

Pt bond orders gbopX should be located between those of
pop andpop?*. Accordingly, the PPt distances decrease
from pop to popX to pop?*.

As shown in Figure 2 and Supporting Information, Table 0.05+
2,popX (X =1, Br, and CI) possess very similiar molecular
orbital properties [e.g., highest occupied molecular orbital —— ,““ N —
(HOMOS) Of G(dzz) + O_(Pt_x) and |0W€St unoccupied 260 280 300 320 340 360 380 4;)(;[::0 440 460 480 500 520 540
molecular orbitals (LUMOS) ofe*(d2) + o*(Pt—X)].

However, the different-donating strengths of I, Br, and ClI s b
result in the different PtPt distances inpopX. The 3.0
calculated results show that the trend in the Pt distances
follows the sequence* Br > CI, which can be explained
from the detailed analyses on their electronic structures
(Supporting Information, Table 2). On one hand, the HOMOs
of popX (X =1, Br, and Cl) ares bonding characters, which 104
are mainly contributed by 10.8, 14.8, and 19.4%, d 054
respectively. More d contribution of Pt atoms favors a 00
stronger PtPt interaction and a shorter-PRt distance. On s
the other hand, less/(X) participation in the antibonding 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540
LUMOs tends to strengthen the-H®t interaction and shorten ] ) ) Mam o

the PE-Pt distance (28.8%.0), 21.6% p(Br), and 16.2%  FOUEE,, Simulated absoroton shecta () i wtrfop o e TO-
pACl)). Indeed, our calculated bond orders of 0.439, 0.490,

and 0.537 fopopX (X =1, Br, and Cl), respectively, support
such a trend in the PPt distances. In brief, the electronic

structures indicate that the PPt distances vary in the ) ) .
order: pop > popl > popBr > popCl > pop?*. In Figure 3a, we have simulated the absorption spectra of

e POp in water on the basis of the TD-DFT/PCM calculations.

theory has recently become a reliable method for prediction The _theoretlcal spectrum gfop contains an absorption
of excited-state energi@.Here the electronic transition ~Maximum at 351 nm (3.53 eV) and a shoulder at 301 nm

energies opop, pcp, andpopX (X = I, Br, and Cl) were (4.12 eV). This is reasonably similar to the experimental
calculated using the TD-DFT (B3LYP) method at their SPectrum (Figure 3B that exhibits absorption maximum at
optimized ground-state structures. Combined with the PCM Wavelengths of 368 nm with molar absorption coefficient
solvent-effect model, we obtained the absorption spectra of Of 34 500 M™* cm™. Our studies reveal the lowest-energy
such complexes in the aqueous solution. In Tables 3 and 4absorption to be dominated by the MC transition (Table 3
and Supporting Information, Tables—8, the transition  and Supporting Information, Table 7). The absorption at 351
energies (nm/eV) and oscillator strengths of absorptions arenm, which is mainly contributed by the 28a 35g (HOMO
listed, which are associated with experimental absorption — LUMO) configuration, has the largest calculated oscillator
spectrad“a1lac13.163\e provide detailed information of the strength of 0.276 in the visible region. As shown in

0.25

e

1y

=3
1

0.15

Oscillator strength (f)

0.10

0.00

2.54

2.04

eM'em™)x10*

MOs involved in absorption transitions in Supporting
Information, Tables 7#11.

Absorption Spectra. TD-DFT based on linear-respons
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Figure 4. Simulated absorption spectra in water fmp from the TD-
DFT/PCM calculations.

Supporting Information, Table 7, the absorption is attributed

to ao*(d2) — o(p,) transition. It is worth noting that the
other absorptions occur in pairs for tppep anion should
have had the largest point group ©f,. The 301 and 253
nm transitions are assigned as #0o(Pt—P)] — o(p,) and
O — o(p,) charge transfers, respectively. ThiBFexcited

Pan et al.

intense peak is well reproduced by the theoretical spectra,
but the weak peak only corresponds to a shoulder band in
the theoretical spectra. For example, the calculated transitions
at 317 nm { = 0.508) and 409 nm (0.003) fquopCl are
comparable to the experimental values of 282 ram=
48840 Mt cm) and 345 nm (8 190 Mt cm™Y). The
former is assigned as the admixtureogtlz) — o*(d2) and
o(Pt=Cl) — o*(Pt—Cl) transitions (Supporting Information,
Tables 4 and 9).

Note from Supporting Information, Figures—8 and
Supporting Information, Tables—6 that there are some
differences between the calculated and the experimental
absorptions. To explore the reason, we upedCl as an
example to perform the following calculations: (i) B3LYP/
PCM at the optimized geometry; (ii) B3LYP/PCM at the
experimental geometry; (iii) B3LYP/C-PCM at the optimized
geometry; (iv) PBEPBE/PCM (the 1996 functional of Per-
dew, Burke, and Ernzerhof) at the optimized geometry; and
(v) PBEPBE/C-PCM at the optimized geometry. The
calculated results are listed in Supporting Information, Table
12. Compared with method (i) used in the present calcula-

state gives rise to absorption at 243 nm, which correspondstions, the results from method (ii) are much closer to the

to the promotion of an electron into{(Pt — P) + d(de—y2,
dy)] and [o*(Pt—P) + 6*(de—y2, dy)] from [Oy, + o(Pt—

experimental observations and are further supported by the
comparison between simulated (the red line in Supporting

P). The other three absorptions also have similar transition Information, Figure 1a) and experimental spectra (Supporting

properties.

Information, Figure 1b}¢ Therefore, we conclude that the

Additionally, the triplet excited states related to the dipole- different geometry structures are one of the most important
forbidden absorptions also were considered in the TD-DFT reasons that leads to a large difference between calculated

calculations orpop. As a heavy metal element, the spin

orbit coupling of the Pt atom should be large; thus, the

and experimental absorptions.
Excited-State Properties of pop and pcp.The studies

singlet-to-triplet transition may appear as weak tails in the on the electronic excited state of molecules continue to
experimental absorption spectra. As shown in Table 3, the receive intense attentich So far, the theoretical calculation

lowest-energy absorption from the'A, — 3A, transition

is one of the most effective means to investigate such

was calculated at 431 nm (2.88 eV), which belongs to the problems?324In this work, the UMP2 methods were used

o*(d2) — o(p,) MC transition. We relate the absorption to

the experimental value of 452 nff14.30

to optimize structures gbop andpcp in the lowest-energy
triple excited states. The geometry parameters are listed in

With respect tgpep, the stimulated absorption spectrum Table 1.

(Figure 4) is dominated by two absorption maxima at 369

nm (3.36 eV) and at 257 nm (4.83 eV). The g8a 35g

(HOMO — LUMO) transition contributes to the lowest-

The UMP2 calculations opop predict that the PtPt
distance shrinks by ca. 0.16 A in going from the ground state
to the lowest-energy triple excited state, the-P distance

energy absorption at 369 nm (3.36 eV) with the oscillator decreases by ca. 0.06 A, and the-Ptbonds lengthen ca.
strength of 0.214. The dominating absorption corresponds0.02 A (Table 1). Because the shrinkage of-Pt is much

to ao*(d2) — o(p,) MC transition (Supporting Information,

Table 8). Similarly, the lowest-energy singlet-to-triplet
absorption occurs at 452 nm in the TD-DFT calculations.

Experimental studies indicated that thglR(pcp)]-6H.O
complex exhibits absorption bands at 382 ram=(29 000
M~tcm ) and 470 nm{ = 142 M~ cm™) in the aqueous
solution at room temperatuté? It is evident that better

more than that of f-P, the bonding interaction between the
two Pt atoms drives the PPt shrinkage. Over the last two
decades, the Pt distance in the triplet excited state has
been studied in many experiments of[Rtx(pop)] (Y =
K*, (n-BuyN)*, Ba", and (EiN)sH*"). Through Frank
Cotton analysig;**'8resonance Raman specttd®and time-
resolved X-ray diffractiorf! the authors summarized that the

agreement is found between experimental and calculatedPt—Pt distances in the triplet excited-state range were from

absorptions.

Here, according to the calculated absorptions at the TD-

DFT/PCM level, we simulated the spectrapmpX (X = I,
Br, and Cl) in Supporting Information, Figures-8. For the
two featured absorptions observed in experiméfitsithe

(30) Stiegman, A. E.; Rice, S. F.; Gray, H. B.; Miskowski, V. Morg.
Chem.1987 26, 1112.
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ca. 2.64 to 2.71 A with ca. 0.29.21 A contraction relative

(31) (a) Nordwig, B. L.; Ohlsen, D. J.; Beyer, K. D.; Wruck, A. S;
Brummer, J. Glnorg. Chem 2006 45, 858. (b) Dreuw, A.; Head-
Gordon, M.Chem. Re. 2005 105 4009. (c) Bojan, V. R.; Fernandez,
E. J.; Laguna, A.; Lopez-de-Luzuriaga, J. M.; Monge, M.; Olmos, M.
E.; Silvestru, CJ. Am. Chem. So005 127, 11564. (d) Sotoyama,
W.; Satoh, T.; Sato, H.; Matsuura, A.; Sawatari,JNPhys. Chem. A.
2005 109 9760. (e) Kobayashi, A.; Kojima, T.; Ikeda, R.; Kitagawa,
H. Inorg. Chem.2006 45, 322.



Theoretical Insight into Binuclear Pt(Il) Complexes

to 2.91-2.92 A in the ground state. Results of recent Conclusions
theoretical studies using the DFT method have found excited-

and ground-state distances of 2.82 and 3.04 A, respectively. a
In the present studies, our MP2 calculations predict the
distances at 2.747 and 2.905 A, respectively (Table 1).

Apparently, our calculations agree with such experimental by the analyses of their electronic structures.

results. On the basis of such ground-state structures, TD-DFT with
Just like the case ipop, optimizations onpcp at the  the PCM solvent-effect model was employed to predict the
UMP2 level show that the PPt distance decreases by ca. aqueous absorption spectrapufp, pcp, andpopX (X = I,
0.17 A upon excitation, the-PP distance decreases by ca. Br, and Cl). The calculated results agree with experimental
0.06 A, and the PtP bonds lengthen ca. 0.02 A (Table 1). observations. It is found that théJo*(d2) — o(p)]
The bonding interactions between the two Pt atoms in the absorptions inpop and pcp have the lowest transition
excited states weaken the-PPt dative bonds, which leads  energies, and[o*(d2) — o(p,)] absorptions possess the
to the elongation of the PP bond length. Althougipop largest oscillator strength in the low-lying dipole-allowed
andpcp have the structural difference in the ligand bridge, transitions (Tables 3 and 4). The dominated absorption bands
their similar changes between the ground and the excitedof such complexes observed by experiments are well
states in the structures imply that the excited electronic reproduced by the simulated theoretical spectra.

Optimizations onpop, pcp, popX (X = I, Br, and CI),

nd pop?" in the ground states were performed using the
MP2 method. Their PtPt distances decrease in going from
pop to popX (X = I, Br, and CI) topop?*. This is evidenced

transitions mainly occur within the metal centers. The structures gbop andpcp in the lowest-energy triplet
On the basis of such optimized structures, we used theexcited states were optimized at the UMP2 level. The Pt
TD-DFT method to calculate the emission energiepab Pt contraction trend is well reproduced in these calculations.

and pcp. By including the PCM model in the TD-DFT  UMP2 calculations opop predict the PtPt distance in the
calculations, we obtained the emissions in the aqueouseXCited state at 2.747 A, which is comparable to experimental
solution. The calculated emissions in the gas phase andvalues of 2.642.71 A34.182L Additionally, TD-DFT
solution are listed in Supporting Information, Table 13 along €stimates the solution phosphorescent emissiopspand
with the experimental valueis pcp at 480 and 496 nm, respectively, both attributable to
In the calculations, TD-DFT predicts the phosphorescent € metal-centerea(p,) — 0*(d2) transitions. The calculated
emission energies qop at 2.60 eV (478 nm) in the gas €MIssions are in accordance W!th the 512 and 510 nm
phase and 2.58 eV (480 nm) in water. The solution emission 8MISSIONS in experiment, respectivefy.
is closer to the experimental value of 2.40 eV (512 fm). Acknowledgment. This work is supported by the Na-
According to the analyses on the wave functions of these tional Natural Science Foundation of China (No. 20301006,
excited states, we attribute the emissions to thed({&;) — 20173021).
0*(d2) tran§itions, Whi.Ch agree Wit.h experimental studies. Supporting Information Available: Tables of MO composi-
As shpwn in Supportmg Informa_ltlo_n, Table _13, note tha; tions ofpop, popX (X = I, Br, and Cl), andpop?* under the MP2
there is a slight difference of emission energies between N calculations; tables of absorptions pépX (X = I, Br, and Cl):
the gas phase and in solution. This suggests that interactiongaples of MO compositions gfop, pcp andpopX (X = I, Br, and
between anion and solvent molecules slightly affect the CIy under the TD-DFT calculations; table of calculated absorptions
emission spectra. A similar case is found in the calculations of popCl at different structures, density functionals and solvent-
on pcp (Supporting Information, Table 13). On the basis of effect models; table of calculated emissiongop andpcp in the
the optimized excited-state structure, TD-DFT calculates 9as phase and aqueous solution; figures of simulated absorption
emission energy at 2.50 eV (496 nm) in the aqueous solution,SPectra forpopX (X = 1, Br, and CI). This material is available
comparable to 2.43 eV (510 nm) phosphorescence ©f K free of charge via the Internet at http://pubs.acs.org.
[Pto(pcp)]-6H.0.16 IC060336V
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