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Singlet ground-state geometry optimization of the monomer, four dimers, and the trimer of [Pt(bph)(CO),], where
bph = biphenyl dianion, was performed at the B3LYP level of density functional theory (DFT) with a mixed basis
set (6-311G** on C, O, and H atoms; the Stuttgart/Dresden (SDD) effective core potential (ECP) on the Pt core;
[6s5p3d] on the Pt valence shell). The aggregation was based on Pt—Pt binding as well as on ;z—s and electrostatic
interactions. The lowest-lying triplet-state geometries of the monomer, one dimer, and the trimer of the complex
were also optimized using the above theory. Significant shortening of the Pt—Pt bond was recorded in the triplet
state compared to the singlet one. A number of low-energy singlet and triplet allowed excited states were calculated
using time-dependent density functional theory (TDDFT) and analyzed with respect to absorption, excitation, and
emission spectra collected under various conditions. Simulated spectra of the monomer and dimer based on the
singlet excited states were correlated with the absorption spectrum. The emission in concentrated solution was
due to the triplet dimer, and the emitting states were MLCT and Pt-centered states.

Introduction used to explain the dominance of the Ptx5ahd Pt 6p
Square planar polypyridyl and biphenyl complexes of Pt- orbita_ll_s resp_onsible for_the red _shift of the main pptical
(Il) are known to crystallize in linear chains resulting in transitions with decreasing PPt distancé.However, it is

meta-metal interactions. The emission properties of such €XPerimentally found that the emission behavior of these
crystals have been extensively investigdtethnd it is found complexes is determined by states that are localized in
that the binding modes can alter the emission significantly. ClUSters of a few complexes onfy.

Neutral complexes, such as [Pt(bpy)(GNibpy = 2,2- In dilute solution it is thought that the neutral complexes
bipyridine), form linear chains of equidistant complexes, ©Xistas monomers. There are reports, however, that suggest
stacked along the PPt bondt Cationic complexes, like [Pt- & concentration and solvent dependence of the spectral
(phbpy)CII" (phbpy= 6-phenyl-2,2bipyridine), crystallize pehgwor. It was proposed that .aggregatlon starts at certain
in dimers (alternating short and long-FRet distances along ~ Imiting concentrations, depending on the donor number of
the chain. Dianions, like [Pt(CN)]2, form both equidistant the so!venf’ﬂ The two possible interactions that would
and alternating linear chains, depending on the countérion, détermine the type of aggregate were mefaétal interaction
Double salts, like [Pt(bpy)Pt(CN)y], form linear chain ~ @nd7—7 stacking:®?

polymers, and their electronic spectra are strongly perturbed D€nsity functional theory (DFT)-calculated molecular
from those of the monomefsOne-electron band structure  ©rbital distributions have been very useful for the interpreta-

model calculations for a linear chain of [Pt(CN) were (5) Interrante, L. V.; Messmer, R. P. Extended Interactions between
Metal lons in Transition Metal Complexdsterrante, L. V., Ed.; ACS
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tion of electrochemical and photochemical results for Ru- A.
(1) complexest® The frontier orbital spatial distributions
calculated using the B3LYP/3-24G method were found 7 z(Cy)
to track well the observed site of the electrochemical 4
reductions for a ferrocenreCso—dinitrobenzene triadt A
DFT study of the energetics and the reaction path in a series 2 3 y
of Sy2 reactions of square planar Pt(Il) complexes witiOH
NHs, and chloride ligands ruled out the presence of an / \
intermediate but supported the existence of a single transition oC C,0
state!?
Time-dependent density functional theory (TDDFT) has g.

recently become a reliable method for calculation of excited- X

state energies and has proven useful in the assignment of '///,,,,% “‘\\\\\\\\O

the electronic singlet excited states to the absorption spectra 0Cy, Pl ’

of systems as complex as Ru(ll) and Cr(lll) polypyridyl O/Pf;\CO p 2(&)

complexes315 Molar absorptivities were calculated based o> v

on the values of oscillator strengths for the excited states

and were found to be in close agreement with experimental @ @

ones!? Triplet excited states calculated using TDDFT were

applied to the interpretation of the emission behavior of c

complexes of W(0) with CO and diimine ligan#sCalcu- ‘

lated singlet-triplet splittings and vertical triplettriplet /m,,,,,, _“\\\\\“‘CIO

excitation energies for a seriesfconjugated organic and Ptf\co

organometallic chromophores were found to be in good @

agreement with the experimental specéfra. oC/u,, \\\
We initiated an investigation of the excited-state properties "‘Ptj"“‘

of [Pt(bph)(COj)] in an attempt to elucidate the aggregation OCr/

processes in concentrated solutions and to clarify the identity

of the “oligomers” responsible for the triplet excited-state @ . ‘“‘\\\\\‘Cl“o

properties of single crystals and species present in concen- 'Ptj"\

trated solutions. @ co

Calculations and Results Figure 1. Coordinate systems and rotation axes for [Pt(bph)6EQA)

. . »); (B) dimer A (Car); (C) tri .
The geometries and the electronic structures of the monomer Cz.; (8) dimer A (Can; (C) trimer €

monomer, several dimers, and the trimer of [Pt(bph)(@O) potential and the (8s7p6d)/[6s5p3d] Gaussian-type orbital
were optimized in the singlet ground state using Becke’s (GTO) was used for the valence shell together with the all-
three-parameter hybrid functional B3L¥¥Pwith the local electron 6-311G** basis s&t®for the C, O, and H atoms
term of Lee, Yang, and Pafrand the nonlocal term of  of [Pt(bph)(CO}]. The lowest-lying triplet-state geometries
Vosko, Wilk, and Nassid? and with the Gaussian 98 (ver of the monomer, dimeA, and the trimer (Figure 1) were
5.4, rev A.9) program package. The Stuttgart/Dresden (SDD) also determined using the same theory.

effective core potential (ECP)was used for the Pt core The geometry of the monomer was optimized Qa,

. . symmetry (Figure 1A) as determined from X-ray diffrac-
(10) 4\1/1”%%%;%6'\;4; Stoyanov, S. R.; Rillema, D. Rorg. Chem.2002 tion.2* Dimer A (Figure 1B and Table 1) was optimized in

(11) D'Souza, F.; Zandler, M. E.; Smith, P. M.; Deviprasad, G. R.; Klykov, Con symmetry, whereas the trimer was optimized Qg

(12) Cooper, J.; Ziegler, Tinorg. Chem2002 41, 6614-6622. y . y ( 9 )' P Y . y
(13) Monat, J. E.; Rodriguez, J. H.; McCusker, J. X.Phys. Chem. A defined by the three Pt atoms. Two monomer units were used

2002, 106, 7399-7406. _ for the geometry optimization of the dimers, and the input
(14) 1R9°9d5;'91‘§35'1%£'1*_\1\’2h§§§“ D. B McCusker, JJKAm. Chem. Soc. g4 ctures were prepared as described below. For the torsion
(15) zheng, K.; Wang, J.; Peng, W.; Liu, X.; Yun, &. Phys. Chem. A angle CI-Ptl—Pt2—C1 the initial value of 180 was used

2001 105 10899-10905. i initi
(16) Farrell, I. R.; van Slageren, J.; Zalis, S.; Vicek,lAorg. Chim. Acta fC?I’ dimersA and.D' The initial value of 0 was u.sed for
2001, 315, 44—52. dimersB andC (Figures 1B and 2). The above torsion angles
(17) ;\llgzusy_e?ni;é. A.; Kennel, J.; Pachter, B. Chem. Phys2002 117, were subjected to geometry optimization to yield 1800
(18) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. dimerA, 0.2 for dimerB, 6.5 for dimerC, and 175.9for
(19) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B: Condens. Matter Mater.
Phys.1988 37, 785-789. (22) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.
(20) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ (23) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
1211. 1980 72, 650.
(21) Andrae, D.; Hauessermann, U.; Dolg, M.; Stoll, H.; Preus§;heor. (24) Chen, Y.; Merkert, J. W.; Murtaza, Z.; Woods, C.; Rillema, D. P.
Chim. Actal99Q 77, 123-141. Inorg. Chim. Actal995 240, 41-47.
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Table 1. Selected Geometry Parameters of [Pt(bph)(®aken from X-ray Crystallography (ref 24) and Calculated Singlet Ground-State and
Lowest-Lying Triplet-State Geometries Using B3LYP Theory and the 6-311G** Basis Set on the C, O, and H Atoms and the SDD ECP on the Pt
Atom?

source  PtPt, A Pt:-Pt2-Pt3,deg  PtC2,A  PeCl1,A C1-0,A C7-C7,A  C1-Pt-Cl,deg C2Pt-C2,deg
X-ray  3.2426(3) 162.1 2.04(2) 1.98(2) 1.10(2) 1.40(3) 94.5(10) 80.5(8)
singlet  3.48 166.1 2.07 1.98 1.13 1.47 95.1 80.1
triplet  3.34 176.8 2.06 1.97 1.14 1.44 94.0 80.1

aThe calculated results are for the monomer except for thdPPtistance (dimeA) and Pt-Pt2—Pt3 angle (trimer).

Figure 2. Optimized structures of the proposed dimers of [Pt(bph)gCO)
calculated using B3LYP theory and the 6-311G** basis set on the C, O,
and H atoms and the SDD ECP on the Pt atom: (A) dithe(B) dimer

B; (C) dimerC (CO above bph); (D) dimeb (bph above bph).

dimerD. For all dimers the PtPt distance was initially set
to 3.24 A as found experimentally. In dimér one of the
monomers was translated by 5.00 A alongyrais relative

to dimerB. In dimerD one of the monomers was translated
by 5.0 A along they axis relative to dimerA. The input
geometry of the trimer was prepared by addition of a
monomer unit to dimeA (Figure 1C). The Pt:Pt2—Pt3
angle was set initially to 180and C1—-Pt2—Pt3—C1' was
set to 180. All geometry parameters for the trimer were
further optimized (Table 1).

Dimers B, C, and D were optimized inC; symmetry
(Figure 2). A grid of 75 radial shells and 302 angular points
per shell was used for numerical integrations of the two-
electron integrals and their derivativi& he tolerance limits
for both distance and nondistance comparisons for the
molecular symmetry determination were set to“0rhe
values of the spin contaminatid®’of the Kohn-Sham
determinants were 2.02 for the triplet monomer and 2.01 for
the triplet dimerA. Thus, the effect of the spin contamination
should be small.

The atomic orbital coefficients were calculated using
Mulliken population analysis. The atomic orbital contribu-

of one CO ligand. For the biphenyl dianion the sum of the
percent contributions for six carbon atoms of one phenyl ring
is given. Hydrogen atom contributions are generally small
and are not presented.

Singlet excited states were calculated based on the singlet
ground-state geometry, whereas triplet excited states were
calculated based on the lowest-lying triplet-state geometry,
both utilizing the direct TDDFP% 28 The output contained
information for the symmetries of the transitions giving rise
to the excited states and the orbitals involved with the orbital
coefficient of the transition. The symmetry of a vertical
transition is determined according to e§°2,

(To) (Tp) Typ) =T 2)
where 'y, and I'y, are the orbital symmetries of the
occupied o) and the virtual ¢,) orbitals andl’y, is the
symmetry of the optical transitiop, — 3. I’ would be A
and A, for the C,, and Cy, point groups, respectively. The
energy of each excited state as well as the value of its
oscillator strength is also tabulated. Data for the singlet and
triplet excited states of the monomer and dirAeare given
in Table 3, parts A and B, respectively.

Each excited state was simulated with a Gaussian curve.
The singlet excited states that appear in Table 3A were fit
to Gaussian line shapes with maxima equal to the molar
absorptivity. The results for the monomer are illustrated in
Figure 3A and for dimeA in Figure 3B. The line withx’s
gives the sum of all Gaussian peaks. The oscillator strength
f is related to the molar absorptivity coefficientthrough
eq 3. The integration is over the entire band i the
frequency in cm?), andF is related to the solvent refractive
index. For the most common solveritss close to unity?°
As a crude but convenient approximation, we used eq 4 to
convertf to e. The full-width at half-maximumwy,, (cm™2)
was estimated to be 970 cifrom the most well-defined
and narrowest peak in the absorption spectrum (at 281 nm)
of [Pt(bph)(CO}] in CH,Cl,,f assuming that it was due to a
single electronic transition.

tions for monomer, expressed in percent, are given in Table f=(4.32x 10°)F f:izf do 3)
2A and those for the dimeA in Table 2B. Percent
contributions were calculated using eq 1, wherés the f=(4.32x 10 °)(emad (Aw1y) 4)

atomic orbital coefficient and n? is the sum of the squares
of all atomic orbital coefficients in a specific molecular
orbital.

[nZ/an] x 100= % contribution (1)

The percent contributions are calculated per C and O atoms
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Table 2. The Percent Molecular Orbital Populations for (A) the Monomer and (B) Difef [Pt(bph)(CO)] in the Singlet Ground State
Pt C(1) o ¢

molecular orbital  E, eV s o) Py P: d2 [o dy, Oy Cyy Yspd  2spd  Jspd type
(A) Monomer
59 (0), B —7.69 0 0.3 0 0 5.2 0 0 0 0 0.2 46.8 bph
60 (0), A —7.52 34.6 0 0 2.6 8.5 0 0 20.4 0 2.2 0.2 13.7 4Pt
61 (0), B —6.90 0 3.0 0 0 0 11.3 0 0 0 0.8 1.6 40.2 bph
62 (0), A —6.65 0 0 0 0 0 0 0 0 9.6 0.2 0.2 445 bph
63 (0), A —5.83 0 0 0 0 0 0 0 0 5.2 0.2 0.2 46.6 bph
64 (V), B —2.65 0 18.9 0 0 0 9.0 0 0 0 15.4 11.6 8.8 &4 CO
65 (V), Bs —142 0 0 32 0 0 0 0.2 0 0 17.4 84 219  CO,bph
66 (V), A —-1.41 0.8 0 0 1.2 10.0 0 0 4.2 0 22.2 10.7 8.2 CO
67 (V), Az —-1.17 0 0 0 0 0 0 0 0 10.8 27.7 14.6 2.3 CO
68 (V), By —0.90 0 0.3 0 0 0 1.0 0 0 0 1.2 0.6 47.1 bph
69 (V), B, —-0.34 0 0 12.3 0 0 0 28.6 0 0 4.3 2.4 18.9 4Pt
70 (V), B —-0.24 0 1.1 0 0 0 7.0 0 0 0 3.9 1.9 40.0 bph
(B) Dimer A
112 (O), By —-8.81 0 0 0 0.5 0 41.1 37.9 0 0 0.8 2.0 71 4Pt
113 (0), Ay —8.55 4.8 0.2 1.4 0 24.3 0 0 2.3 46.6 2.7 0.9 6.2 4 Pt
114 (0), A 847 0 0 0 47 0 61 117 0 0 10.0 08 245 gfiph
115 (0), B, —8.39 2.0 2.1 2.6 0 15.4 0 0 2.1 15.6 7.5 1.1 199 4 Pt
116 (O), By —8.36 0 0 0 4.7 0 19.1 2.8 0 0 10.2 0.9 23.0 gRiph
117 (0), Ay —7.88 28.5 2.3 2.4 0 0.8 0 0 0.4 7.4 5.3 0.5 222 ¢ Pt
118 (O), Ay —=7.77 7.4 0.9 0.7 0 0.5 0 0 6.9 0.6 0.9 0.2 40.1 bph
119 (0), B, —7.74 2.1 0.5 0.2 0 0.2 0 0 6.6 0.3 0.1 0.2 44.8 bph
120 (0), B, -7.07 24.4 2.0 2.2 0 7.8 0 0 9.1 19.6 0.7 0.6 15.8 4Pt
121 (O), Ay —7.03 2.2 2.7 1.4 0 0.6 0 0 13.7 0.3 1.1 2.1 36.3 ¢, Bph
122 (0), A —6.72 0 0 0 0 0 7.5 4.0 0 0 0.2 0.1 438 bph
123 (0), By —6.71 0 0 0 0.2 0 6.6 3.2 0 0 0.3 0.4 44.3 bph
124 (0), B, —6.67 21.9 1.4 0.6 0 6.5 0 0 1.8 26.5 0.2 0.1 20.2 sqPt
125 (O), By —5.92 0 0 0 0.8 0 3.3 1.6 0 0 0.4 0.4 46.3 bph
126 (0), A —5.87 0 0 0 0.2 0 4.9 2.7 0 0 0.2 0.1 45.7 bph
127 (V), A —2.76 5.7 17.6 4.8 0 0.8 0 0 49 2.4 11.6 8.3 12.0 , €0
128 (V), B, —201 71 99 45 0 10 0 0 76 04 164 107 76 pdPEO
129 (V), B, —-1.26 1.1 0.5 0.7 0 9.6 0 0 0.1 2.8 21.0 10.0 11.0 CcO
130 (V), Aq —-1.25 2.0 0.3 1.9 0 10.0 0 0 0.3 2.8 20.2 9.9 10.8 CcO
131 (V), A, -123 0 0 0 40 0 01 02 0O 0 17.3 84 217  CO,bph
132 (V), By —1.20 0 0 0 55 0 0 0.4 0 0 17.0 8.1 21.5 CO, bph
133 (V), By —1.00 0 0 0 0.2 0 2.0 7.4 0 0 24.0 12.4 8.6 CcO
134 (V), A —0.98 3.6 0.8 2.4 0 0.8 0 0 0.6 0.8 2.1 0.9 42.4 bph
135 (V), Au —-0.95 0 0 0 0.9 0 5.0 55 0 0 26.6 13.4 3.9 CcO
136 (V), B, —0.93 1.6 0.3 0.1 0 2.0 0 0 1.6 0.2 5.6 2.3 39.1 bph
137 (V), B, -0.31 43.1 2.5 35 0 0.1 0 0 2.9 0.4 1.3 0.7 21.8 s Pt
138 (V), A, —024 0 0 0 152 0 107 152 0 0 4.9 16 181 Pt
139 (V), By —-0.23 0 0 0 24.4 0 8.4 18.6 0 0 3.5 2.0 16.6 Pt

aThe orbital occupancy status is given in parentheses @cupied, V= virtual), followed by the orbital symmetry. Type describes the moiety with the
largest share in the spatial distribution of the orbital. For examplemegans electron density is located on the d orbitals of Pt. (See text for calculation
details.) P Sum of the percent populations for the six carbon atoms of one phenyl.
Similarly, five triplet excited states of dimeA were The lowest energy dimek (Figure 2A) was similar to the
simulated by Gaussian curves (vide infra). one reported in the single crystal of the complex (Tabl& 1).
It was stabilized byr—s interactions between the aromatic
and the carbonyl systems as well as by Pt binding. The

Dimer Formation. The square planar neutral complexes energy of dimeA was 4.09 kcal/mol lower thals,. Geome-
of Pt(Il) containing planar ligands are known to often try optimization for dimeB (Figure 2B) converged at aPt
crystallize in one-dimensional polymers featuring equal Pt Pt distance of 6.07 A with an energy slightly higher th&n
Pt distances along the polymer chain. As a result of the (by ca. 1.03x 1073 kcal/mol). Apparently, there is no—n
interaction between ligands from different complexes, the attraction between ligands of the same kind but repulsion.
angle of rotation of successive stacked complexes about theDimer C has a small binding energy (1.90 kcal/mol lower
Pt—Pt bond when viewed down the chain axis is close to thanEo). The approximate p|anes of the two b|pheny| groups
18C°. We investigated the Singlet gi‘ound-state energies of of the monomers were not para||e| (Figure 2C) possib|y
four dimers (Figure 2) of [Pt(bph)(C@)and compared them  enhancing the effect of the— interactions. The energy of
to E defingd as twice the singlet ground-state energy of the gimer D was higher tharE, by 1.96 kcal/mol, and the
monomer inC;, symmetry. distance between C7 of two different monomers was 4.19
A (Figure 2D). The anticipatest— interaction between the

Discussion

(29) Drago, R. SPhysical Methods for Chemis@nd ed.; Saunders College

Publishing: Ft. Worth, FL, 1977; p 123. two biphenyl groups did not lead to lower energy.

(30) Horvath, O.; Stevenson, K. ICharge Transfer Photochemistry of ;
Coordination Compoung®CH Publishers: New York, 1993; pp 0 . The preferred stacking mOd?S (_)f [Pt(bph)(G]Q)an be
12. justified not only by the PtPt binding and the biphenyl
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Table 3. Calculated Singlet and Triplet Excited States of the Monomer
and DimerA of [Pt(bph)(CO)]2

(A) Singlet
state  I'op  Ever €V f Yo Py type
Monomer
2 B> 3.39 0.039 62-64(0.7) LMLCT
3 AL 3.70 0.102 6164 (0.6) LMLCT
6 B: 3.96 0.019 60-64(0.7) MMLCT
7 A1 4.07 0.047  63-67(0.7) LLCT
8 Ay 4.44 0.029 59-64(0.7) LMLCT
9 B, 4.50 0.300 6368 (0.6) T — 7*
15 B, 4.79 0.012 63-70(0.6) T — 7*
20 B, 5.03 0.016 60— 65 (0.6) MLCT
DimerA
5 By 3.29 0.252  124-127(0.7) MMLCT
7 Ay 3.38 0.043  122-127(0.7) LMLCT
8 By 3.68 0.075 126~ 127(0.7) MMLCT
21 By 4.23 0.046 126~ 133(0.7) LLCT
25 B, 4.33 0.010 125-135(0.6) LLCT
28 Ay 4.47 0.175 126~ 134(0.6) =x—x*
30 By 4.48 0.094 121128 (0.5) LMLCT
34 By 4.56 0.016  124-130(0.6) MLCT
35 Ay 4.56 0.298 125-136(0.6) =&—x*
38 A 4.75 0.021  115-127(0.4)  Ptcentered
126— 139 (0.4) LMCT
39 Ay 4.76 0.011  122-130(0.4) LLCT
123—129(0.4) LLCT
(B) Triplet
state I'op Ever eV f Yo Py type
Monomer
1 Aq 1.24 0.021 64A—65A(0.8) Pt— deP
3 AL 1.60 0.045 62B—63B (0.8) T — a*
7 B, 2.10 0.012 64A— 66A(0.9) T — a*
9 Ar 221 0.046 64A— 69A (1.0) MLCT
11 B, 2.66 0.053 64A—70A (0.8) MLCT
14 By 3.08 0.015 64A—72A(1.0) Pt centered
15 B, 3.24 0.040 64A—73A(0.8) MLCT
16 Au 3.32 0.020 56B—63B (1.0) MLCT
17 B, 3.38 0.016 55B—63B (0.8) MLCT
19 B, 3.73 0.035 62B—64B (0.8) LMLCT
DimerA
7 By 1.30 0.156 127A—-128A(0.9) Pt, CO—deP
9 By 1.72 0.029 127A—-130A(0.9) Pt,CC—deP
14 By 1.92 0.010 127A—134A(0.9) MLCT
17 A 214 0.038 117B-126B (0.8) MLCT
19 Ay 2.22 0.034 127A—>136A (0.9) MLCT
21 By 2.46 0.053 127A—>137A (0.8) Ptcentered
29 B, 2.86 0.031 112B-126B(1.0) MLCT
31 B, 2.98 0.156 124B-127B (1.0) Ptcentered
32 Ay 3.02 0.022 125B—-128B(0.7) LMLCT
40 By 3.39 0.017 127A—144A (1.0) Ptcentered

aTop is the symmetry of the excited state (eq E)er is the energy of
the vertical transitionf is the oscillator strengthy, and, are the occupied

and the virtual orbitals that define the transition, and the transition type is

Stoyanov et al.

Figure 3. Calculated spectra of [Pt(bph)(C{pased on Gaussian curve
fits for every singlet excited state from Table 3A (based on the singlet ground
state) in wavenumber versus molar absorptivity: (A) monomer; (B) dimer
A. Line colors: LMLCT, blue; LLCT, green; MMLCT, light magenta;

— zt*, purple; MLCT, red; Pt centered, olive; sum, black (witHs).

would consider dimerB, C, andD as local minima not likely

to make major contributions to aggregation and will further
describe the electronic excited states of dirAeonly.

Singlet Geometry Optimization. The results of computa-
tions for the singlet monomer, diméy, and the trimer of
[Pt(bph)(CO)] are listed in Table 1 together with selected
structural properties from the X-ray crystallographic regbrt.
Good agreement between calculation and experiment was
achieved for the C2Pt—C2 and C1-Pt-C1 angles. The
calculated P+C1 and Pt+C2 bond distances were slightly

determined based on the change in the spatial distribution from occupied longer than those found experimentally. The calculated Pt
to virtual orbital. The orbital coefficient for each transition is given in
parentheses. (See text for calculation detaifsDel = delocalized.

Pt distance for dimefA was about 7% longer than that found
experimentally. The bond distances calculated for-Oland

carbonylz—z interaction but also by the calculated atomic C7—C7 were outside the error limits determined using X-ray
charges in the complex. The negative charge-6f28 on
C2 and the positive charge &f0.11 on C1 stabilize dimer
A by electrostatic attraction when the two charged atoms planarity to accommodate PPt binding. The torsion angle
are close in space. The above interpretation would discreditC1—Pt—C1'—C2 changed from 180°0for the monomer
dimer B, where the electrostatic biphenybiphenyl and
carbonyt-carbonyl repulsions on adjacent [Pt(bph)(GO)

crystallography.
In dimer A the two monomers were distorted from

(Figure 1A) to 156.6 for dimer A displacing the ligands
that belong to different monomers apart and bringing the

molecules would prevent stacking. It is likely that the two Pt atoms closer together. The-ft—Pt angle obtained
negative charge on the O atom@.16) may contribute to  from geometry optimization of the trimer was in excellent
the acute angle between the approximate planes of the twoagreement with the X-ray result. These results obtained with
monomers in dime€. On the basis of the above results, we one of the largest basis sets appear satisfactory despite the
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Figure 4. Molecular orbital schemes of electronic transitions that involve the monomer and Airoaiculated using B3LYP theory and the 6-311G**
basis set on the C, O, and H atoms and the SDD ECP on the Pt atom: (A) lowest energy transition for the monomer; (B) lowest energy transition for dimer
A; (C) transition that gives rise to singlet excited state 5 for diker

reported shortcomings associated with calculations of metal state, the most stable species in linear chains of [Pt(bph)-
ligand bond distances using B3LYP thedty? (CO),] would be the triplet dimeA.

Triplet Geometry Optimization. The lowest-lying triplet- Molecular Orbital Analysis. The energies and the percent
state geometries of the monomer, dindgrand the trimer  molecular orbital contributions for the monomer and dimer
(Table 1) were found to differ from those in the singlet A of [Pt(bph)(CO)] in the singlet ground state are listed in
ground state. Both the PC1 and P+C2 bond lengths were  Taple 2. For the monomer (Table 2A) the highest occupied
shorter by about 0.01 A in the triplet state compared to the molecular orbital (HOMO) is located on the bipheny! ligand
bond lengths in the singlet ground state. ThePtdistance  p orbitals (ca. 93% overall) and the lowest unoccupied
in dimer A was 3.34 A in the triplet state but 3.48 A in the olecular orbital (LUMO) is located on the Pt (za. 19%),
singlet ground state. This represents a relative shrinkage ofpt g, (ca. 9%), and carbony! ligand, prbitals (ca. 54%
roughly 4.0% for the PtPt distance. The latter value was  gyerall). These orbitals are shown in Figure 4A. Occupied
close to the one determined using polarized absorption andgpital 60 features roughly 66% metallic antibonding char-
emission spectroscopy of a single crystal afff(H2P;0s)7] acter, and orbitals 59, 61, and 62 are strongly delocalized
(shrinkage of ca. 79623 over the biphenyl moiety. Virtual orbitals 66 and 67 are

The chain of the complex was straighter in the lowest- gypstantially carbonyl centered and have significant metal
lying triplet state than in the singlet ground state (the-Ptl  contributions. Orbital 65 is strongly delocalized. The fifth
Pt2—Pt3 angle in the triplet trimer was significantly larger 54 the seventh virtual orbitals (68 and 70) are predominantly

than that in the singlet ground state of t_he trimer), which 4ajocalized on biphenyl (ca. 94% and 80%, respectively).
may result from the shorter PPt bond distances. In the The energies of 13 virtual and 15 occupied orbitals of

optimized structure of the lowest-lying triplet state of the . . . : _—
triF;ner in C, symmetry, two adjacent %or?omgrs were in closer dimer A are listed in Table 2B together with the moieties
' that make the most significant contributions to the orbitals.

proximity whereas the third was more distant. The difference . ) L L
between the two PtPt distances was about 0.01 A: however Generally, the frontier orbital spatial distributions in dimer
y ' A are slightly perturbed from those of the monomer. The

this was not observed for the singlet ground state of the . . .
get g low-energy occupied orbitals 1+221 are essentially metal

trimer. We can extrapolate this result to longer linear .
polymers as befofand note that in the lowest-lying triplet centered except for 118 and 119 that are biphenyl centered.
Orbital 112 is calculated to have roughly 79%, Btbital

(31) Buchs, M.; Daul, CChimia 1998 52, 163-166. contribution. More than 87% of biphenyl character is reported
(32) stoyanov, S. R.; Villegas, J. M.; Rillema, D. IRorg. Chem 2002 for the two pairs of degenerate occupied orbitals 122, 123
(33) éeli'cé?gﬁ:z.?ésr@, H. BJ. Am. Chem. Sod.983 105 45714575 and 125, 126 (HOMO). The latter has a spatial distribution
(34) Ba, L.; Gliemann, G.Chem. Phys. Lettl984 108 14. similar to that of the monomer HOMO. Orbital 124 is
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classified as Pt antibonding (Figure 4). The antibonding labeled as a ligand-to-metaligand charge transfer (LM-
character is determined based on a visual examination ofLCT) transition, not as a MLCT transitidhThese two states
the spatial distributions of the andp electrons. The LUMO represented the most intense peaks in the simulated singlet
of dimer A has a significantly higher metal contribution excited-state spectrum of the complex (vide infra).
relative to the LUMO of the monomer, 22.4% from p and  In the same energy range (from 0 to 5 eV) dimer
13.7% from s and d orbitals of Pt, and the carbonyl part is featured five A and six B singlet excited states. The
of 7* character. The HOMO and the LUMO of dimérare oscillator strength of excited state 35 jAlerived from ar
shown in Figure 4B. The energy difference between the — z* transition was close in energy and similar in type to
HOMO and the LUMO in dimeA is 3.12 eV compared to  the formation of excited state 9 of the monomer. The first
3.18 eV for the monomer. Virtual orbitals 12936 are  of the two degenerate states 28 and 30 was also derived from
antibonding and ligang* centered. am — z* transition, but the second resulted from a transition
Singlet Excited StatesContrary to the classical treatment  from biphenyl to CO (LLCT). Excited state 8 arose from an
of vertical one-electron excitation, the excited states calcu- MMLCT state, similar to the experimentally based assign-
lated through TDDFT are described in terms of combinations men€ for the transition at about 330 nm. The second most
of several transitions from occupied to virtual molecular intense excited state 5 was populated from thg &ntered
orbitals. Twenty singlet excited states were produced by the antibonding orbital 124 (ca. 71% on the metal atom) to the
TD routine of DFT in the energy ranges of the absorption Pt/CO*) centered LUMO (orbital 127).
and excitation spectra for the monomer, and twice as many  Different assignments have been presented in the literature
excited states were obtained for din#eiof [Pt(bph)(CO}] for the lowest energy transition of [Pt(bph)(Gh the solid
based orfA; and'A4 ground-state geometries, respectively. state. Generally, it has been assigned as a metal-centered
Only excited states generated from lower energy states withtransition with the HOMO on theat orbitals of Pt, but the
oscillator strengths of 0.01 for the monomer and the dimer | UMO has been placed on,(Pt)/r*(C0O)353 (for axes
A are listed in Table 3A. The energies of the singlet excited assignments see Figure 1A) or oo®p*” depending on the
states range from 3.29 to 5.03 eV. theory employed. This is similar to the result presented for
Excited states that arise from transitions between orbitals the lowest energy singlet excited state of dirAeibased on
that were located on different moieties were classified as the excitation from orbital 124 to the LUMO (Figure 4C).
charge transfer (CT) excited states. Those fromccupied  Occupied orbital 124 is 4l antibonding, and the LUMO
to z-virtual orbitals located on the same ligand were spatial distribution (orbital 127) is in agreement with the
described ast — x* states, but those from orbitals on description as Pt,pand COx*. Excited state 6 of the
different ligands were described as ligand-to-ligand charge monomer also fits the above description but the oscillator
transfer (LLCT) states. Metal-to-ligand charge transfer strength associated with its formation is 1 order of magnitude
(MLCT) states involve transitions from the metal atom to |ower.
ligand-centered orbitals, whereas in metal-to-melfigind Simulated Spectra.Each excited state listed in Table 3A
charge transfer (MMLCT) excited states, the virtual orbital \yas fit to a Gaussian curve, and the areas below the curves
is located on the metal and on one of the ligands. The excitedyere added to produce the sum curve (Figure 3A for the
state was platinum centered if the orbitals involved in the monomer and Figure 3B for dimey). The curves are colored
transition were primarily located on the Pt atom. based on the assignments of the excited states in Table 3A.
Only the most significant transitions associated with each The successful simulation of the spectra is strongly dependent
excited state are listed in Table 3. For example, for excited gn the proper selection &w1,, which affects the value of
state 8 at 4.44 eV two transitions are calculated:—5%4 ¢ |f the full-width at half-maximum is larger, the Gaussian

with an orbital coefficient of 0.68 and 61 68 with an curves broaden and Spread a|ong the energy axis and the

orbital coefficient of 0.10. Only the first transition is listed  molar absorptivity is lower.

in Table 3A as it has a significantly larger absolute value of 4o absorption spectrum of [Pt(bph)(GDn CH.Cl, is

the orbital coefficient. If multiple transitions have orbital reprinted from ref 6 for comparison and overlaid with the

coefficients with absolute values that differ from the largest gjmulated spectra based on singlet excited states for the

one by less than 0.2, _they are listed, for example, excited j,onomer and dimeaA (Figure 5). Only the excited states

states 38 and 39 for diméx in Table 3A. The subsequent 4t arise from singletsinglet transitions were correlated

discussion is related to the predicted excited-state transitionsiiy the Uv—vis spectrum. The estimate of the integral area

in order to correlate them with experimental spectra. below the sum simulated spectra shown in Figure 3, parts A
Three singlet excited states of Aour of By, and one of a5 B, for both the monomer and dimarper metal atom

B1 symmetry were found with vertical transition energies g very close to the one measured in . The shift of

(Ever) in the UV—vis region for the monomer. Excited state  some of the calculated peaks compared to the experimental
9 located at about 280 nm was the most intense and resultegynes js due to solvent effects. All calculations were done in
from azr — 7* transition® Excited state 3 at 3.70 eV featured

about one-third of the oscillator strength of excited state 9 (35) Hidvegi, I.; von Ammon, W.; Gliemann, @. Chem. Phys1982 76,

and arose from a transition from the biphenyl ligand 4361-4369.

(HOMO-2) to the state consisting of the p and d orbitals of g% Egougnrgﬁm?'Rﬁéﬂgégfn?;’é';fé,Eg.'_a]Cgcl?gﬁe?f’gggsg 2.

Pt and thex* orbitals of CO (LUMO). This transition is 55-61.
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Figure 6. Experimental emission spectra of [Pt(bph)(GO)(top) in
concentrated solutions of 4:1 (v/vpEsOH/CH;OH excited at 330 nm—
), 393 nm (- - -), 436 nm ¢-), and 501 nm+-); (bottom) in concentrated
solutions of 4:1 (v/v) MeTHF/CKLCI, excited at 330 nm—), 390 nm (- - -
), 434 nm (--), and 501 nm +-). Adapted fromInor. Chem.1998 37,
1392-1397.

Figure 5. Overlay of the experimental absorption spectrum of [Pt(bph)-
(COY),] (green, solid line) in CHCI, (data fromInorg. Chem.1998 37,
1392-1397) and the simulated absorption spectra of the monomer (red,
dashed line withx’s) and dimerA (black, dotted line withx’s). The molar

absorptivity of the latter is given per metal atom. Triplet Excited States. Triplet excited states were cal-
Table 4. Experimental Absorption Energies {0® cm1) and B3LYP/ culated, 20 for the monomer and 40 for the dimerbased
TDDFT Calculated Singlet Excited-State Energiest(* cm™?) for the on the lowest-lying triplet-state geometrie®B, for the
Monomer and Dime# of [Pt(bph)(CO)* monomer andA, for dimer A. The energies of the triplet
absorption in CHCl» singlet monomer singlet dimex excited states ranged from 1.24 to 3.73 eV. The states with
37.0 36.3(0.7) 36.8(0.2) f > 0.01 are listed in Table 3B. Generally, the oscillator
gg-g gg-g Egg gi-i ggg; strengths for triplet excited state formation of the monomer
303 298 (0:5) 597 (0:6) were about 5 times lower than those of the singlet excited

A The value of the absolute deviation of the caloulated dstates. Five of the most intense excited states 9, 11, and 15
0 the Zx‘gae‘rji;gmale ;‘nesr%;; éé:?ifgii’/en ?ncgacr‘ériﬁeszgfrgy compared 17 were MLCT states. Excited states 3 and 7 were derived
from & — z* transitions, and excited state 19 was derived
the gas phase. The molar absorptivity at roughly 36 250tcm  from a ligand-to-metatligand charge transfer state. Most
was simulated to be about 75 640 Mcm™* compared to triplet excited states were based on excitation fromdhe
64 600 Mt cm* found experimentally. The simulated peak HOMO (64A). The excited states of the dim&rrose from
at 33 000 cm* featurede = 11 910 Mt cm™* compared to MLCT transitions. The most intense triplet excited states of
the experimentad = 10 400 Mt cm™%. The LMLCT peak the dimer were also associated with excitation from d¢he
at 30 000 cm?* (calculatede = 24 090 M cm™?) was about HOMO (127A). The triplet excited states of the trimer were
4 times more intense compared to the experimental ene ( very close in energy and lower in oscillator strength relative
= 5910 M! cm™!). For the dimerA per metal center to those of the triplet dimer.
simulation, the prominent maximum at 36 250 ¢mnwould Low-Energy Excitation and Emission Analysis.In the
then have: = 55 000 Mt cm™* and the excitation at 29 700  experimental excitation spectrere are low-energy peaks
cm ! would be only 1.5 times more intense than the (<30 000 cm?) that can be linked to the emission and the
experimental value in C¥Cl,. However, the intense peak calculated triplet excited states of the monomer and dimer
predicted at 26 250 cnd is not present in the experimental A of the complex. In concentrated solutions of [Pt(bph)-
spectrum. (CO)] in 4:1 (v/v) MeTHF/CHCI, and 4:1 (v/v) GHsOH/

The calculated excited-state energies and the absorptionCH;OH (Figure 6) there are four major emission peaks due
spectrum peak energies in gk, are listed in Table 4, and  to excitations at different energies. The emission lifetime of
the absolute deviations of the simulated spectra for the [Pt(bph)(CO)] in 4:1 (v/v) C;HsOH/CH;OH at 298 K was
monomer and dimerA are shown in parentheses. The 2.2 us upon excitation at 506, 544, or 590 nm, and the
deviations for both the monomer and dim&rare within emission was attributed to a triplet biphenyl-centered excited
the average error of 890 crhreported previously for 86  state® Only triplet excited-state energies calculated from the
experimental triplettriplet absorption energies calculated lowest-lying triplet state were correlated to the experimental
with TDDFT, and the singletsinglet energies obtained were emission energies. Experimental low-energy excitation and
less accurat&. Upon increasing the concentration of [Pt- emission energies as well as triplet excited-state energies for
(bph)(CO}] in solution and surpassing the limiting concen- the monomer and dimeh are listed in Table 5, and the
tration of aggregation, the absorption spectrum converts fromabsolute deviations are given in parentheses. The higher
that of the monomer to that of dimeX. Generally, the excitation energies of the monomer were found to deviate
simulation reproduces the energies and the intensities of theby 700 cnm?® or less from the experimentally based values
major experimental peaks quite well. in the two solvent systems. The triplet excited states of dimer
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Table 5. Experimental Excitation and Emission EnergiesL(® cm1)
and B3LYP/TDDFT Calculated Triplet Excited-State Energied @
cm1) for the Monomer and DimeA of [Pt(bph)(CO)?

excitation emission triplet monomer triplet dimér

(A) Excitation and Emission
in 4:1 (v/iv) MeTHF/CHCI,

275 27.2(0.3) 27.3(0.2)
25.6 26.1(0.5) 24.3 (1.3)
23.0 23.2(0.2)
20.0 20.0 21.4 (1.4) 19.8(0.2)
18.4 17.8 (0.6) 17.9 (0.5)
17.1 16.9 (0.2) 17.3(0.2)
15.3 15.5 (0.2)
13.8 12.9(0.9) 13.9(0.1)

(B) Excitation and Emission
in 4:1 (v/iv) GHsOH/CH;OH

275 27.2(0.3) 27.3(0.2)

25.4 24.8 (0.6) 24.3(1.1)

22.9 23.2(0.3)

20.0 127070 1261;(%;)) 11795((822)) Figure 7. Simulated spectrum of dimek of [Pt(bph)(CO)] based on
15'2 o 15 5 © é) Gaussian curves for five triplet excited states from Table 3B (based on the
13.3 12.9(0.4) 13.9(0.6) triplet ground state) in wavenumbers versus oscillator strength. Line

colors: Pt— delocalized, orange; MLCT, red; Pt centered, olive.

® The value of the absolute deviation of the calculated energy compared gy perimental ones. The TDDFT computational interpretation
to the experimental energy is given relative to excitation and emission L . . .
energies, of the emission behavior was impressive.

On the basis of the above results, it can be concluded that

A at high energy were not in a good agreement with the the primary absorbing species in solutions of [Pt(bph)(#O)
experimental excitation spectrum. However, the lower energy are the monomer at lower concentration and dirAeat
peaks (23 000 cmt and below) were better-reproduced by higher concentration. The emission in concentrated solution
the dimerA excited states. is due to the triplet dimeA. The high-energy excitations

The emission peaks on the other hand were best correlatedare due to triplettriplet transitions in the monomeE(>
with the triplet excited states of the dimer. The largest 25000 cm?) at higher energy and in dimek at lower
deviation relative to the alcohol solvent system was 600 and energy E < 25 000 cn?).
500 cn1? relative to the other solvent system. The rest of
the excited states were within 200 chof the experimental
values. These errors were smaller than reported elséWere. DFT-calculated geometries of the monomer, dimer, and

For dimerA the most intense peak located at 20 000€m  trimer of [Pt(bph)(COj) were found to correlate relatively
(metal centered) corresponds to the emission from excitationwell with the geometry of the single crystal reported. The
at 30 000 cm! (singlet LMLCT). The metal-centered excita- energies and the geometries of four possible dimers were
tion at roughly 25 600 crt corresponds to the triplet state  evaluated, and it was confirmed that dinfemwas the most
in the monomer or the dimeA and subsequent emission stable one. Significant deviation from planarity was de-
from the dimer at 17 900 cm (MLCT). Emission at 15500  scribed, likely to accommodate the-FRt binding. A 4.0%
cm ! (MLCT) accompanied by less intense emission from shortening of the metalmetal bond upon the transition from
the above triplet excited states of dinfewould be produced  the singlet ground to the lowest-lying triplet state was
if excitation at 23 000 cm* (MLCT) occurs. These MLCT  reported. TDDFT was utilized for the purpose of interpreting
states were centered mostly on the biphenyl ligand. Thethe spectroscopic behavior of the complex in solution. On
lowest energy emission reported (at ca. 13 500 ¢rwas the basis of the excited-state energies and the oscillator
metal centered and can be assigned to a triplet excitation atstrengths, singlet and triplet excited-state spectra were
20 000 cntt. We suggest that the low-energy triplet excited calculated using Gaussian curve-fitting methods for the
state of the monomer (at 13 000 chnis not emissive and  monomer and dimeA. After a careful analysis it was
is associated with & — n* derived excited state, whereas concluded that the monomer would be the primary absorbing
all of the above processes were based on metal-centeregpecies at low concentration. In concentrated solution the
excited states. All triplet excited states of dindewere found dimer A would be the primary absorbing species and the
to correspond to reported peaks in the emission spectrum oftriplet dimer A would be the emitting species.
the complex except the lowest energy excited state which
fell out of the range of reported data. Considering that the
dimer peaks are all MLCT transitions and based on a
numerical comparison of the peak positions, we can state
that in concentrated solution the emitting species is the dimer.

Conclusion
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