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Luminescent transition metal complexes have been receiving
increasing attention due to their role in a variety of optoelectronic
applications. For example, molecular light-emitting devices (LEDs)
have been increasingly reportetb exhibit superior efficiencies

when phosphorescence is enhanced by the presence of a heavy metal

because of spinorbit coupling? Other complexes have been
suggested as selective chemical sensors for volatile organics,
oxygen? and specific ionsbecause the phosphorescence is revers-
ibly enhanced or quenched on interaction with these spédes.

understanding of the nature of the luminescent excited state, in

addition to its fundamental significance, is essential for designing
new materials with improved properties for such applications.

Monovalent gold complexes represent one of the most celebrated
classes of luminescent complexes. Gold(l) complexes most com-

monly exist as two-coordinate (Ay)-species, but three- (Au),

and four-coordinate (Aul) species also existThese species differ

in the presence of Au-based luminescef¢hile Au-based lumi-
nescence is usually absent in Automplexes, it exists in AuL
complexes only in the presence of AiAu interactions. Meanwhile,
AulL3; complexes exhibit Au-based luminescence both with and
without Au--Au interactions preseft.l® Reports by Gra¥and
FackleP on the photophysical properties of monomeric [AliL
complexes illustrated visible luminescence with very large Stokes’
shifts (typically 10 000 cm?), which suggests a significant excited-
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Figure 1. Molecular orbital diagrams (top) and optimized structures
(bottom) for the*A;' ground state (left) and the lowest triplet exciton (right)
of [AU(PH3)3]+.

AuP character, and the LUMO being thg' arbital, which has a

state distortion. These authors suggested that on the basis of expredominant Au 6pcontribution with a bonding AuP character

tended Hgkel calculations and experimental spectral observations,
the Stokes’ shift is a result of a %L bond shortening due to
excitation from an antibonding HOMO to a bonding LUMO. More
accurate information is obtained by fully optimizing the geometry

(Figure 1, left). Calculations for the lowest triplet excited st
while maintaining the trigonal planabg,) ground-state geometry
performed by a scan of AuP distances for triplet [AugRH gave

rise to shorter AuP bonds (2.38 A) than those in the global minimum

of the excited-state independently because the excited moleculefor the singlet ground state (2.43 A), as expected. However, when

(exciton) should be dealt with as a different entity that is distinct
from the ground-state moleculeé.The present work provides a
dramatic illustration of this for [Auk]™ complexes (L= phosphine).
The calculations herein were of two types: QM (quantum mech-
anical) and QM/MM (hybrid quantum mechanical/molecular me-
chanical). A general description of the calculations is given b&ow
while full details are available in the Supporting Information, includ-
ing tests done with a variety of basis sets and different levels of
theory to calibrate the computational accuracy. For QM calculations
[Au(PHs)s]" was used as a model, and different methodologies,
including ab initio and DFT, and basis sets with various complexi-
ties were employed. The geometries of all models were fully opti-
mized in both the ground and excited electronic states, with the

the triplet structure is fully optimized without symmetry constraint,
the global minimum has a T-shaped structure (Figure 1). The AuP
bond distancemcreasedather significantly for the two trans bonds
of the optimized T-shaped triplet excited state compared to the
singlet ground state.

A scan of the PAUP angles was carried out, from the trigonal
planar (PAuP= 12C) to the T-shaped geometry (PAuP 90°
and 180). The singlet-triplet transition was calculated at each point
along this reaction coordinate. The results showed that when the
geometry changes toward the T-shape, the singigilet gap
decreases, leading to longer phosphorescence waveleagths (
269 nm for PAuP= 120° and 416 nm for PAuP= 90°, 18, 90°),
which supports the large experimental Stokes’ shift. In contrast,

latter being the lowest triplet state because the experimental lifetime scan calculations in which the gold geometry was constrained to

data suggested that the emitting state is phosphore&tent. QM/
MM calculations, [Auls]™ models were used with & PMe;, PPh,
PPhCy, and TPA (tris(1,3,5-triaza-7-phosphaadamantane)).

The DFT calculations for the singlet ground sté&;() of [Au-
(PHs)3] ™ reproduced the electronic structure proposed by Gray and
Fackler, with the HOMO being the degenerateogbital, which
has a predominant Au &g 5de-2 contribution with an antibonding
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trigonal planar while varying the AuP distances showed only small
changes in the singletriplet gap over a wide range of AuP bond
lengths. Indeed, compressing the AuP bonds from the ground-state
distance of 2.43 A to 2.38 A shiftk,, from 268 to 273 nm while
experimental values are in the visible regfgh.

It is fair to question whether the trigonal to T-shape distortion
will take place for larger, more sterically hindered R groups. All

10.1021/ja036508u CCC: $25.00 © 2003 American Chemical Society
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1=106.2°

Hoffmann and co-worket8 mentioned that a distortion from a

21428 g e L T‘ { 1A 3-fold symmetric geometry to T-shape is feasible for the model
3=1046° o o gF e 3292 4° trivalent complex (CH)sAu, using extended Hikel calculations.
A T **: N hape=2810m In the present case, excitation of an electron from theo e,
’{;‘;‘377;}.?2 bt YT ' ;e:qgsnm level amounts to an oxidation of the d orbital manifold, which is
[Au(PPhCy;)s]* [Au(PPh;)s]" then JahrTeller unstable, leading to the trigonal planar to T-shape
LU distortion. As a test of our hypothesis, DFT geometry optimization
1=96.6° I i) 1=95.4° of the doublet [Au(PH)3]2" also shows that this structure distorts
2=156.0° i 2=174.0° from trigonal planar to a T-shape.
3=90.0° i 1 ! [ A 3=87.7° - . . .
Lo X L*?“ A In summary, this work illustrates that the major excited-state
> AT A . . . . .
p=2720m 2 U B x haps=267nm distortion in luminescent [Au(Pfs]* complexes is a symmetry
Aem=840nmM hem=7720M . .
[AuPMe),]* [Au TPA, T change as opposed to a bond distance change. This suggests that
3

predictions of the excited-state structure based on the bonding
properties of the HOMO and LUMO can be misleading. Such
predictions may be valid only if the symmetry of the excited state
does not change from that of the ground state. The results of this
theoretical study will be used to drive experimental efforts aiming
toward (1) chemical and electrochemical oxidation of [Au{BR

g complexes in an attempt to isolate a ground-state Jdletier
distorted T-shaped Au(ll) complex and (2) synthesis of phospho-
rescent 3-coordinate Au(l) complexes that are specifically targeted
for molecular, dendrimer, and polymer LEDs.

Figure 2. QM/MM-optimized structures of triplet [Au(Ps] " models and
calculated absorption and emission wavelengths. Note the correlation
betweenlem and the deviation of angle 2 from linearity.

calculations done in this work, whether QM €& PHs) or QM/
MM (L = PMe;, TPA, PPh, PPhCy), showed that the optimized
triplet excited state was distorted from trigonal planar towar
T-shape. The optimized structures for all models are shown in
Figure 2 with additional metric data in the Supporting Information.
The geometries of triplet [Au(P§R] ™ deviate further from an ideal

T-shape (i.e PAuUP = 90°, 180", 9C°) for bulkier ligands. The - Acknowledgment. We thank the National Science Foundation
deviation from the T-shape is a response to the R- - -R repulsion (cHE-0309811) and the Robert A. Welch Foundation (B-1542) for

among thecis-phosphines. funding of this research to T.R.C. and M.A.O., respectively.
The absorption and emission energies (vertical transitions) were

calculated for the fully optimized models. QM calculations=L_ Supporting Information Available: Full computational details and
PHs) gave (absorption, emission) wavelengths of (269, 901 nm). further q_uantitative results (PDF). This material is available free of
The hybrid QM(B3PW91)/MM calculations with & TPA, PMe, charge via the Internet at http://pubs.acs.org.
PPh, and PPhCygave absorption wavelengths of 267, 272, 281,
and 270 nni3 respectively, which are comparable to those obtained References
with the QM calculations for the model with£ PHs. The emission (1) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Lee, H.;
wavelengths were 772, 640, 496, and 478 nm, respectively. Thus,  Saaat0s 159 aey. = Forrest S R Thompson, MO EAm. Chem.
proceeding toward bulkier ligands attains higher emission energies. (2) Omary, M. A,; Kassab, R. M.; Haneline, M. R.; El Bjeirami, O.; Gabbai
Interestingly, we note that the same trend is followed experimentally o, '(:A)Pr{/llgr?;%h fhﬁf“i?%%ﬁﬁici’l@: B.: Lachicotte, R. J.: Gysling, H. 1.
from the few reports availablé for [AuL s]* species: while the Eisenberg, RJ. Am. Chem. S0d.998 120 1329. (b) Fernandez, E. J.;
complex with the sterically unencumbered TPA ligand gave an kc'{p&zo—ﬁg;rl;géugag:._J'i;\g.k;lgorjgeﬁ Mjiaol{ﬂ?s‘c'?fénﬁ‘gS%bé‘ﬁ%g“”a‘
emission maximum of 51547 nm, A, values of 512, 508, 2022. T e '
and 492-513 nm were obtained for the bulkier complexes with L~ (4) g/lri]”esﬁ]%gl}-%fg,ggheobald, B. R. C,; Slade, E.; Murrer, B. Anal.
= PPh, dcpe, and TPPTS, respectivéfyThe results herein clearly (5) Yam, V. W.-W.; Li, C.-K.; Chan, C.-LAngew. Chem., Int. Ed. Engl.
indicate that the rearrangement to a T-shape leads to visible emis- 1988 27, 2857.
sions and large Stokes’ shifts comparable to the experimental data. © g%.a review, see: Yam, V. W.-W.; Lo, K. kKChem. Soc. Re 1999 28,
Calculations that do not incorporate this rearrangement cannot (7) Gimeno, M. C.; Laguna, AChem. Re. 1997, 97, 511.
account for the large Stokes’ shifts. The computational data suggest (S) MC%‘.ﬁSK%Vv_ l-th-? ﬁraNy]H'StBln?rg'gj]em,:'lg%z r3gv I137l?1%r Chem
that changing the R substituents affected the emission more than ©) &ag’gz' 391’, 3536,6&,3 Forward, fp,v?f’As'séfa‘azc_; Ea'ck]er', J. ngJ,:m,'
the absorption, indicating a larger effect of the R group on the triplet gpaefréssad?f??_i éﬂo%log' I(EC') '/\\A%ﬁ%ezd; KOYAN??A chlg/lr';JGﬁmérT' A
state of [Au(PR)3] ™. Thus, the presence of a sterically encumbered Chipm. Acta2003 352, 31. T o Tnerg.
group leads to a blue-shifted emission with a smaller Stokes’ shift (10) (&) Brandys, M.; Puddephatt, R. Am. Chem. So2001, 123 4839. (b)
as bulky R groups move the triplet state geometry further Way ;1) For' review of excied-staie distorion i metal compionos, soer ik, 3
from an idealized T-shape. The correlation between the emission I; Shin, K. S. K. In Advances in Photochemistryvolman, D. H.,
energy and the deviation from the T-shape (Figure 2) is unmistak- Hammond, G. S., Neckers, D. C., Eds.; Wiley: New York, 1991; Vol
able. (12) The QM calculations utilized the B3PW91 functional using the LANL2DZ
The geometry change in the excited state of [AuFIR species basis set augmented with two f-type polarization functions and p-type

. . . . . functions for the valence orbitals of gold and one d-type polarization

is a Jahn-Teller distortion. Upon photoexcitation, one electron is function for phosphorus. The QM/MM calculations employed the ONIOM
romoted from the degenerate (8d,,, 5d2_,?) orbital to the &' methodology.

P . . 9 ( dx.y' de yz) . a (13) The blue-shift in the absorption of the PPh@grsus the PRhcomplex

(6py) orbital, leaving three electrons in@&nd rendering the complex may be related to the elongation of one of the-Aubonds in the bulky

Jahn-Teller unstable. One member of tHepair will be destabilized PPIhCIEtcompleX-A DaFt)a in iuppt?rthof ft]hls Phen?rf}en{?n InC_lutde Q'}/I/MM

while its counte_rpart is stabilized (Figure 1). As the geometry ﬁgac,ﬁ’d?'C%’,‘fsg?eLt%m?%ﬂpéxvmﬁmj gg{;(’mpee 1ssociation ot one

changes from trigonal planar to T-shape, the energy gap between (14) The exact peak position depends on temperature, phase, solvent, and pH.

a" and the higher-energy member of the erstwhil@lecreases l’r?]glie.mlssmn peaks are usually very broad (fwinseveral thousand

The resulting shift to a longer emission wavelength as the T-shape (15) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. Am. Chem.

distortion evolves explains both the emissive triplet state and the Soc.1976 98, 7255.

direction of the Stokes’ shift. JA036508U
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