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Where is the Heavy-Atom Effect? Role of the Central Ligand in

Tetragold(I) Ethynyl Complexes**

Glenna So Ming Tong,* Pui Keong Chow, and Chi-Ming Che*

Triplet excited states have been of great interest for decades,
particularly driven by their wide range of applications,
including photochemical reactions,"! photovoltaics,” and
high-performance organic light-emitting diodes (OLEDs)."!
The triplet manifold is rarely accessed by direct excitation,
but is readily populated through intersystem crossing (ISC)
from singlet to triplet excited states. ISC is enhanced by the
so-called “heavy-atom effect”, which promotes spin—orbit
coupling (SOC) between states of different spin multiplicity
with an increase in atomic number. Radiative decay of the
triplet excited state is also facilitated by the heavy-atom
effect. However, the role of the heavy atom in promoting ISC
and phosphorescence has recently been questioned. For
example, the rate of formation of the *MLCT (MLCT=
metal-to-ligand charge transfer) excited state of
[Re(X)(CO)s(bpy)]" (bpy=2,2"-bipyridine) was found to
follow the order X = Cl > Br> L™ which is contrary to what
is expected on the basis of the heavy-atom effect. In most
transition-metal complexes, prompt fluorescence from the
'MLCT excited state is generally not observed because of
large SOC of the d-block elements, which induces rapid ISC.
However, the complexes 2,5-bis(arylethynyl)rhodacyclopen-
tadienes were recently reported to display unusually long-
lived, intense fluorescence (®Pg=0.07—0.69; 7=3.6-5.4 ns)
despite the presence of a 4d-transition metal ion, Rh™.®) In
addition, it is conceived that the more heavy atoms there are
in a complex, the stronger will be the heavy-atom effect, and
the faster will be ISC and triplet radiative decay. It has been
reported that platinum-containing metallacycles with four
and six Pt" ions display ultrafast ISC (in the 100 fs range), but
the one with nine Pt" ions shows unexpectedly long ISC
lifetime (r=2.4ps).”! Several years ago, we reported that
[{TEE}{AuPCys},] (1, {TEE}H,=tetracthynylethene; Cy=
cyclohexyl) exhibits intense prompt fluorescence (@ =0.22)
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but [{TEBH{AuPCys);] ({TEBJH,;=1,3,5-triethynylbenzene)
displays intense phosphorescence (@p=0.46) although the
former has four Au' ions and the latter has three.!”!

So, where is the heavy-atom effect ? Herein, we attempt to
provide a theoretical rationale using density functional theory
(DFT) and time-dependent DFT (TDDFT) to account for the
unconventional photophysics of 1. In addition, we also
performed similar calculations on [{1245TEB}{AuPCys},] (2;
{1245TEB}H, = 1,2,4,5-tetracthynylbenzene) to demonstrate
how the central ligand (tetracthynylethene vs. tetraethylnyl-
benzene) plays a decisive role in the photophysics of these
tetragold(I) ethynyl complexes. Hereafter, we will use
“ethene” and “benzene” as abbreviations for tetraethynyle-
thene and tetraethynylbenzene, respectively.

In brief, spin-orbit coupling matrix elements between
singlet and triplet excited states were evaluated within first-
order perturbation theory with the assumption that the total
spin is a valid quantum number for the complexes studied.
Here, only Au' contributions (both 5d and 6p orbitals) were
considered. Computational details are given in the Support-
ing Information.

To have efficient ISC, the SOC matrix elements between
the singlet and triplet excited states should be larger than
their energy difference.’! The TDDFT results of the first 10
singlet and triplet excited states at the optimized singlet
ground state geometry of 1 are given in Table S2 of the
Supporting Information. In essence, the closest-lying triplet
excited state that can couple with S; excited state is the T,
excited state, which lies approximately 2100 cm™" above the S,
excited state. The S; and T, excited states are derived from
HOMO—-LUMO and HOMO-1—-LUMO transitions,
respectively. The HOMO has Au(d,,+d,,) character, whereas
HOMO-1 is of Au(d,,+d,._,) character. It was found that
although each Au ion has significant SOC matrix elements
(lhsoc' | =87-131cm™  and |hgo! | =67-101 cm ™y hgoe
refers to the SOC matrix elements of each Au ion and the
superscript refers to the spin direction), the total SOC matrix
elements (Hgoc) when taking into account of all four Au ions
are at most 49 cm™' (see Table S3 in the Supporting Informa-
tion). This “inverse heavy-atom effect” is a consequence of
the orbital phases of each Au ion on the MO surfaces of the
coupling singlet and triplet excited states (Figure 1, left). For
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Figure 1. MO surfaces of 1 (left) and 2 (right).

the HOMO, the central bridge ethene is a C=C n-bonding
orbital, and all the Au ions have to be of the same phase and
symmetric to the mirror plane, g,,; in contrast, HOMO—1 has
no contribution from the central bridge ethene and is
antisymmetric to o,,. As a result, the SOC matrix elements
from each Au ion cancel each other, and total Hgoe <
50 cm ™' < AE(S,-T,) 2100 cm™". ISC is thus sluggish for 1
and is not a good channel to harness its triplet excited states.
Hence, prompt fluorescence is observed for this complex.

If the central bridge is changed from ethene to benzene,
resulting in complex 2, the smallest singlet and triplet energy
gap that can have spin-orbit coupling is between the S; and T,
excited states (see Table S4 in the Supporting Information). S;
is made up of HOMO—-1—LUMO and HOMO —-LUMO + 1
transitions, whereas T is predominantly of HOMO-2—
LUMO character. Both HOMO and HOMO-1 are of
Au(d,,+d,,) character, whereas HOMO-2 has Au(d,,+d,._,2)
character (Figure 1, right). Now, both HOMO and HOMO-2
are antisymmetric to the mirror plane o,, such that the SOC
matrix elements from each Au ion
do not cancel each other, and the
total Hgoc value along the x direc-
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Figure 2. Absorption (left) and emission (right; 1.,,=365 nm) spectra
of 2.

excited state (T,) is given by Equation (1), where 7 is the
refractive index of the medium, y, = E(S,)/E(T;), E(Sy) and
E(T,) are the energies of the kth singlet (S,) and T, excited
states, respectively, and f; is the oscillator strength of the spin-
allowed S; —S, transition; y refers to the spin direction x, y, or
z.

2 2 2 2
n <T1|Hsyoc|5k> 1/2 7 P
Ky(Ty — Sy) == e = K} 1)
merem 1-5{; w1 L5 Zk: o

Tables 1 and 2 list the TDDFT results and the accom-
panying SOC matrix elements at the optimized T, excited
states of 1 and 2, respectively. The following points are noted:
1. Compound 1 has a much lower-lying T| state than 2 (E(T,)

~6900 cm™" for the former and E(T,)=~ 14500 cm™' for

the latter); nonradiative decay is thus expected to be faster
on the basis of the energy-gap law!'” and the energy ratio is

larger for the former (1: y;, >2.8; 2: y, > 1.5).

2. Although both complexes are of high symmetry (pseudo-
D,;), 1 has no strongly allowed low-lying S, —S, transitions
(fi <1.0 for k=1-10), whereas 2 has a strongly allowed
S;—S, transition (f;=2.4184) and S; can undergo SOC
with T, excited state.

Table 1: Nature and excited state parameters of 1.

tion amounts to 504 cm™!, which is

the same order as its energy gap T,
(AE(SyTg) =270 cm™). ISC is

thus facile and no prompt fluores-
cence should be observed for 2.
Subsequently, we prepared 2,
which displays strong phosphores-
cence (A =532 nm, ¢, =0.10, 7=
318 ps, Figure 2; for experimental s,

Nature (Cl coefficients) E[em™ fe w (T Hsoc' IS [em™ e [s71
HOMO —LUMO (1.00681) 6920  0.0000 - - -
HOMO —LUMO (0.60619) 19757 07997 - - -

T, HOMO-1—LUMO (0.71016) 23243 0.0000 - - -

S;  HOMO—LUMO+1 (0.70021) 27172  0.0001  3.93 2471 0.427
HOMO—LUMO+4 (0.69159) 29368  0.3389 4.24 —1.14¢ 0.009

details, see the Supporting Infor-
mation).

The radiative decay rate con-
stant (kp) from the lowest triplet

Angew. Chem. Int. Ed. 2010, 49, 9206 —9209

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Only key excited states mentioned in the text are given here. A full list of the first 10 singlet and triplet
excited state properties is presented in the Supporting Information. [b] The tabulated results were
obtained at the T, optimized geometry. [c] Along the y direction. [d] Along the z direction without Cl
coefficients taken into account.
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Table 2: Nature and excited state parameters of 2.

and co-workers pointed out that

Nature (Cl coefficients) E[cm™] f, % <TilHsoc!|Se> [em™] Kep [s 7] biradicals are likely candidates for

T HOMO LUMO (0.78878 14482 0.0000 singlet fission with a favorable

! - © ) ) - - excited state ordering of E(T,),

[13] g

T, HOMO-1-LUMO (0.61171) 22591  0.0000 - - - E(S,)>2E(T,)." In addition, for

HOMO—LUMO +1 (—0.39176) an ideal Gritzel cell, the optimum

values are E(S;)~1.8-2.2¢eV and

S, HOMO—LUMO (0.64578) 23736 07188 - - - E(T)~09-1.1eV. From the

a TDDEFT results in Table S4, it can

S; HOMO-1—LUMO (0.51541) 27031 0.0103 1.56 7.65 0.110 be seen that the excited-state ener-
HOMO—LUMO+1 (0.47973) )

gies of complex 1 meet the fore-

S; HOMO-1—LUMO (—0.42824) ~ 29659  2.4184 2.05 7.651 ~305  mentioned energetic requirements

HOMO—LUMO+1 (0.49013)

for efficient dye-sensitized

[a] Only key excited states mentioned in the text are given here. A full list of the first 10 singlet and triplet
excited state properties is presented in the Supporting Information. [b] The tabulated results were
obtained at the T, optimized geometry. [c] Along the z direction without Cl coefficients taken into

account.

3. Although Hgoc between T, and S; is large (247 cm™" with
both MLCT and LMCT contributions) for 1 and small
(7.56 cm™! with only MLCT contributions) for 2, the S;—
S, transition for the former is almost symmetry forbidden
(f;=0.0001), whereas the latter is strongly allowed (f;=
2.4184); together with the smaller energy ratio (y;=2.05
and 3.93 for 2 and 1, respectively), T;—S, radiative decay
rate constant is two orders of magnitude faster with 2.

Thus, it is neither the high symmetry nor the number of
Au' ions that governs the photophysics of these tetragold(I)
ethynyl complexes. Rather, the central ligand plays a decisive
role. The T, excited state is very low-lying with ethene as the
central ligand, whereas it is moderately low (in the deep red
region) when benzene is the central bridge. This result could
be readily understood by the fact that triplet biradical is a
stable configuration for the ethene moiety with which the
overlap between the C(pm) orbitals are weak (the C—C
distance of the ethene moiety is much longer at the optimized
T, excited state: 1.514 A; Wiberg bond index = 1.4455 for S,
and 0.9697 for T,).®! It has also been shown by Ottosson and
co-workers that both fulvenes and fulvalenes also have low-
lying T, and Q, excited states, respectively.'!! However, the
benzene moiety is aromatic in its S, state and, according to
Baird’s theory,"? the T, excited state is antiaromatic and thus
the T, excited state of 2 is relatively higher lying than that of 1.
Moreover, as there are more wt and mt* orbitals for benzene
(six in total for the benzene bridge and only two for the
ethene bridge), there are more allowed low-lying singlet
transitions (in particular, S, and S; excited states for 2) for T,
excited state to borrow intensity from. Thus, 1 displays
prompt fluorescence, whereas 2 exhibits intense phosphor-
escence.

Is it then possible to utilize the T, excited state of 1? It is
noted that besides ISC, triplet excited states can also be
produced by singlet fission, whereby a singlet exciton splits
into two triplet excitons. This phenomenon is particularly
attractive to dye-sensitized solar cells, as two charge carriers
are created from a single absorbed photon by singlet fission,
thus doubling the solar cell efficiency. Nozik, Ratner, Michl
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solar cells: E(T,)~23200 cm™"
(~2.89eV), E(S;)~19800 cm ™
(~2.45eV)> 2E(T;)~ 13800 cm ™
(E(T,)=~0.86 ¢V). Hence, 1 may be
a good candidate for solar-cell ap-
plications.

From the present analysis, it was demonstrated that the
choice of the central ligand is critical in tuning the photo-
physics of transition-metal complexes. The heavy-atom effect
is not the sole factor that determines the efficiency of
intersystem crossing and triplet radiative decay rate. Knowl-
edge of the electronic structure and symmetry of the MO
surfaces responsible for the SOC is also indispensable in
device design. [{TEE}{AuPCy,},] (1) is a “chameleon” that
can utilize its singlet excited state when applied as a
fluorescent OLED but its triplet excited state when applied
to photovoltaics.
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