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Two-photon absorption (TPA) spectra of a series of highly symmetric, strong phosphorescence Au'—Cu!
complexes 1—7 bearing alkynyl—phosphine ligands in solution were obtained over the biological windows
(760—840 nm) by the two-photon-induced emission technique under femtosecond laser excitation. The resulting
TPA cross sections are further confirmed by the open-aperture Z-scan method, which offers the advantage of
reducing the excited-state reabsorption for these long-lived phosphorescence dyes. The results of these two
methods are mutually in good agreement, showing that complexes 1—7 exhibit moderately strong TPA cross
section, for example, ~710 GM at 760 nm for 1 in CH,Cl,. Owing to the highly centrosymmetric property,
the resulting trend in TPA values for 1—7 can be rationalized by the unit of X-group—alkynyl—heterometallic-
core—alkynyl—X-group fragment, categorized as A—r—D—n—A or D—7—A—m—D structural motif, which
renders large changes in polarization upon excitation and provides significant near-IR TPA strength.

1. Introduction

Two-photon-absorbing materials have recently attracted
significant interest because of their potential applications in 3D
microfabrication,! photodynamic therapy,” two-photon imaging,*?
optical power limiting (OPL),® and optical data storage.’
Although two-photon absorption (TPA) might generate the same
photophysical processes as one-photon absorption (OPA) (high
energy), two distinct advantages can be promptly pointed out:
First, material will be protected from photodegradation by using
lower-energy photons. Second, the quadratic dependence of TPA
on intensity causes photophysics, photochemistry, or both to
take place in a small focal region, allowing for more control in
microfabrication and imaging applications. As for the design
strategy, an ideal TPA material should possess chromophores
that undergo large changes in polarization upon electronic
excitation.® This criterion can be achieved through making
structural motifs such as donor—m—acceptor (D—m—A),
donor—sz—acceptor—z—donor (D—7—A—n—D), or acceptor—
m—donor—m—acceptor (A—xz—D—m—A), and so on; many of
such materials have been designed and synthesized and shown
remarkable increases in TPA cross sections.” Among various
approaches, d-block transition-metal complexes are thought to
possess good nonlinear optical properties'® because of their
metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charge-
transfer bands per se, which are often associated with large
optical nonlinearities in the UV—visible region. Moreover,
coordinating a ligand containing highly polarizable 7 electrons
to a metallic center could also yield electronic structures that
possess weakly bound valence electrons, resulting in the
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Figure 1. Schematic structure of dications [{Au;Cu,(C,CeHaX)s}-
Auz(PR,CsH4PR,);]1*" (1—7) (X = NO,, H, OMe, NMe,; R = Ph,
NC,Hy). (See Chart 1 for respective structure.)

enhancement of optical nonlinearities. In this regard, a proto-
typical example of conjugated organometallic molecules may
be ascribed to the platinum(I) alkynyl complexes,!' which
generally have high linear transmission in the visible region,
whereas the nonlinear absorption is significant over a wide
spectral region, suited for OPL applications.

Recently, we reported a new series of Au'—Cu' and
Au'—Ag' heterometallic alkynyl—diphosphine (diphosphine
= PPh,-(C¢Hy),-PPh,, n = 1, 2, 3) clusters,'>"'® which dis-
play a very intriguing structural pattern based on the hetero-
metallic [AuM,(C,Ph),,]’"* fragments “wrapped” by the
[Aus(diphosphine)s]** “belts”. (See Figure 1.) As a result,

© 2009 American Chemical Society

Published on Web 07/27/2009



Alkynyl—Phosphine Au(I)—Cu(I) Complexes

CHART 1: Structure of the Ligands and Related
Complexes
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the lower-lying states of these complexes exhibit metal—ligand
charge transfer properties, and intense phosphorescence was
observed because of the heavy-metal-enhanced spin—orbit
coupling. More importantly, owing to fully protected chro-
mophore by bulky ancillary and bridging ligands, the
phosphorescence is nearly inert to oxygen quenching. Note
that except for those lanthanide complexes that have inner-
shell atomic-like emission, the oxygen-quench-free phos-
phorescence is rarely reported and is unique among second-
and third-row transition-metal complexes.

The above properties led us to examine the applicability
of these heterometallic alkynyl—diphosphine clusters to time-
resolved phosphorescence imaging. Of particular interest is
the two-photon-induced phosphorescence property latently
suited for 3D imaging. In a preliminary work, we primitively
measured the TPA value of a heterometallic complex,
[{AugAgio(CoPh) 6} { (PhC,Au),PPhy(CeHy)3PPhy },1° . The
resulting TPA cross section of 104.9 GM (800 nm)!®
encourages us to perform extensive studies on the nonlinear
properties of relevant Au'—Cu' or Au'—Ag'alkynyl—diphosphine
clusters. An ideal compound suited for time-resolved imaging
requires the fulfillment of the following criteria: (i) The
phosphoresce is intense with a decent lifetime of, for example,
several microseconds. (ii) The phosphorescence is subject
to minor-to-negligible oxygen quenching in aerated solutions.
(iii) These complexes should offer a good TPA cross section
in the biological windows.

Herein, we report the comprehensive studies of TPA proper-
ties for a series of highly symmetric Au'—Cu' complexes
depicted in Chart 1. Owing to the highly centrosymmetric
property, we expect that the trend in TPA values, if measurable,
may be rationalized by the classification of X-group—alkynyl—
heterometallic-core—alkynyl—X-group fragment into A—z—D—
—A and D—a—A—n—D structural motif (vide infra). In this
study, the TPA cross sections were measured using the two-
photon-induced emission (TPIE) technique together with direct
TPA cross-section measurement via open-aperture Z-scan
method. The latter method, being with 1 kHz femtosecond laser
excitation, is able to reduce the excited-state reabsorption and
hence minimize the artifact. Detailed experimental setup,
analyses, and discussion are elaborated in the following sections.
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2. Experimental Section

2.1. Materials. Compounds 1—7 were prepared similarly to
the previously reported procedure.'® The clusters obtained were
repetitiously recrystallized, and their purity was confirmed by
the 'H and 3'P NMR spectra. The synthetic and characterization
details are given in the corresponding section of the Supporting
Information.

2.2. Steady-State Measurements. The linear absorption and
emission spectra were recorded on a Hitachi (U-3310) spec-
trophotometer and an Edinburgh (FS920) fluorometer, respec-
tively. Both wavelength-dependent excitation and emission
response of the fluorometer have been calibrated. Coumarin 480
in methanol, with quantum yield of ~0.87, served as the
standard for measuring the quantum yield. The error of the
quantum yield measurement was in the range of <2% (three
replica). Lifetime studies were performed with an Edinburgh
FL 900 photon-counting system using a hydrogen-filled lamp
as the excitation source. Data were analyzed using the nonlinear
least-squares procedure in combination with an iterative con-
volution method. The emission decays were analyzed by the
sum of exponential functions, which allows partial removal of
the instrument time broadening and consequently renders a
temporal resolution of ~300 ps.

2.3. Two-Photon Induced Emission Method. The setup for
TPIE measurement is depicted in Scheme 1 and is similar to
that used by Xu et al.!” In brief, a femtosecond-mode-locked
Ti/sapphire laser (Spectra Physics) generates 120 fs pulses at a
repetition rate of 82 MHz with an average power of 1.4 W.
The laser beam was attenuated to optimum power and focused
on a sample cell (1 cm) by a lens with a focal length of 6 cm.
To minimize the effects of reabsorption, the excitation beam
was focused as close as possible to the edge of the quartz cell,
which faced the slit of the imaging spectrograph. The TPIE
was detected in a direction perpendicular to the pump beam.
The emission was then focused by a lens with the focal length
8 cm into an optical spectrum analyzer. The optical spectrum
analyzer consists of a CCD with a detector controller (PI-
MAX camera, Princeton Instruments Inc.) in conjunction with
a high-throughput monochromator (SP2300i, Acton Reaearch
Corporation).

TPA and two-photon emission (TPE) cross sections (orps and
orpe, respectively) are basic parameters for evaluating a
material’s TPA and two-photon-excited emission properties.
From the two-photon-excited emission intensity data, orpa and
orpe can be evaluated using eqs 1 and 2 expressed below!'®

Fn.C,
Orpg = OTPE,anC (D
Oppp X @ = Oppp (2)

where r stands for the reference compound, n denotes the
refractive index of the solvent, F represents the integrated
emission intensity, and C is the concentration of the molecules
in solution. The TPE cross section, orpg, is supposed to be
linearly dependent on the TPA cross section (orps) with the
two-photon-excited emission quantum yield ®” as the coef-
ficient. In most reports, the one-photon-excited emission
quantum yield @ was adopted instead of @ because of the
difficulty in measuring @’. By referencing the TPE cross section
of Coumarin 480 to be 1462 GM (1 GM = 107 cm*-s
photon™!).! The two-photon-excited emission of Coumarin 480
was measured as a standard under the same experimental
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SCHEME 1: Experimental Setup for (A) TPIE and (B) Open-Aperture Z-Scan Technique®
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conditions. We obtained the relative TPE cross sections of the
titled compounds by comparing their two-photon-excited emis-
sion to that of Coumarin 480 under exactly the same experi-
mental conditions. The quadratic dependence of the emission
intensity on excitation power was checked for all excitation
wavelengths, indicating a pure TPA process and negligible
influence of saturation and photobleaching effects. The con-
centrations of compounds 1—7 for the comparative two-photon
emission measurements are consistent with the quantum yield
determination to be 1 x 107> M in dichloromethane. The error
of TPA measurement was in the range of <10% (four replica).

2.4. Open Aperture Z-Scan Method. We conducted the
open aperture Z-scan experiments by using essentially the same
experimental setup and procedure as that previously described.?
A brief sketch of the setup is depicted in Scheme 1B. In this
study, a mode-locked Ti/sapphire laser (Tsunami, Spectra
Physics) produced a single Gaussian pulse that was coupled to
a regenerative amplifier that generated a ~200 fs, 1 mJ pulse
(760—840 nm, 1 kHz, Spitfire Pro, Spectra Physics). The pulse
energies, after suitable attenuation, were reduced to 0.3 to 0.65
ul. After passing through an f = 30 cm lens, the laser beam
was focused and passed through a 2.00 mm cell filled with the
sample solution (concentrations in the range of 5 x 107™*to 2.5
x 1073 M), and the beam radius at the focal position is 3.82 x
1073 cm.

When the sample cell changed its position along the beam
direction (z axis), the transmitted laser beam from the sample
cell was detected by a photodiode (PD-10, Ophir). The model
used to fit the Z-scan data assumes a coherent TPA process
and was already thoroughly discussed in ref 19. Accordingly,
in theory, the TPA-induced decrease in transmittance, 7(z), can
be expressed as eqs 3 and 4, and TPA coefficient () can be

sample . detector
>'< | — L—>
[ — ——
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aperature

obtained from experimental data by fitting Z-scan curves to
relationships 3 and 4

oo

—9"

)=y —L— 3

@ Zé(n—f-l)m 3)
BIL

q= °Z2 @)
1+ 5
20

where 7 is an integer number from O to o= and has been truncated
at n = 1000, L is the sample length, Iy is the input intensity, z
is the sample position with respect to the focal plane, and zj is
the diffraction length of the incident beam (Rayleigh range).
After obtaining the TPA coefficient (), TPA cross section (Orpa)
can be deduced by using eq 5

OrpaNAd X 107

p= T — )

where N, is Avogadro’s number, d is the concentration, 4 is
Planck’s constant, and v is the frequency of the incident beam.
As for the open aperture Z-scan experiments, we have measured
TPA cross sections of a well-known TPA dye, coumarin 480,
to ensure that the TPA cross-section values were not overesti-
mated. (See Figure S2 of the Supporting Information). The
resulting value of 165.1 GM is consistent with the reported data
of 168.2 GM within 5% uncertainty (five replicas).
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TABLE 1: Summary of OPA and TPA Properties

J. Phys. Chem. A, Vol. 113, No. 33, 2009 9273

Aw/mm (1073 e/lem™'M™1) Aem/nm (ol (ol Tobsa/US™ Orpa/ GM®¢ orpalGM* orpe/ GMA4¢
1 265 (77.2), 351 (44.8), 408sh (28.3) 576 0.73 0.93 3.15 346.3 + 35 386.7 + 20 252.8
2 263 (80.7), 336sh (21.1), 403 (26.0) 594 0.67 0.96 3.69 169.5 £ 17 191.6 = 10 113.5
3 264 (79.6), 287sh (54.0), 402 (20.8) 620 0.33 0.77 2.60 1353+ 14 153.6 £8 44.7
4 264 (70.8), 294 (58.8), 395 (32.5) 686 0.04 0.10 0.31 238.5+24 2453 + 13 9.5
5 333 (54.4) 607 0.55 0.62 4.81 183.8 £ 19 2155+ 11 101.1
6 253 (72.8), 401 (18.3) 650 0.26 0.61 3.72 145.6 £ 15 1714 £ 9 37.8
7 260 (74.1), 398 (20.7) 671 0.12 0.19 1.61 1120+ 11 130.7 £7 134

“ Measured in aerated CH,Cl, solutions, and Coumarin 480 in methanol was used as a standard for the quantum yield (®) measurements.
> Measured in degassed CH,Cl, solutions, and Coumarin 480 in methanol was used as a standard for the quantum yield (®) measurements.
“Jexcit = 450 nm and monitored the emission at peak maximum. ¢ TPA cross-section (0rpy) measured at 800 nm. ¢ Samples in aerated
dichloromethane and the reference dye, coumarin 480, in methanol were all prepared at a concentration of 1 x 107> M. /Measured by

open-aperture Z-scan method in aerated dichloromethane.

3. Results and Discussion

Complexes 1—7 adopt a similar molecular framework,
namely, an assembly of heterometallic alkynyl clusters [Aus-
Cuy(C,CsH4 X))~ and cationic [Aus(PR,CsH4PR,);]* (Figure
1), the structures of which have been well characterized by NMR
spectroscopy and ESI-MS measurements.'” All complexes
exhibit highly intense emission in the region of 500—800 nm.
In degassed CH,Cl,, the quantum yield (®) of emission was
measured to be >0.1 (e.g., ® ~ 0.93 for 1, Table 1). This,
together with the observed lifetime of >0.3 us (Table 1), renders
radiative lifetime (7,) of several microseconds for 1-7 (7, ~
9.6 us for 4). The results unambiguously warrant the emission
originating from spin-forbidden phosphorescence. The results
also unveil a good correlation between the molecular structure
(Figure 1) and photophysical data, such as emission energy gap,
listed in Table 1. For complexes 1—7, the emission peak
wavelength reveals bathochromic shift as the electron-donating
(accepting) ability of the alkynyl (diphosphines) ligands in-
creases. Such a tendency implies that the lowest-lying transition
in the triplet manifold should incorporate alkynyl ligands
(diphosphines) as HOMO (LUMO), which is consistent with
the previous assignment based on frontier orbital analyses.'
Note that a remarkable feature of the phosphorescence property
for the titled complexes lies in its low O, quenching effect. For
example, the phosphorescence quantum yield of complex 1 still
remains ~80% (@, ~ 0.73, Table 1) upon aeration, which has
been rationalized by the fact that the core phosphorescent
chromophores are well-protected by the unique framework
consisting of bulky ancillary and bridging ligands. For further
confirmation of this viewpoint, we then measured the phospho-
rescence lifetime as a function of the power of laser excitation
(375 nm diode laser, PicoQuant, model PDL-800-D, 50 ps
duration time). In theory, increasing the excitation intensity
should render more triplet state (T;) population, which should
enhance triplet—triplet annihilation, resulting in the quench of
phosphorescence. As shown in Figure S3 of the Supporting
Information, the phosphorescence lifetime of compound 1 upon
high-power excitation (50 pJ/pulse) versus low-power excitation
(pulse energy is 5 pJ) in degassed CH,Cl,, within experimental
error, is essentially the same (4.80 us).!> The results clearly
reveal that the phosphorescence of 1 is inert to both O,
quenching and triplet—triplet annihilation, supporting the afore-
mentioned proposal of ligands protection on the emitting
chromophore. For convenience and practical concern, hereafter
the results and discussion of OPA and TPA properties are mainly
based on the aerated solution unless otherwise specified.

Figure 2 shows the normalized TPIE spectra of 1—7 in
CH,CL,. Clearly, the TPIE, in terms of spectral feature and peak
wavelength, is identical to that of the one-photon excitation
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Figure 2. Normalized two-photon-induced emission spectra of 1—7
in aerated dichloromethane at room temperature. The excitation
wavelength is at 840 nm for all emissions acquired.

emission (Supporting Information), confirming its origin from
the phosphorescence. Using complex 1 as an example, as
depicted in the inset of Figure 3, the up-converted phospho-
rescence intensity is linearly dependent on the square of the
incident laser power, firmly supporting the occurrence of TPA.
The TPA spectra of compounds 1—7 in CH,Cl,, measured by
TPIE method, are displayed in Figure 3, which clearly show a
good orpa value in the range of 760—840 nm, reaching a value
of >200 GM at 760 nm for all titled compounds. Because the
reported value is an average of four measurements using
different batches and the standard deviation is <10%, the result
is considered to be reproducible. Even at 800 nm, a wavelength
that is practically useful for biological applications, these
compounds still exhibit appreciably large orpa values ranged
from 130 GM to 390 GM.

One salient feature of the TPA spectra is the resolution of a
TPA peak in the region of 790—810 nm (Figure 3B), which is
nearly coincident with the OPA peak (Figure 3A) for these
complexes. This seemly violation of selection rule may quali-
tatively be rationalized by a different coupling of the electronic
transition to nontotally symmetric vibrations in respective OPA
and TPA.!"" Furthermore, an increase in the TPA cross sections
at <780 nm is observed for all complexes. Conversely, OPA
shows a relatively lower absorptivity around 380—390 nm.
Therefore, the TPA spectra in this region can be assigned to a
one-photon-forbidden, two-photon-allowed, gerade—gerade tran-
sition. This, in turn, implies that the absorbing species possesses
inversion symmetry and hence the heterometallic core of the
complexes should be incorporated into the TPA chromophore.
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Figure 3. (a) One-photon absorption spectra of 1—7 in CH,Cl, at room
temperature. (b) Two-photon excitation spectrum (760—840 nm) of
compound 1—7 in dichloromethane. Insert: The log—log plot of
normalized excitation power (P/Py) versus normalized two-photon
emission intensity (//Iy) of compound 1.

In a complementary approach, we then performed the open
aperture Z-scan experiments to examine the reliability of orpa
values obtained from TPIE measurements. Figure 4 shows a
typical Z-scan and fitting curves of the titled compounds in
CH,Cl,. For all compounds studied, the experimental data points
and the corresponding fitting curve show high degrees of
correlation. The TPA cross sections of 1—7, measured by open-
aperture Z-scan method, are then calculated to be 386.7 GM,
191.6 GM, 153.6 GM, 245.3 GM, 215.5 GM, 171.4 GM, and
130.7 GM, respectively, at 800 nm. (See Table 1.) Obviously,
the results obtained by Z-scan method are relatively larger than
that of the TPIE measurement by 5—20%. For complexes 1—7,
mainly because of the 82 MHz femtosecond laser excitation in
the TPIE measurement, the long-lived triplet state (several
microseconds) may lead to the excited state reabsorption. We
thus reasonably treat the TPA cross section measured by TPIE
technique as a lower-limit. Nevertheless, as listed in Table 1,
both methods render the same trend of the TPA cross sections.

Prior to data analyses, a simplified TPA theory suited to the
above titled complexes is briefly described here. Because of
the complicated two-photon allowed transitions (gerade—gerade
transition), which are involved in the frontier orbitals of
heterometallic core, bridging ligand, and X-substituting alkynes,
it is not easy to determine clearly the relationship between TPA
cross section and electron-withdrawing ability at the X position
by theoretical calculation. If the molecule is centrosymmetric,
then the value of o1pa for a transition from ground state, g, to

Lin et al.

a final state, f, at the maximum of a TPA band with a Lorentzian
line shape is given by eq 6*!

2 2
ax Uit
orpp = C N 2 (6)
[(Eg/hv) — D]Ty

where pu,,, is the amplitude of the oscillating (transition) dipole
moment (or polarization) induced by electronic field of a light
wave whose frequency matches the energy difference between
states m and n, E,; is the energy gap between the ground state
and an intermediate state, i, hv is the photon energy, C is a
constant, depending on relative orientation of (transition) dipole
moments i and uig, and I’y is the line width of state f. Donor
and acceptor groups at the center and the ends of the molecule
can enhance the dipole moments, u,; and s.

The symmetrical structure geometry (D3, symmetry group),
shown in Figure 1, is believed to account for the origin of the
TPA property for the titled complexes. It has been well known
that one- and two-photon absorptions adhere to different
selection rules in a centrosymmetric molecule. For the molecule
possessing central symmetry, a change in the parity between
the initial and final states (wave functions) is required for every
photon involved in the electric dipole transitions. Changes
of parity are required for a one-photon transition, whereas two-
photon transitions must have initial and final states both
possessing the same parity; that is, it requires the symmetrical
structure geometry. From the structure point of view, the
X-substituent—alkynyl—heterometallic-core—alkynyl—X-sub-
stituent fragments of the titled complexes can be classified
into A—7—D—n—A, D—n—A—n—D, D,—7n—D;—7—D,, or
A,—m—A|—n—A, structural motif that is subject to large
changes in polarization upon excitation and offers significant
TPA cross section in the near-IR region.” For OPA, using
complex 1 as a model, the 400 nm absorption peak of 1 (and
2—7 as well) is mainly due to the transition of Cu—z—alkynyl
fragment in combination with the metal- and cluster-centered
transitions, which can be partially described as a metal-to-ligand
charge-transfer (MLCT) transition.'>?? Combining MLCT tran-
sition and the terminal electron-acceptor (—NO,), it is
reasonable to classify compound 1 into an A—7—D—m—A
structural motif in which the X substituent (—NO,) represents
the electron acceptor (A) and the phenyl alkynes fragment
denotes the conjugated bridge (;r), whereas the composition
of heterometallic core and bridging ligand forms the electron
donator part (D). In fact, complexes 1—4 possess the same
bridging ligand, PPh,C¢H,PPh,, whereas the difference lies
in the variation of the X-substituting group at the para
position, as marked in Figure 1.

As implicitly expressed in eq 6, for the A—r—D—n—A
system, a key factor to increase TPA cross section lies in the
increase in the electron-withdrawing ability of the X substituent.
Accordingly, the TPA cross sections decrease with a trend of 1
(346.3 GM) > 2 (169.5 GM) > 3 (135.3 GM), which correlates
well with the decrease in the strongly electron-accepting strength
of the X substituent in the order of —NO, (1) > —H (2) > —OMe
(3). However, compound 4 does not follow the descent trend
based on the A—m7—D—m—A structural motif. Owing to the
strong electron-donating ability of X = —NMe, in 4, the results
led us to propose a switch of structural motif to either
D,—n—D;—7—D, or D—7—A—x—D. Realizing that 3 and 4
possess the same class of electron-donating group, that is,
—OMe and —NMe,, respectively, this viewpoint is firmly
supportive by the steep increase in the TPA cross sections from
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Figure 4. Z-scan experimental data of (a) compound 1 in dichloromethane (9.6 x 10™* M) (circles), (b) compound 2 in dichloromethane (1.1 x
107* M) (circles), (c) compound 3 in dichloromethane (1.1 x 1073 M) (circles), (d) compound 4 in dichloromethane (6.7 x 107* M) (circles), (e)
compound 5 in dichloromethane (6.7 x 107* M) (circles), (f) compound 6 in dichloromethane (1.4 x 1073 M) (circles), and (g) compound 7 in
dichloromethane (2.5 x 1073 M) (circles) in a 2 mm cell. Solid lines are the result of a fit to the data points.

135.3 GM in 3 to 238.5 GM in 4. On the basis of eq 6, the
result also implies a large change of (transition) dipole moment
from 3 to 4 in terms of magnitude and orientation. Therefore,
it is reasonable to ascribe the structural motifs of D—7—A—7—D
for 4, in which the heterometallic core is reversely treated as
an accepting site, to account for the TPA results.

As for complexes 5—7, except for the bridging ligand, PR,-
C¢H4PR, (R = NC4H,), they all possess similar A—7—D—n—A
structural motif with respect to 1—3, and the resulting TPA in
the order of 5 (183.8 GM) > 6 (145.6 GM) > 7 (112.0 GM) can
be well rationalized by the decrease in the electron-accepting
strength of the X substituent of —NO, (5) > —H (6) > —OMe
(7). Tt is also noteworthy that the TPE cross sections (Orpg),
defined by the product of the TPA cross section and emission
quantum Yyield, can be regarded to be a consequence of both
enhancement of TPA cross section and quantum yield. The orpg
values of compound 1—4 are 252.8 GM, 113.5 GM, 44.7 GM,

and 9.5 GM, respectively, as listed in Table 1. Importantly, the
enhancement of TPA cross section and quantum yield reflect
the strength of the terminal acceptor (—NO, > —H > —OMe >
—NMe,) and exhibit an increase in the orpg value, up to, for
example, 27-fold, between compounds 1 and 4. Another class
of complexes, 5—7, also shows similar enhancement (ap-
proximately seven-fold). Note that the large TPE cross section
provides high contrast and resolution in both two-photon laser
scanning imaging and time-resolved two-photon emission
imaging.*’

4. Conclusions

The highly symmetric Au™—Cu' alkynyl complexes are found
to show TPA and two-photon-induced luminescence properties.
The substituents of these complexes could be readily modified
with electron-donating or electron-withdrawing substituents,
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which provide a large TPA cross section in biological windows
(760 to 840 nm). The results can be well explained by the
structural motif of the titled complexes 1—7 being classified
into A—7—D—n—A (1-3,5—7) and D—r—A—n—D (4) motifs
to account for the TPA properties. For A—7—D—n—A con-
figuration, TPA cross sections decrease as the electron-
withdrawing strength of the X substituent decreases. For
complex 4, the strong electron-donating group (—NMe,)
switches the corresponding structural motif to D—7—A—7—D
configuration, resulting in a significant increase in TPA value
(cf. 3). The intense phosphorescence, very minor O, quenching,
and moderately strong TPA property demonstrated here warrant
promising potential for alkynyl—phosphine Au(I)—Cu(I) com-
plexes in two-photon emission imaging as well as phosphores-
cence dyes in time-resolved imaging.*¢
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