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Introduction

The development of highly conjugated donor/p-conjugated
acceptor molecular systems (D/p–A) is of particular interest
due to their unusual photophysical properties that can make
them particularly valuable for applications in molecular
electronics,[1–3] nonlinear optics,[4–7] and solar-energy transfor-
mations.[8–11] Electronically coupled D/p–A systems are the

archetypal molecules used as chromophores for quadratic
hyperpolarizability and they have been found to exhibit
two- or three-photon absorption cross-sections, which is also
another useful property for optical limiting and fluorescence
imaging.[12–20] Additionally, the intramolecular charge-trans-
fer interactions generally found in such molecules render
them promising candidates to harvest photons of the solar
spectrum and to convert them into useful potentials (elec-
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tricity or chemical fuels). For
examples, push–pull organic
sensitizers have been proved to
be particularly efficient com-
pounds in dye-sensitized solar
cells.[21–26] Alkynyl porphyrin
units have been the focus of in-
tensive investigations by
Arnold,[27–31] Anderson,[12, 13,32–45]

Therien,[6,7,11,46–54] Osuka,[35,36,55,56]

and others.[57–65,68] Their peculiar
electronic properties generally
arise from the large electronic
interactions due to the extensive
p-electronic conjugation be-
tween triply bonded pigments.
Porphyrin heterodyads that ex-
hibit optical intramolecular elec-
tron transfer are, however,
scarce in spite of the abundance
of investigations for many types
of applications.[66] Herein, we de-
scribe the synthesis of a new het-
erometallic bisporphyrin that
presents a large first molecular
hyperpolarizability coefficient b

and a strong intramolecular
charge-transfer transition in the
visible spectrum that leads to a
charge-separated state that lives
for 4 ns in toluene at room tem-
perature. Zinc and gold porphy-
rin units were chosen because
they display electron-donating
and -accepting properties, re-
spectively, thus making this
couple of photoactive species an
interesting system for the con-
struction of a strongly polarized
chromophore that exhibits po-
tentially valuable photochemical properties. The new hetero-
metallic dyad 1 was thus prepared and its comprehensive pho-
tophysical properties are presented.

Results and Discussion

Synthesis : The preparation of heterometallic dyad 1 and ho-
mometallic bis-zinc 2 and bis-gold 3 reference compounds is
shown in Scheme 1. The iodo trisaryl porphyrin 4 was first
subjected to a Sonogashira cross-coupling reaction with tri-
methylsilylacetylene under the Lindsey conditions[67] to give
5. The trimethylsilyl group was subsequently cleaved with
potassium carbonate. The next step was a Sonogashira
cross-coupling reaction between porphyrin 7,[68] which is an
equimolar mixture of bromo- and chloroporphyrin units,
and porphyrin 6. This coupling was catalyzed by [Pd-

ACHTUNGTRENNUNG(dppf)Cl2] and copper iodide because good yields for the
formation of other compounds containing the gold porphy-
rin was obtained as observed before.[68] Homometallic dimer
2 was prepared by coupling 4 with 6 under conditions re-
ported before for similar compounds.[62] The preparation of
dyad 3 gave us more difficulties than expected. We started
with the demetallation of 2 to obtain the free-base porphy-
rin, but we failed to achieve the bis-metallation of the latter
with gold. The classical conditions (i.e., KAuCl4 in AcOH in
presence of AcONa)[69] or milder conditions developed by
Chambron et al.[70] did not afford the expected bis-gold por-
phyrin 3, but only the monometallated species along with
some degraded compounds. Gratifyingly, dyad 3 could be
prepared by using a Stille cross-coupling reaction between
the commercially available bis(trimethylstannyl)acetylene
and gold porphyrin 7 under the classical conditions (i.e.,
[Pd ACHTUNGTRENNUNG(PPh3)4] and CuI in DMF).[32]

Scheme 1. Preparation of the electronically coupled dyads 1–3. a) Trimethylsilylacetylene, CuI, [Pd ACHTUNGTRENNUNG(PPh3)2Cl2],
Et3N, THF, 30 8C (47 %); b) K2CO3, CH2Cl2, MeOH (92 %); c) 6 (1.5 equiv), 7 (1 equiv), CuI, [Pd ACHTUNGTRENNUNG(dppf)Cl2],
Et3N, DMF, 45 8C (73 %); d) CuI, [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3, Et3N, THF, 40 8C (41 %); e) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, DMF,
110 8C (52 %). dba=dibenzylideneacetone, dppf =bis(diphenylphosphino)ferrocene, TMS = trimethylsilyl.
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UV/Vis absorption spectra : The UV/Vis electronic spectra
of dyad 1 and the parent homometallic dimers 2 and 3 are
represented in Figure 1 and the spectroscopic data gathered
in Table 1. The spectra of the reference homometallic dyads

2 and 3 exhibit the usual red-shifted Q-bands located at l=

695 and 624 nm for the zinc and gold porphyrin units, re-
spectively, and a broad split Soret band. These features are
in agreement with previously described homometallic zinc
porphyrin arrays linked by an ethynyl linker.[39, 49,62] The
clear Soret band split in the reference dyads 2 and 3 can be
attributed to excitonic coupling between the two parallel
strong dipolar transitions of each porphyrin along the acety-
lene axis with close energy levels.[46, 55,71]

The spectrum of the heterometallic dyad 1 differs signifi-
cantly from those of homometallic dyads 2 and 3 because its
spectrum is clearly not a linear combination of the spectra
of 2 and 3. The Soret band split is not observed in 1 because
of the energy mismatch between the porphyrin units. More-
over, it exhibits a new absorption band at l=739 nm, which
is characteristic of neither the zinc dimer 2 nor the gold
dimer 3. We assigned this transition to an intramolecular
charge-transfer band, which is the consequence of the strong
through-bond electronic interactions between ZnP and
AuP+ through the ethynyl linkage (see below). The forma-
tion of heteroaggregates between zinc and gold porphyrin

units has been reported but leads to an intermolecular tran-
sition at much higher energy (around l= 600 nm).[72] Anoth-
er piece of evidence of the charge-transfer nature of the ab-
sorption band at around l= 740 nm for dyad 1 comes from
the marked solvatochromism observed for this transition.
The maximum absorbance of this transition is progressively
red shifted when we pass from toluene (l=699 nm; ñ=

14 306 cm�1) to dichloromethane (l=739 nm; ñ=

13 532 cm�1) and to DMF (l=758 nm; ñ =13 193 cm�1), a
net total red shift of dl= 59 nm or dñ=1113 cm�1. This
bathochromic shift, when the polarity of the solvent increas-
es (“positive solvatochromism”), indicates that the excited
state is stabilized by a polar solvent due to its larger dipole
moment relative to the ground state. The positive solvato-
chromism may be surprising in view of the formally charge-
shift nature of the transition, for which the band maximum
would instead increase in energy with increasing solvent re-
organization energy.[73,74] We propose that this apparent con-
tradiction may be explained by the fact that the ground
state of AuP+ may be partially ion paired with its counter-
anion, at least in the less polar solvents, which would give a
more charge-transfer character and thus a positive solvato-
chromism.

As has been carried out before for other donor/acceptor
compounds that exhibit a charge-transfer transition, we esti-
mated the magnitude of the electronic coupling VAB

[52,75, 76]

based on the Mulliken–Hush theory [Eq. (1)]:[77]

VAB ¼ 2:06� 10�2 ðemaxnmaxDn1=2
Þ1=2ðRccÞ�1 ð1Þ

where emax is the molar extinction coefficient (m
�1 cm�1), nmax

the energy (cm�1) of the charge-transfer absorption, Dn1=2
the

bandwidth at half-maximum (cm�1), and Rcc the center-to-
center separation distance between the donor and acceptor
(�). From the charge-transfer transition measured in di-
chloromethane, the following values can be deduced: emax =

34 700 m
�1 cm�1, nmax =13 530 cm�1, Dn1=2

=2270 cm�1, and
Rcc = 11.3 �[44] ; thus, the electronic coupling can be calculat-
ed to be VAB =1880 cm�1. In comparison with other cova-
lently linked ZnP/AuP+ dyads,[68,78–80] this value is signifi-
cantly larger and indicates that the ethynyl group promotes
a very strong electronic communication between the two
porphyrin units due to effective mixing of the frontier mo-
lecular orbitals of each unit.

The strong coupling suggests that the system could be
close to the limit between a “localized” and “delocalized”
description (classes II and III, respectively, in the mixed-va-
lence terminology[81]), with the limit given by the condition
l�2 VAB (l is, herein, the reorganization energy). We note,
however, that the inherent asymmetry in the redox proper-
ties of ZnP and AuP+ would, even at the strong coupling
limit, give a ground-state energy minimum with a character
of mainly ZnP/AuP+ (1), as opposed to a strong admixture
of the biradical state. A detailed analysis of the charge-
transfer parameters from the absorption band is beyond the
scope of this report. We also note that the straightforward
evaluation of the driving force and reorganization energy is

Figure 1. UV/Vis absorption spectra of dyad 1 (solid line) and the refer-
ence bis(zinc–porphyrin) 2 (dotted line) and bis(gold–porphyrin) 3
(dashed line) recorded in dichloromethane.

Table 1. Spectroscopic and electrochemical data of the dyads recorded in
dichloromethane.[a]

Dyad lmax [nm] (e [m�1 cm�1]) E1/2 (red)
[V]

E1/2 (Ox)
[V]

1 425 (2.4 � 105), 454 (1.4 � 105),
515 ACHTUNGTRENNUNG(2.9�104),
565 ACHTUNGTRENNUNG(1.4�104), 739 (3.5 � 104)

�0.57,
�1.07

0.81,
1.16

2 413 (1.2 � 105), 431 (1.1 � 105), 443 (8.8 � 104),
480 (2.2 � 105), 550 (1.5 � 104), 695 (4.6 � 104)

0.57,
0.77

3 417 (2.2 � 105), 461 (1.9 � 105), 533 (3.2 � 104),
624 (4.3 � 104)

�0.38,
�0.54

[a] All the potentials are referenced versus SCE.
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only possible for a weakly coupled system in which l>

2 VAB.

Electrochemistry and spectroelectrochemistry : The redox
properties of the zinc and gold porphyrin units in dyads 1–3
were examined by cyclic voltammetry and differential pulse
voltammetry in dichloromethane (Table 1). Interestingly, the
oxidation of the two zinc porphyrin units in 2 and the reduc-
tion of the two gold porphyrin units in 3 do not coalesce in
a single bielectronic wave but they appear as two stepwise
processes that occur at different potentials due to the strong
electronic coupling (Table 1). The two first oxidation poten-
tials of ZnP in dyad 2 and the two first reduction potentials
of AuP+ in dyad 3 are separated by 200 and 160 mV, respec-
tively. From these values, the comproportionation constant
Kc can be calculated by using the classical equation[76,81]

[Eq. (2)]:

DE1=2 ¼ 0:059 log Kc ð2Þ

The value of Kc is 2500 and 520 m
�1 for dyads 2 and 3, re-

spectively, and gives an estimation of the stability of the
monoradical over the corresponding diradical (2 ZnP–ZnP+

QZnP+–ZnP+ +ZnP–ZnP or 2 AuP+–AuPCQAuPC–AuPC+

AuP+–AuP+) and it strongly depends on the electronic cou-
pling between the two linked units. Such large compropor-
tionation constants mean that the electronic interaction be-
tween the two porphyrin units is relatively high and that the
radical is relatively stable with respect to the dismutation re-
action.

If we compare the redox potentials of the heterometallic
dyad 1 with the homometallic dyads 2 and 3, we notice that
the oxidation potential of ZnP is anodically shifted by
240 mV and the reduction potential of AuP+ is cathodically
shifted by 190 mV. This outcome is certainly a consequence
of the adjacent porphyrin unit in the homometallic dyad un-
dergoing a stabilizing effect on the nearby radical (ZnP+ or
AuPC) with respect to the heterometallic dyad 1 and further
confirms the strong electronic interactions of the two por-
phyrin units.

Spectroelectrochemical experiments were undertaken to
elucidate the spectra of the radical cation of zinc porphyrin
and the radical of gold porphyrin in dyads 1–3. Note that all
these electrochemical processes were reversible because re-
versing the potential led us to retrieve almost entirely the
original spectrum. Besides, the observation of clean isosbes-
tic points supports the transformation of one species into an-
other without the occurrence of coupled chemical transfor-
mations (Figures 2–5). The spectrum of the radical cation of
ZnP in dyad 2 upon electrolysis in situ is shown in Figure 2.
The oxidation of ZnP is accompanied by a decrease in the
intensity of the lower-energy Soret transition and the Q-
band located at l=696 nm. This result confirms that the
former absorption (second Soret transition at l=480 nm)
corresponds to the excitonic coupling of the parallel transi-
tions aligned along the ethynyl linker axis, whereas the high-
energy Soret band (at l=413 nm) is assigned to the transi-

tion dipole perpendicular to the linkage. The new absorp-
tion at l=890 nm is probably an intramolecular charge-
transfer transition (mixed-valence compound) with the
nearby zinc porphyrin unit.

The spectrum of the monoradical of the gold porphyrin
unit in the homometallic dyad 3 is shown in Figure 3. The
reduction of AuP+ induces a collapse of the second Soret

band (at around l= 460 nm) and a diminution of intensity
of the Q band, whereas a new absorption band grows at
around l=830 nm. The bleaching of the Soret and Q bands
is not as strong as with the oxidation of ZnP in dyad 2. Ac-
cordingly, we suggest that the site of reduction is probably
mostly metal centered with a contribution from the p-aro-
matic system of the porphyrin unit, as indicated by the dis-
tribution of the LUMO orbitals of this dyad (Table 2).[82]

The new absorption band at l= 830 nm is also tentatively at-
tributed to an intramolecular charge-transfer transition as
proposed above for the monooxidized bis-zinc dimer (ZnP–
ZnP+).

Figure 2. Transient spectra recorded upon one-electron oxidation of dyad
2 in dichloromethane. The arrows indicate the changes upon oxidation.
The bold traces indicate the initial and final spectra.

Figure 3. Transient spectra recorded upon one-electron reduction of dyad
3 in dichloromethane. The arrows indicate the changes upon oxidation.
The bold traces indicate the initial and final spectra.
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The oxidation of the zinc porphyrin in the heterometallic
dyad 1 is accompanied with a bleaching of the absorption
band at l= 739 nm (Figure 4). This observation is in agree-

ment with the attribution of the charge-transfer nature of
this transition, which naturally disappears when the donor
part (upon oxidation of ZnP) or acceptor part (upon reduc-
tion of AuP+ , see below) of dyad 1 is removed. The spec-
trum of the reduced gold porphyrin unit in dyad 1 is shown
in Figure 5. As expected, the intensity of the charge-transfer
band at l=739 nm is strongly affected by the reduction of
AuP+ . Again, the Soret band is decreased in intensity

during the reduction of AuP+ ,
but the changes are different
from those observed with the
oxidation of ZnP. This behavior
confirms the formation of a
gold(II) species rather than a p-
radical anion of the porphyrin.

Transient absorption spectros-
copy : The photophysical prop-
erties of dyad 1 were also inves-
tigated by transient absorption
spectroscopy. First, the fluores-
cence of the zinc porphyrin unit
in dyad 1 is completely extinct.
Excitation of 1 with an approxi-
mate 120-fs laser pulse in the
Soret or charge-transfer band
gave rise to an instant transient
absorption, which we attribute
to the charge-transfer state
ZnPC+–AuPC (Figure 6). In addi-
tion to bleaching of the Soret
band, there are positive absorp-
tion peaks around l= 500 and

580 nm, which correspond to changes observed upon the re-
duction and oxidation of 1, respectively (Figures 4 and 5).
These transient spectra recorded in DMF and dichlorome-
thane are evolved within the instrumental time resolution
(<200 fs). Some further evolution is observed in toluene on
the 100-ps timescale (Figure 6).

No significant differences were observed between experi-
ments with the Soret and charge-transfer excitation, thus in-
dicating that the same charge-transfer state is formed within
200 fs by either photoinduced electron transfer or direct op-
tical electron transfer. The charge-transfer state recombined
completely to the ground state with single-exponential ki-
netics (<4 % remaining signal), as illustrated by the Soret-

Table 2. Calculated Kohn–Sham (KS) orbitals of the optimized structures of dyads 1–3.

KS orbitals ZnP–AuP (1) ZnP–ZnP (2) AuP–AuP (3)

LUMO + 2

LUMO + 1

LUMO

HOMO

Figure 4. Transient spectra recorded upon one-electron oxidation of dyad
1 in dichloromethane. The arrows indicate the changes upon oxidation.
The bold traces indicate the initial and final spectra.

Figure 5. Transient spectra recorded upon one-electron reduction of dyad
1 in dichloromethane. The arrows indicate the changes upon reduction.
The bold traces indicate the initial and final spectra.
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band bleach recovery in Figure 6 (right panel). No evidence
of long-lived local porphyrin triplet states formed in the re-
combination process was seen. The lifetime of the charge-
transfer state increased with decreasing solvent polarity
from 200 ps in DMF to 1 ns in dichloromethane and 4 ns in
toluene. This behavior is expected for recombination in the
Marcus inverted region, in which the driving force is larger
than the reorganization energy [�DG0>l ; Eq. (3)]. From
the electrochemical data, the charge-transfer state should lie
approximately 1.4 eV above the ground state in dichlorome-
thane, and the value of l in this type of system should be
smaller than that. The energy of the charge-transfer state in-
creases and the l value decreases in low-polarity solvents,
which increases the barrier to recombination and thus the
charge-transfer lifetime, in agreement with our observations.

kET ¼ A exp½�ðDG0 þ lÞ2=4 lRT� ð3Þ

It may be surprising that this strongly coupled system
leads to a similar or even longer lifetime of the charge-sepa-
rated state relative to more weakly coupled hetero zinc–
gold porphyrin dyads reported previously, in which the two
porphyrin units were separated by a longer distance.[27, 39]

However, a strong coupling induces an avoided crossing be-
tween the charge-transfer and ground-state surfaces
(Figure 7), and the Frank–Condon factors for the recombi-
nation becomes small. The situation is then similar to the
case of nonradiative decay of a rigid fluorophore.[38]

Quantum-chemical calculations : To gain deeper insight into
the nature of the excited states of 1–3, a set of DFT calcula-
tions were performed. For all atoms except gold, the 6-
31G(d) basis set was used.[83] For the gold centers, the
LanL2DZ basis set was used,[84–86] in which the core elec-
trons are replaced with an effective core potential (ECP) to

account for relativistic effects. To decrease the computation-
al cost, the tert-butyl groups were replaced by methyl
groups. Each dyad was first geometry optimized with C2

(dyad 1) or D2 (dyads 2 and 3) symmetry constraints by
using the B3LYP functional.[87–89] Full optimizations were
verified by frequency calculations that showed no virtual
frequencies. The optimizations resulted in slightly saddle-
shaped structures due to the steric interactions between the
porphyrin units.

The optimized structures were used for time-dependent
DFT (TD-DFT) calculations of the vertical excited states by
using the same functional and basis sets as for the geometry
optimizations.[90–92] The solvent effects of dichlorobenzene
were approximated by using the nonequilibrium version[93]

of the polarizable conductor calculation model CPCM.[94, 95]

All the calculations were performed using the Gaussian03
software suite.[95] For simulation of the absorption spectra,
each transition was approximated by a Gaussian peak with a
bandwidth of 1500 cm�1 and the area of each peak was set
to that of the calculated oscillator strength f.

Table 2 shows the KS orbitals of 1–3. It can be seen that
in the symmetric compounds (i.e., 2 and 3) all the orbitals
are equally distributed over the two porphyrin units. In
these compounds, no transitions with a net charge transfer
are possible from the ground state. On the other hand, there
is a clear separation in 1 into orbitals localized mainly on
either the zinc or gold porphyrin moieties. If the electronic
coupling between the two moieties is sufficient, this arrange-
ment should give rise to a set of transitions with a net
charge transfer. The calculated properties of the lowest tran-
sition with a considerable contribution to the absorptions
spectra for each compound and the experimental wave-
lengths for these transitions are compiled in Table 3.
Figure 8 shows the simulated absorption spectra of 1–3. On
comparison of Figures 8 and 1, it can be seen that the calcu-
lations give a fairly good description of the experimental ab-
sorption spectra. It can, thus, be concluded from Tables 2
and 3 that the calculations support that the lowest transition
observed in the absorption spectrum of dyad 1 is a charge-
transfer transition. The energy of this transition is a bit un-
derestimated, as is often the case for charge-transfer bands
calculated with DFT.[96]

A recent, combined experimental and computational
study of goldACHTUNGTRENNUNG(III) versus zinc(II) porphyrin units showed
that the LUMO of gold ACHTUNGTRENNUNG(III) porphyrin is metal centered.[97]

The study concluded that this orbital introduces a number

Figure 6. a) Transient absorption spectra of ZnP–AuP (1) recorded after
350 fs (solid lines) and 200 ps (dashed lines); excitation at l =435 and
705 nm (upper and lower spectra, respectively). b) Transient absorption
traces at l=420 nm after excitation at l= 435 nm of ZnP–AuP (1) in
DMF (circles), CH2Cl2 (squares), and toluene (triangles). The solid lines
show the corresponding traces after excitation at l =705 nm.

Figure 7. Schematic representation of the free-energy surfaces for the
charge transfer and ground states. Left: no coupling; right: strong cou-
pling.
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of states that does not show in the absorption spectrum but
strongly dictates the excited-state dynamics. In the present
case, this orbital indeed takes part in the ground-state pho-
tophysics (Tables 2 and 3). This behavior is due to symmetry
breaking induced by the saddle-shaped structures and por-
phyrin–porphyrin interactions.

Quadratic hyperpolarizability : In addition, we studied the
second-order nonlinear optical properties of dyad 1. Be-
cause of the charged nature of this compound, Hyper–Ray-
leigh Scattering (HRS)[98, 99] was used to assess the first hy-
perpolarizability (second-order nonlinear polarizability) in
solution. Because the dispersion (wavelength dependence)
of this molecular parameter for porphyrin-based chromo-
phores has been previously described as unusual,[50, 53] we

performed HRS at l=800 and 1064 nm. Although the latter
wavelength is provided by nanosecond pulsed lasers,[100] the
former wavelength is the output of a femtosecond pulsed
laser that additionally allows for discrimination between po-
tential multiphoton fluorescence and nonlinear scatter-
ing.[101,102] We analyzed the HRS signal toward a single
major dipolar hyperpolarizability tensor component bzzz, in
which the z axis is the molecular charge-transfer axis.
Table 4 gives the results of this analysis and the largest hy-
perpolarizability value from a porphyrin derivative calculat-
ed by Therien and co-workers.[50] Please note that the latter
are elaborate push–pull chromophores with moieties that by
themselves already exhibit nonlinear optical properties.

The first hyperpolarizability of dyad 1 is very large. The
large second-order nonlinearity is a direct consequence of
the strong charge-transfer interaction through this linkage.
The dispersion of the first hyperpolarizability for porphyrin-
based charge-transfer molecules is quite unusual.[50,53] There-
fore, it is difficult to relate structure to property in a fully
quantitative way at all the measurement wavelengths. The
dispersion has been related to the two contributions (from
the Soret and Q bands) to the nonlinear response. A much
stronger effect can be expected from the one-photon reso-
nance enhancement at l=800 nm caused by the charge-
transfer band at l=740 nm in dyad 1. This effect explains
the large hyperpolarizability value at l=800 nm. A full
quantitative analysis of the combined effect of conjugation
and dispersion on the value of the first hyperpolarizability
for porphyrin derivatives or dyads is beyond the present
level of understanding.[50,53]

Conclusion

We have reported the preparation of a new heterometallic
bisporphyrin system that displays a strong electronic cou-
pling with an intense charge-transfer transition that yields to
a relatively long-lived charge-separated state. Furthermore,
this ZnP–AuP dyad exhibits interesting nonlinear optical
properties that manifest by a particularly large first hyperpo-
larizability coefficient. The dispersion of the first hyperpo-
larizability value could be explained in terms of resonance
enhancement caused by the spectral position of the charge-

transfer band. The femtosecond
transient absorption spectrosco-
py study revealed that light ex-
citation of the dyad either in
the Soret or charge-transfer
transition leads to the immedi-
ate formation of the charge-
separated state, the lifetime of
which is particularly long if one
refers to other zinc–gold por-
phyrin dyads separated by a
long spacer.[68] This new elec-
tronically coupled heterometal-
lic bisporphyrin species repre-

Table 3. The calculated and experimental wavelengths l and calculated
oscillator strengths f of the lowest transitions that significantly contribute
to the absorption spectra for compounds 1–3.

Dyad lcalcd [nm] lexp [nm] f Dominant configurations

ZnP–AuP (1) 791 739 1.2 HOMO!LUMO (15 %)
HOMO!LUMO + 1 (73 %)

ZnP–ZnP (2) 682 695 1.3 HOMO!LUMO (86 %)
AuP–AuP (3) 652 625 1.1 HOMO!LUMO (48 %)

HOMO!LUMO + 2 (39 %)

Figure 8. The simulated absorption spectra of dyads 1 (solid line), 2
(dotted line), and 3 (dashed line).

Table 4. Nonlinear optical data measured in dichloromethane.[a]

Compound bzzz (l=800 nm)
[10�30 esu]

bzzz (l= 1064 nm)
[10�30 esu]

1 3800�300 2100�300

5000[a]

[a] Data is taken from ref. [6].
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sents a valuable system to be used for molecular electronics,
solar-energy conversion, or nonlinear optical applications.

Experimental Section

General methods : The 1H and 13C NMR spectra were recorded on a
Bruker 300 MHz or AMX 400 MHz Bruker spectrometer. Chemical
shifts for the 1H NMR spectra are referenced relative to residual protium
in the deuterated solvent (d=7.26 and 7.16 ppm in CDCl3 and C6D6, re-
spectively). The mass spectra were recorded on a EI-MS HP 5989 A
spectrometer or a JMS-700 double-focusing mass spectrometer of re-
versed geometry equipped with an electrospray ionization (ESI) source
(JEOL LTD, Akishima, Tokyo, Japan). Fast-atom bombardment mass
spectrometry (FAB-MS) analyses were performed in a meta-nitrobenzyl-ACHTUNGTRENNUNGalcohol matrix (MBA) on a ZAB-HF-FAB spectrometer. MALDI-TOF
analyses were performed on an Applied Biosystems Voyager DE-STR
spectrometer positive linear mode with an acceleration voltage 20 kV and
a-cyano-4-hydroxycinnamic acid (CHCA) as the matrix. Electrochemical
measurements were realized with an Autolab PGSTAT 302N potentio-
stat. A heart-shaped electrochemical cell equipped with a platinum-disk
working electrode, a steel-gauze auxiliary electrode, a SCE reference
electrode, and an argon inlet was used for cyclic and square-wave voltam-
metry. Spectroelectrochemical measurements were carried out with an
optically transparent thin-layer electrochemical (OTTLE) cell fitted in
the cavity of a Shimadzu UV2501-PC spectrophotometer with a platinum
grid as the working electrode.

Preparative TLC analysis was performed with on Merk Kieselgel 60PF254

plates. Column chromatography was carried out with Merk 5735 Kiesel-
gel 60F (0.040–0.063-mm mesh). Air-sensitive reactions were carried out
under argon in dry solvents and glassware. Chemicals were purchased
from Aldrich and used as received. Compounds zinc(II)-5,15-bis-(3,5-di-
tert-butylphenyl)-10-phenyl-20-iodoporphyrin (4) and gold ACHTUNGTRENNUNG(III)-5,15-bis-
(3,5-di-tert-butylphenyl)-10-phenyl-20-bromoporphyrin (7) were prepared
according to previously reported methods.[68]

Hyper–Rayleigh light scattering (HRS) measurements : The experimental
setup for the HRS experiments has been described in detail else-
where.[100–102]

Zinc(II) 5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-(trimethylsilyle-
thynyl)porphyrin (5): Zinc(II)-5,15-bis-(3,5-di-tert-butylphenyl)-10-
phenyl-20-iodoporphyrin (4 ; 146 mg, 0.15 mmol), distilled Et3N (1.5 mL),
distilled THF (5 mL), copper iodide (1.5 mg, 7.67 mmol), and [Pd-ACHTUNGTRENNUNG(PPh3)2Cl2] (5.4 mg, 7.67 mmol) were placed in a sealed tube, and the mix-
ture was degassed through several freeze/thaw cycles. Trimethylsilylacety-
lene (65 mL, 0.46 mmol, d=0.69) was added to the reaction mixture,
which was stirred for 15 h at 35 8C under argon. The solvents were re-
moved under vacuum and dichloromethane was added. The organic
phase was washed with water and the aqueous phase was extracted with
dichloromethane. The organic phases were collected, dried over MgSO4,
and concentrated to dryness. The crude mixture was purified by column
chromatography on silica gel (petroleum ether/CH2Cl2 8:2), thus afford-
ing a purple solid (66 mg, 47%). 1H NMR (300 MHz, CDCl3, 25 8C): d=

0.65 (s, 9 H; HTMS), 1.58 (s, 36 H; HtBu), 7.75 (m, 3H; Hphenyl), 7.85 (s, 2 H;
Hpara), 8.11 (s, 4 H; Hortho), 8.20 (m, 2H; Hphenyl), 8.94 (dd, 3J=4.5, 3J =

16.8 Hz, 4H; Hb), 9.08 (d, 3J =4.8 Hz, 2H; Hb), 9.81 ppm (d, 3J =4.8 Hz,
2H; Hb); MALDI-TOF: m/z : calcd for C59H64N4SiZn: 920.4 [M+];
found: 920.4.

Zinc(II) 5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-ethynylporphyrin
(6): Zinc(II)-5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-(trimethylsily-
lethynyl)porphyrin (5 ; 92 mg, 99.9 mmol) and K2CO3 (138 mg, 1.0 mmol)
were dissolved in a mixture of dichloromethane (1.5 mL) and methanol
(3 mL). The reaction mixture was protected from light and stirred for
3.5 h at 25 8C. Dichloromethane was added and the organic phase was
washed twice with water. The organic phase was dried over MgSO4 and
concentrated to dryness to yield a green solid (78 mg, 92%). 1H NMR
(300 MHz, CDCl3, 25 8C): d=1.57 (s, 36H; HtBu), 3.99 (s, 1H; Hethynyl),
7.74 (m, 3H; Hphenyl), 7.85 (s, 2H; Hpara), 8.11 (s, 4H; Hortho), 8.20 (m, 2 H;

Hphenyl), 8.93 (dd, 3J =4.5, 3J=14.1 Hz, 4 H; Hb), 9.06 (d, 3J= 4.8 Hz, 2H;
Hb), 9.69 ppm (d, 3J =4.8 Hz, 2H; Hb); MALDI-TOF: m/z : calcd for
C56H56N4Zn: 848.38 [M+]; found: 848.58.

Dyad 1: Zinc(II) 5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-ethynyl-
porphyrin (78 mg, 0.92 mmol), an equimolar mixture of goldACHTUNGTRENNUNG(III) 5,15-
bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-bromoporphyrin and goldACHTUNGTRENNUNG(III)
5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-chloroporphyrin (81 mg,
0.61 mmol), copper iodide (2.3 mg, 0.12 mmol), [Pd ACHTUNGTRENNUNG(dppf)Cl2] (9.2 mg,
0.12 mmol), distilled DMF (4 mL), and distilled Et3N (0.6 mL) were
placed in a sealed tube. The mixture was degassed, protected from light,
and heated at 45 8C overnight. Dichloromethane was added to the crude
mixture. The organic phase was washed three times, dried over MgSO4,
and concentrated to dryness. The solid was purified by column chroma-
tography on silica gel (CH2Cl2), thus affording a dark-green solid (95 mg,
73%). 1H NMR (400 MHz, C6D6, 65 8C): d=1.57 (s, 72H; HtBu), 7.49–
7.54 (m, 6H; Hphenyl), 8.05 (m, 2H; Hpara), 8.08 (m, 2H; Hphenyl), 8.10 (m,
2H; Hpara), 8.20–8.21 (m, 2 H; Hphenyl), 8.35 (m, 4H; Hortho), 8.42 (m, 4H;
Hortho), 8.94 (m, 2H; Hb), 8.98 (m, 2H; Hb), 9.12 (m, 2H; Hb), 9.15 (m,
4H; Hb), 9.23 (m, 2H; Hb), 9.42 (m, 2 H; Hb), 9.49 ppm (m, 2 H; Hb); ele-
mental analysis calcd (%) for C110H110AuN8ZnPF6·8.5 MeOH: C 64.0, H
6.5, N 5.0; found: C 64.5, H 6.2, N 4.5; UV/Vis (CH2Cl2): lmax (e)=425
(240 000), 454 (140 000), 515 (29 000), 565 (14 000), 739 nm
(35 000 mol�1 dm3 cm�1); HR-MALDI-TOF: m/z : calcd for
C110H110AuN8Zn: 1803.7796 [M�PF6]

+ ; found: 1803.7805.

Dyad 2 : Zinc(II) 5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-ethynyl-
porphyrin (27 mg, 0.030 mmol), zinc(II) 5,15-bis-(3,5-di-tert-butylphenyl)-
10-phenyl-20-bromoporphyrin (31 mg, 0.034 mmol), triphenylarsine
(12 mg, 0.039 mmol), [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (5 mg, 0.005 mmol), distilled
THF (3.3 mL), and distilled Et3N (0.7 mL) were placed in a sealed tube.
The reaction mixture was degassed, protected from light, and heated at
40 8C for 4 h. The solvents were evaporated and the crude solid was puri-
fied by column chromatography on silica gel (petroleum ether/THF
99:1), thus affording a dark-green solid (21 mg, 41%). 1H NMR
(400 MHz, CDCl3): d=1.57 (s, 72H; HtBu), 7.76 (m, 2H; Hphenyl), 7.77 (m,
4H; Hphenyl), 7.84 (m, 4H; Hpara), 8.16 (m, 8H; Hortho), 8.22 (m, 4 H;
Hphenyl), 8.90 (m, 4H; Hb), 8.96 (m, 4 H; Hb), 9.24 (m, 4H; Hb), 10.50 ppm
(m, 4H; Hb); elemental analysis calcd (%) for
C110H110N8Zn2·1.5 CHCl3·2.5 THF: C 71.7, H 6.5, N 5.5; found: C 72.1, H
6.1, N 5.2; UV/Vis (CH2Cl2): lmax (e)=413 (120 000), 431 (1150 000), 443
(88 000), 480 (220 000), 550 (15 000), 695 nm (46 000 mol�1 dm3 cm�1); HR-
MALDI-TOF: m/z : calcd for C110H110N8Zn2: 1670.7431 [M+]; found:
1670.7439.

Dyad 3 : Gold ACHTUNGTRENNUNG(III) 5,15-bis-(3,5-di-tert-butylphenyl)-10-phenyl-20-bromo-
porphyrin (60 mg, 0.051 mmol), copper iodide (3 mg, 0.017 mmol), [Pd-ACHTUNGTRENNUNG(PPh3)4] (10 mg, 0.0085 mmol), and distilled DMF (3 mL) were placed in
a sealed tube. The reaction mixture was degassed and bis(trimethylstan-
nyl)acetylene (9 mg, 0.025 mmol) was added. The sealed tube was pro-
tected from light and heated at 110 8C for 12 h. Diethyl ether and KPF6

(100 mg) were added to the crude mixture. The organic phase was
washed three times with water, dried over MgSO4, and concentrated to
dryness. The solid was purified by column chromatography on silica gel
(dichloromethane/methanol 96:4), thus affording a dark-green solid
(27 mg, 52%). 1H NMR (300 MHz, CDCl3): d=1.57 (s, 72H; HtBu), 7.8–
7.9 (m, 8H; Hphenyl), 8.16 (d, J =1.5 Hz, 8H; Hortho), 8.25 (m, 4H; Hphenyl),
9.25 (m, J=5.1 Hz, 4H; Hb), 9.31 (d, J =5.1 Hz, 4 H; Hb), 9.60 (d, J=

4.8 Hz, 4H; Hb,), 10.70 ppm (d, J=4.8 Hz, 4 H; Hb,) ; UV/Vis (CH2Cl2):
lmax (e)=417 (220 000), 461 (190 000), 533 (32 000), 624 nm
(43 000 mol�1 dm3 cm�1); HR-MALDI-TOF: m/z : calcd for
C110H110Au2N8: 1936.8160 [M+]; found: 1936.8179.
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