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Introduction

Knowledge of the photophysical properties of porphyrins
and an understanding of the “communication” (such as
energy transfer, electron transfer, and heavy-atom effect)
between two porphyrin macrocycles are essential to explore
the photosynthetic mechanism[1,2] and to elaborate advanced
optoelectronic devices like optical gates, photoelectric cells,
and sensors.[3–11] Numerous studies have focused on linear or
planar molecular systems, but little work has been con-
cerned with constrained systems in which a rigid spacer
favors a cofacial geometry. An initial survey clearly showed
that energy transfer (ET) increases as the distance between
the donor and acceptor porphyrins decreases.[12] Energy-
transfer mechanisms were analyzed by Dexter[13,14] and Fçr-
ster[15] many years ago. Recently, our groups demonstrated
that it is possible to determine the range of Cmeso–Cmeso dis-
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tance over which the Dexter and Fçrster mechanisms domi-
nate in singlet–singlet energy transfer in cofacial donor–ac-
ceptor bisporphyrins. The cofacial bisporphyrin systems in-
vestigated included DPS, DPO (4,6-bis[5-(2,8,13,17-tetraeth-
yl-3,7,12,18-tetramethylporphyrinyl)]dibenzofuran), DPA
(1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethylporphy-
rinyl)]anthracene), DPX, and DPB for which the Cmeso–Cmeso

distances have been determined by single-crystal X-ray dif-
fraction data (Zn2DPS: 6.33 �,[16] H4DPO: 5.53 �,[17, 18]

H4DPA: 4.94 �,[19] H4DPX: 4.32 �,[17] and H4DPB:
3.80 �[18]). The rate constants for singlet–singlet energy
transfer (kET) in these systems increase in the order DPS<
DPO<DPA<DPX<DPB, which is consistent with the rel-
ative magnitudes of the Cmeso–Cmeso distances.

Contrary to singlet–singlet energy transfer, triplet–triplet
energy transfer is characterized by the electronic exchange
mechanism (Dexter) only.[20] This property allows lumines-
cent devices controlled by interchromophore distances to be
designed in which, at short Cmeso–Cmeso distances, energy
transfer occurs with no or low luminescence observed from
the donor, and at long Cmeso–Cmeso separations, efficient
energy transfer cannot be accurately detected as one reaches
the limit of accuracy of the lifetime or intensity change
measurements and a maximum luminescence intensity is de-
tected from the donor. Only a few porphyrin dimers have
been investigated,[6,21–25] none of which contained a cofacial
geometry. In such cases, direct p–p orbital overlapping is
necessary.[5,26] For b-substituted porphyrins (such as those in-
vestigated in this work), the electron density located at the
meso-carbon atoms on the frontier MOs is very small.[27–30]

As a consequence, energy transfer cannot operate efficiently
through the chemical bonds. Consequently, through-space
processes are anticipated. It is well known that the DPB bis-
porphyrin systems exhibit the shortest cofacial separation
and hence should promote more efficient through-space
triplet–triplet energy transfer. This “on–off” situation for
energy transfer, which is controlled by a change in cofacial
interchromophore distance, is unprecedented.

We now report the synthesis and characterization of three
triplet–triplet donor–acceptor cofacial bisporphyrin systems
in which DPS, DPX, and DPB are used as spacers. The
choice of these systems is based on our previous findings for
singlet–singlet energy transfer: the Fçrster mechanism domi-
nates in the DPS system, while for DPB, the Dexter mecha-
nism is more important. Finally, the DPX spacer has an in-
termediate Cmeso–Cmeso distance and rate constant for energy
transfer. We have elected to investigate the highly phosphor-
rescent (Pd)P and (Pt)P chromophores,[6,31] which means
that the pp* triplet state is well populated. Also, these chro-
mophores have numerous applications in the sensorization
of O2.

[32–34] The fluorescence data are complicated because
of the heavy-atom effect,[20,35] but this perturbation as well
as the rate constant for triplet–triplet energy transfer are de-
pendent on the Cmeso–Cmeso distance. The approximate dis-
tance at which T1–T1 energy transfer (Dexter mechanism) in
cofacial bisporphyrins becomes negligible (too small to be
detected) is determined to be between 4.3 and 6.2 � which

is in good agreement with previous findings on S1–S1 energy
transfer.

Results

Synthesis : The compounds investigated in this work are
shown in Scheme 1. Homobimetallic bisporphyrins
(Pd)2DPB, (Pt)2DPB, and (Pt)2DPX were obtained in good

yields by the reaction of the corresponding non-metalated
bisporphyrins with an excess of PdCl2 or PtCl2. However,
this methodology cannot be applied to the synthesis of
(Pd)H2DPB, (Pd)H2DPS, (Pd)H2DPX, (Pt)H2DPB, and
(Pt)H2DPX. In these cases, stoichiometric reactions led to a
mixture of mono- and dimetalated products, along with the
starting material, with the desired monopalladium(ii) (or
monoplatinum(ii)) bisporphyrins being produced in only
very small quantities. The use of monozinc(ii) bisporphy-
rins[36] as starting materials in the presence of >1 equiv of
PdCl2 (or PtCl2) gave better results ((PdZn) derivatives:
yield 37–53 %; Scheme 2). Zinc is used as a protecting group
for one of the two macrocycles and is removed by the H+

ions generated during the reaction.[37] Small quantities of di-

Scheme 1. Mono- and bisporphyrins investigated in this work.
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palladium(ii) (or diplatinum(ii)) bisporphyrins were also ob-
served. For the palladium derivatives, in the presence of a
base used to neutralize the excess H+ ions, the reactions led
to a mixture that contained both bis(palladium) and mixed-
metal palladium(ii)–zinc(ii) bisporphyrins. This methodology
was not further investigated. Instead, the mixed-metal spe-
cies were prepared from the metalation of the mono-palla-
dium(ii) bisporphyrins by using zinc acetate. All compounds
were characterized by 1H NMR spectroscopy, elemental
analysis, and MALDI-TOF mass spectrometry.

Crystallographic data : The crystallographic data for
(Pd)H2DPX are summarized in Table 1 and the molecular
structure is shown in Figure 1. The parameters describing its
molecular geometry (Figure 2) are given in Table 2.
(Pd)H2DPX exhibits the expected cofacial structure. The
palladium atom is found to be disordered with an occupancy
of 0.5 per macrocycle. For the sake of discussion, it is arbi-
trarily assigned to only one macrocycle (macrocycle 1). The
peripheral ethyl groups located away from the spacer are
also disordered in one macrocycle. With an occupancy close
to 0.5, these groups either face outward or inward with re-
spect to the geometry of the cofacial bismacrocycle. In addi-
tion, the corresponding pyrrole rings are also disordered;
the averaged pyrrole plane deviates by about 28 irrespective
of whether the ethyl groups are oriented outward or inward.

The palladium atom is placed at the center of the por-
phyrin ring, and the distance between the calculated center
of the four nitrogen atoms (the centroid position, Ct) and
the palladium atom is less than 0.03 �. The porphyrin mac-
rocycle is relatively planar as the maximum deviation be-
tween any atom and the averaged carbon plane is 0.17 �;

Scheme 2. Synthesis of (Pd)H2 and (PdZn) bisporphyrins.

Table 1. Crystal data and structure refinement for (Pd)H2DPX.

(Pd)H2DPX

formula C79H84N8OPd
formula weight 1267.94
temperature [K] 110(2)
wavelength [�] 0.71069
crystal system triclinic
space group P1̄
unit cell dimensions
a [�] 11.1016(1)
b [�] 14.9868(2)
c [�] 20.6786(3)
a [8] 102.091(1)
b [8] 100.587(1)
g [8] 101.817(1)
volume [�3] 3199.19(7)
Z 2
1calcd [Mg m�3] 1.316
m[mm�1] 0.344
F(000) 1336
crystal size [mm3] 0.50 � 0.37 � 0.10
q range for data collection [8] 1.96–27.36
index ranges �14�h�13,

�19�k�19,
�25� l�26

reflections collected 25 195
independent reflections 14 360 [R(int) =0.0578]
completeness to qmax [8] 98.9 % [q=27.36]
absorption correction none
refinement method full-matrix least-squares on F2

data/restraints/parameters 14 360/18/899
goodness-of-fit on F2 1.132
final R indices [I>2s(I)] R1 =0.0693, wR2 =0.1352
R indices (all data) R1 =0.1173, wR2 =0.1474
extinction coefficient 0.0065(4)
largest diff. peak and hole [e��3] 0.560 and �1.034
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for palladium, this deviation is only 0.09 �. The angle
formed by the two averaged porphyrin planes (b) is only
5.48, which indicates that the rings are fairly parallel. The
values of the lateral shift (Sp =1.71 �) and slip angle (a=

(a1 + a2)/2=25.38) further indicate the potential displace-
ment between both rings. The large slip angle is due, in part,
to the large angle formed between the two benzene rings
(g=158). Nocera and co-workers have also reported a large
deviation for this spacer.[17] For the DPX systems, this angle
is 368 for the free base, and 6–158 for the dimetalated bis-
porphyrins. Such large deviations have not been reported
for other spacers such as anthracenyl, biphenylenyl, and di-
benzofuran.[17,38] The Cmeso–Cmeso (4.32 �) and Ct1–Ct2

(4.01 �) distances determined in this work compare favora-
bly with those of other DPX systems (4.27 �<Cmeso–Cmeso<

4.47 �; 3.87 �<Ct1–Ct2<4.70 �; see the Supporting Infor-
mation).[17,39, 40]

Absorption spectra : The UV/Vis absorption data are report-
ed in Table 3 and the spectra for (Pd)H2DPS, (Pd)H2DPX,
(Pd)H2DPB, (PdZn)DPS, (PdZn)DPX, (Pt)H2DPX, and
(Pt)H2DPB are shown in Figure 3. For the palladium deriva-
tives, the Soret band lmax (S0–S2 transition) varies as a func-
tion of the spacer in the order DPS>DPX>DPB. A de-
crease in the absorptivity of the Soret band was also ob-
served. Both the shift and the intensity decrease as the
Cmeso–Cmeso distance decreases. The Q bands (S0–S1 transi-
tion) also exhibit a slight shift to the red in the same
order.[41] For (Pt)H2DPX and (Pt)H2DPB, the absorption
spectra are nearly the same.

Luminescence : The photophysical data for all the com-
pounds studied are summarized in Table 4 and Table 5 and
the emission spectra are shown in Figures 4, 6, and7. Four
chromophores were investigated, H2P and (Zn)P, known to
be strongly fluorescent,[27,42] and (Pd)P and (Pt)P, which are
strongly phosphorescent.[27, 43] For mixed chromophore sys-
tems, both types of emission were observed. At 298 K,
(Pd)P showed no detectable luminescence, which contrasts
with other palladium(ii) porphyrin systems.[34,43]

The 298 K emission spectra of (Pd)H2DPS and
(Pd)H2DPX (Figure 4a) exhibit the same spectral signature
as that of H2P fluorescence. The luminescence of the (Pd)P
chromophore can be easily distinguished from the H2P fluo-
rescence by time-resolved spectroscopy by taking advantage
of the very different emission lifetimes (for (Pd)P tem~100–
550 ms). The emission spectrum of (Pd)H2DPB exhibits two
luminescence bands as well (Figure 4a) due to the fluores-
cence of the H2P chromophore (l0,0�640 nm) and the phos-
phorescence of the (Pd)P chromophore (l0,0 = 663 nm). The
l0,0 of the H2P fluorescence follows the same trend as that
of the absorption: l0,0(DPS) =628 nm<l0,0(DPX)=

Figure 1. Crystal structure of (Pd)H2DPX. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at the 50% probability level.

Figure 2. Illustration of the crystallographically derived geometrical fea-
tures.

Table 2. Crystallographically derived geometrical features of
(Pd)H2DPX.

Parameters Value

a1 [8] 24.6
a2 [8] 25.9
a(slip angle = (a1 +a2)/2) [8] 25.3
b(interplanar angle) [8] 5.4
g(spacer angle) [8] 14.8
da–b [�] 4.61
dc–d [�] 4.32
dCt1–Ct2 [�] 4.01
dCt1–Pd1

[a] [�] 0.03
dCt2–Pd1

[b] [�] 3.98
Sp (lateral shift=dCt1–Ct2sin a) [�] 1.71
Sr (intermacrocycle separation=dCt1–Ct2cos a) [�] 3.63

[a] Distance between the centroid (Ct) and palladium atom in the same
macrocycle. [b] Distance between the first macrocycle centroid (Ct) and
the palladium atom in the other macrocycle.
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636 nm<l0,0(DPB)�640 nm. At 77 K (Figure 4b), (Pd)P is
phosphorescent (l0,0 =659 nm). For the three mixed-metal
compounds, both fluorescence of the H2P chromophore and
phosphorescence of the (Pd)P moiety were observed. How-
ever, the relative intensities vary significantly depending on
the spacer. For instance, H2P fluorescence is more important
in (Pd)H2DPS, while (Pd)H2DPB exhibits a strong (Pd)P
phosphorescence. A qualitative energy diagram for the
mono-palladium bisporphyrins has been established by
using the positions of the 0–0 peaks in the absorption and
fluorescence spectra, the maxima of the (Pd)P phosphores-
cence spectra, and the energy of the H2P triplet state
(Figure 5).[44] From this, one finds that the energies decrease
in the order 1(Pd)P> 1H2P>

3(Pd)P> 3H2P. Similarly, by
using the 0–0 absorption and fluorescence data and the
maxima of the phosphorescence bands of the (Pd)P and
(Zn)P chromophores in the palladium-zinc bisporphyrins
(Figure 6), a qualitative energy diagram can be derived:
1(Pd)P> 1(Zn)P> 3(Pd)P> 3(Zn)P (Figure 5). Similarly, one
also finds for the platinum systems that 1(Pt)P> 1H2P>
3(Pt)P> 3H2P. The relative (Pd)P phosphorescence intensity
of (PdZn)DPS is large compared with that of the fluores-
cence and phosphorescence of (Zn)P (Figure 6a).[27,28] On
the other hand, the intensity of the (Pd)P phosphorescence
is of the same order of magnitude as the (Zn)P fluorescence
and phosphorescence of the DPX system.

The emission spectra of (Pt)H2DPX and (Pt)H2DPB are
compared with that of (Pt)P in Figure 7. The H2P fluores-
cence is entirely blurred by the (Pt)P phosphorescence at
both 298 and 77 K. Interestingly, the H2P phosphorescence,
an emission rarely reported in the literature,[44] becomes visi-

ble in the region of 750–
850 nm, with maxima at 794
and 824 nm.

Overall, these data are indi-
cative of triplet–triplet energy
transfer between 3(Pd)P* and
3H2P*, 3(Pt)P* and 3H2P*, and
3(Pd)P* and 3(Zn)P*, but the
nature of the spacer plays a cru-
cial role. For accuracy, the rate
constants for triplet–triplet
energy transfer were measured
by using the phosphorescence
lifetimes (Table 5).[24,45–47] The
fluorescence lifetimes of the
H2P and (Zn)P chromophores
are in the expected ns range (1–
24 ns for the H2P chromophore
and 1–2 ns for the (Zn)P chro-
mophore).[6] Similarly, the phos-
phorescence lifetimes (tP) of
the (Pd)P chromophore in the
porphyrin systems are predicta-
bly in the ms range but vary
greatly with the temperature
and the nature of the spacer.

Further evidence for triplet–triplet energy transfer comes
from a comparison of the phosphorescence quantum yields
(FP; Table 4).

Discussion

Singlet excited states and fluorescence : The relative order
of the singlet-state energies established from the 0–0 peaks
observed in the absorption and fluorescence spectra, 1(Pd)P
and 1(Pt)P> 1(Zn)P@ 1H2P, indicates that the 1(Pd)P and
1(Pt)P pp* states are the most energetic. These chromo-
phores can act as donors for singlet–singlet energy transfer,
1(Pd)P*!1(Zn)P*, 1(Pd)P*!1H2P*, and (Pt)P*!1H2P*, but
such a process if present, cannot be investigated in this work
since the fluorescence of (Pd)P and (Pt)P chromophores are
totally blurred by the much stronger fluorescence of the
H2P or (Zn)P chromophore (Figures 4, 6, and 7).[48]

The values of tF (298 K) for the H2P chromophore in H2P,
H4DPS, H4DPX, and H4DPB decrease in the following
order: H2P~H4DPS>H4DPX>H4DPB. In our previous
paper, such a sequence for a series of five spacers (H4DPS,
H4DPO, H4DPA, H4DPX, and H4DPB) was interpreted as
follows.[12] The shorter lifetimes are a consequence of intra-
molecular macrocycle–macrocycle interactions or collisions
that promote nonradiative deactivation. This phenomena is
also exhibited by the mono-palladium series (Pd)H2DPS,
(Pd)H2DPX, and (Pd)H2DPB as illustrated in Figure 8.
Comparison of this monopalladium series with the non-
metalated one (Figure 8) indicates that the tF values for the
fluorescence of the H2P chromophore are always smaller for

Table 3. UV/Vis absorption data in CH2Cl2 at 298 K.

Compound lmax [nm] (e � 10�3
m
�1 cm�1)

Soret region Q bands

H2P 402 (154) 502 (15) 532 (8) 578 (6) 626 (4)
(Zn)P 410 (270) 540 (18) 576 (11)
(Pd)P 398 (180) 504 (16) 538 (43.2)
(Pt)P 394 (209) 502 (10.2) 537 (30.9)
H4DPS 398 (309.9) 502 (29.6) 536 (15.0) 570 (14.2) 622 (6.8)
(Zn)H2DPS 402 (340.6) 502 (15.6) 534 (21.7) 570 (20.9) 624 (3.1)
(Pd)H2DPS 394 (402.8) 509 (29.5) 571 (12.8) 549 (40.7) 624 (4.9)
(Zn)2DPS 402 (473.6) 536 (32) 572 (29)
(Pd)2DPS[41] 394 (256.9) 516 (23.5) 548 (44.7) 610 (0.29)
(PdZn)DPS 395 (304.7) 515 (20.2) 549 (39.9) 573 (9.2)
H4DPX 380 (200) 508 (12.0) 543 (5.4) 578 (6.0) 628 (3.3)
(Zn)H2DPX 386 (268) 512 (9.5) 542 (11.7) 576 (12.0) 628 (2.0)
(Pd)H2DPX 383 (298.5) 515 (16.4) 554 (19.3) 579 (9.8) 628 (1.9)
(Pt)H2DPX 377 (157.9) 507 (4) 540 (9.5) 574 (4.3) 627 (1)
(Zn)2DPX[17] 389 (290) 541 (14.3) 576 (13.2)
(Pd)2DPX[41] 386 (265.2) 520 (16.7) 552 (31.3) 614 (0.17)
(Pt)2DPX 374 (170.3) 509 (8.4) 541 (21.5)
(PdZn)DPX 387 (266.6) 526 (9.9) 556 (11.1) 579 (4.7)
H4DPB 379 (173.9) 511 (6.3) 540 (2.0) 580 (3.4) 632 (1.8)
(Zn)H2DPB[36] 388 (200.0) 518 (4.1) 542 (5.2) 581 (6.8) 633 (0.8)
(Pd)H2DPB 382 (217.5) 516 (9.9) 556 (11.1) 579 (4.7)
(Pt)H2DPB 376 (173.2) 508 (9.5) 544 (12.5) 578 (3) 632 (1.7)
(Pd)2DPB 383 (270.5) 521 (19.0) 553 (35.8)
(Pt)2DPB 373 (63) 511 (3.3) 542 (8.3)
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the monopalladium series. This behavior can be explained
by the intermolecular “heavy-atom effect” due to the palla-

dium atom.[20,35] The most important feature is that the dif-
ference between tF for the non-metalated and monopalladi-
um members of the series (H2P, DtF) is more significant for
(Pd)H2DPB than for (Pd)H2DPS (i.e. DtF increases in the
order DPS<DPX<DPB). This result is consistent with the
change in interchromophoric separation between the H2P
lumophore and the (Pd)P macrocycle.[49] This interpretation
contrasts with the results obtained for (PdZn)DPS
(tF[(Zn)P]=2.0 (298 K) and 1.8 ns (77 K)) and (PdZn)DPX
(tF[(Zn)P]=1.9 (298 K) and 2.1 ns (77 K)), which appear to
be insensitive to the presence of palladium compared with
the corresponding bis-zinc bisporphyrins (Zn)2DPS
(tF[(Zn)P]=1.95 (298 K) and 1.85 ns (77 K)) and (Zn)2DPX
(tF[(Zn)P]=1.7 (298 K) and 1.9 ns (77 K)).[12] This apparent
nonsensitivity may be due to the fact that zinc exhibits a
small spin–orbit coupling constant which induces some intra-
molecular “heavy-atom effect”. Consequently the rate of in-
tersystem-crossing in the (Zn)P intrachromophore may be
important enough to render the interchromophore ((Zn)P
versus (Pd)P) “heavy-atom effect” negligible.

Triplet-excited states and energy transfer : As already stated,
the phosphorescence arising from the (Pd)P chromophore is
readily detected in all cases. Comparison of the tP data at
298 K for (Pd)P, (Pd)2DPS, (Pd)2DPX, and (Pd)2DPB
(Table 5 and Figure 9) shows that values of tP increase from
(Pd)P to (Pd)2DPS and to (Pd)2DPX, and then decrease for
(Pd)2DPB. This variation in data can be attributed to the ef-
ficient nonradiative deactivation of the 3(Pd)P state.[50]

Nocera and co-workers[34] recently noticed a similar depen-
dence of the photophysical properties of (Pd)P(BrPhEtio),
(Pd)2DPO, and (Pd)2DPX. Their interpretation of the data
based on DFT computations indicated that a torsional dis-
tortion along the Cmeso�Caryl bond, accompanied by a non-
planar distortion of the macrocyclic framework, induces an
significant decrease in the T1–S0 energy gap. As the macro-
cycle is less constrained, the porphyrin rings have greater
scope for framework distortion. Consequently, the greater
the molecular distortion in the triplet state, the lower the
energy of the triplet state. This allows a more efficient non-
radiative deactivation of the T1 state. Similarly, Albinsson
and co-workers performed other DFT calculations on zinc
and free-base bis(5,15-diaryloctaalkylporphyrin) for which
unusual triplet-state dynamics were observed.[51] They con-
cluded that distortions along the Cmeso�Caryl bond and of the
macrocycle plane (saddle-shaped conformation) have in-
duced a change in conformation of the T1 state. With re-
gards to the present study, the observed increase in tP on
going from (Pd)P to (Pd)2DPS to (Pd)2DPX parallels the in-
crease in tP observed for (Pd)(BrPhEtio)P to (Pd)2DPO to
(Pd)2DPX by Nocera and co-workers. However, (Pd)2DPB
behaves differently as tP decreases. In this case, the shorter
Cmeso–Cmeso distance indicates stronger intermacrocycle inter-
actions and greater p–p contacts, which promote more effi-
cient nonradiative T1 deactivation. Our groups recently ob-
served this phenomena in the fluorescence spectra at 298
and 77 K for the free-base series H2DPS, H2DPO, H2DPA,

Figure 3. UV/Vis spectra of a) (Pd)H2-, b) (PdZn)-, and c) (Pt)H2-bispor-
phyrins (298 K, CH2Cl2).
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H2DPX, and H2DPB.[18] In addition, the absorption and fluo-
rescence spectral signatures indicated a significant increase
in bandwidth as the Cmeso–Cmeso distances decreased. So, for

the series described in this
work, the lowest-energy triplet
state undergoes two molecular
dynamics processes: 1) distor-
tions (a torsional distortion
along the Cmeso�Caryl bond and
nonplanar distortion of the por-
phyrin framework) and 2) inter-
macrocycle interactions. Their
effects on tP are opposite. To
reduce the effect of the former
dynamic process, the photo-
physical properties were also
examined at 77 K.[52]

Comparison of the tP [(Pd)P]
data for the mono-metalated
(Pd)H2DPS, (Pd)H2DPX, and
(Pd)H2DPB systems with those
for the dimetalated bisporphy-
rins indicates the presence of
an additional deactivation pro-
cess. The tP data for (Pd)P,
(Pd)2DPS, (Pd)2DPX, and
(Pd)2DPB are 1870, 1920, 2240,
and 2170 ms, showing a much
attenuated trend. In the hetero-
nuclear systems [(Pd)H2 and
(PdZn)], the (Pd)P data at
298 K (Figure 9a) shows the
same trend as the palladium
homonuclear systems discussed
above. However, the analysis is
blurred by the dominant tor-
sional molecular dynamic proc-
esses described above (knr @kET,
nr=nonradiative). Figure 9b
and the data in Table 5 allow
the tP data measured for the
(Pd)2 and (Pd)H2 series at 77 K
to be compared. The values of
tP for (Pd)2DPS, (PdZn)DPS,
and (Pd)H2DPS are almost
identical, indicating that no
energy transfer occurs in
(PdZn)DPS and (Pd)H2DPS.
However, the fact that
tP[(Pd)H2DPX]<tP[(Pd)2DPX]
and tP[(PdZn)DPX]<tP[(Pd)2-
DPX] indicate that T1–T1

energy transfer occurs
[3(Pd)P!3(Zn)P and 3(Pd)P!
3H2P].[53]

Evidence for T–T energy
transfer : To further demon-

strate the presence of T1–T1 transfer, the platinum analogues
were investigated.[45] Based on the absorption (Figure 3c)
and emission data (Figure 7), the donor and acceptor are

Table 4. Luminescence data.[a]

Compound lmax [nm][b] Quantum yields[c]

macrocycle metal or H 298 K 77 K 298 K 77 K

P 2H[d] 629, 696 623, 690 0.0892 0.0862
Zn 580, 635 581, 639, 721 0.0214 0.0266
Pd – 659, 691, 712, 731 – 0.5576
Pt 649 640 0.0049 0.8364

DPS 4H[d] 629, 697 623, 689 0.0887 0.0838
Pd, 2H[e] 628, 696 621, 661, 689 0.0809 0.1370
2Pd 669 660, 694, 713, 735 0.0018 0.1052
Zn, Pd[e] 580, 634, 668 582, 660, 694, 714, 735 0.0681 0.2736

DPX 4H[d] 635, 701 637, 702 0.0361 0.0643
Pd, 2H[e] 636, 703 632, 665, 700 0.0035 0.0101
Pt, 2H[e] 645, 703 645, 701, 794, 824 0.0014 0.0030
2Pd 674 668, 745 0.0623 0.3811
2Pt 652 648 0.0744 0.1470
Zn, Pd[e] 591, 643, 670 566, 595, 643, 658, 683, 742, 820 0.0691 0.0182

DPB 4H[d] 641[18] 636[18] 0.0040[18] 0.012[18]

Pd, 2H[e] 663, 708 633, 658 0.0140 0.0346
Pt, 2H[e] 647 648, 794, 824 0.0233 0.0075
2Pd 665 667 <0.001 0.1936
2Pt 652 648 0.0168 0.0910

[a] In 2-MeTHF, lexcitation = 510 nm; the quantum yield was evaluated by reference to H2TPP (0.11)[27, 42, 63] and
the quantum yield for H2TPP (0.11) at 77 K was verified by reference to (Pd)TPP (0.17; 77 K; MCH).[43, 64]

[b] The uncertainties in the values of lmax are �1 nm. [c] The uncertainties in the values of the quantum yields
are �10 %. [e] The total quantum yield and porphyrin�s absorbances arise from the two chromophoric species.
[d] lexcitation =500 nm.

Table 5. Fluorescence lifetimes and rate constants for triplet–triplet energy transfer.[a]

Compound Lifetime (298 K)[b] Lifetime (77 K)[b] kET (77 K) [s�1]
macrocycle metal or H chromophore tF [ns] tP [ms] tF [ns] tP [ms]

P 2H free base 17.3 – 23.3 – –
Zn (Zn)P 1.7 [c] 1.94 [c] –
Pd (Pd)P [c] 25 [c] 1870 –
Pt (Pt)P – 18 – 128 –

DPS 4H free base 18.0 – 23.6[18] – –
Pd, 2H free base 17.6 – 23.6 –

(Pd)P [c] 98 [c] 1920 0
2Pd (Pd)P [c] 210 [c] 1920 –
Zn, Pd (Zn)P 2.0 [c] 1.75 [c]

(Pd)P [c] 98 [c] 1920 0
DPX 4H free base 14.1 – 17.0[18] – –

Pd, 2H free base 12.0 – 15.2 –
(Pd)P [c] 568 [c] 1440 247

Pt, 2H free base 12 – – 559
(Pt)P – 40.6 – 126 2220

2Pd (Pd)P [c] 440 [c] 2240 –
2Pt (Pt)P – 46 – 175
Zn, Pd (Zn)P 1.9 [c] 2.09 5760

(Pd)P [c] 548 [c] 1670 151
DPB 4H free base 11.7 – 17.0[18] – –

Pd, 2H free base 11.5 – 13.2 –
(Pd)P [c] 368 [c] 1690 133

Pt, 2H free base [c] – – 224
(Pt)P – 24 – 122 840

2Pd (Pd)P [c] 258 [c] 2170 –
2Pt (Pt)P – 32 – 136 –

[a] Measured in 2-MeTHF. [b] The uncertainties in the values of the lifetimes are �10%. [c] The signal is too
weak to measure.
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the (Pt)P and H2P chromophores, respectively. In this case,
the acceptor turns out to be phosphorescent. The emission
spectra of (Pt)H2DPX and (Pt)H2DPB exhibit a strong
phosphorescence at 650 nm due to (Pt)P and a weaker
phosphorrescence at 800 nm and above due to H2P. The ex-
citation spectra of the 650 nm phosphorescence is character-
istic of the (Pt)P chromophore as these spectra superpose
the absorption of PtP, (Pt2)DPX, and (Pt2)DPS (Figure 10).
On the other hand the excitation spectra of the 800 nm
phosphorescence exhibits the anticipated signal for the H2P
chromophore at about 570 nm, but also strong signals at
500–510 and 530–540 nm that are associated with the (Pt)P
chromophore. At 800 nm, there is practically no more (Pt)P
phosphorescence. The strong peaks associated with the
(Pt)P chromophore in the excitation spectra of the H2P
phosphorrescence can only be due to triplet–triplet energy
transfer.

Figure 4. Emission spectra of (Pd)H2-bisporphyrins in 2-MeTHF at a) 298
and b) 77 K (lexcitation =510 nm).

Figure 5. Energy diagram for the (PdM) bisporphyrins (M=H2, Zn). 1, 5:
absorption S0–S1; 2: nonradiative deactivation (NR); 3: (Pd)P phosphor-
escence; 4: M= 2H, Zn; (M)P fluorescence; 6, 8: intersystem crossing
(ISC); 9: M =Zn; (Zn)P phosphorescence; 7: triplet–triplet energy trans-
fer.

Figure 6. Emission spectra of a) (PdZn)DPS and b) (PdZn)DPX in com-
parison with the spectra of the two monoporphyrins (Zn)P and (Pd)P (2-
MeTHF, 77 K, lexcitation = 510 nm).

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3469 – 34813476

R. Guilard, P. D. Harvey et al.

www.chemeurj.org


Energy transfer determination : The rate constants for trip-
let–triplet energy transfer, kET, were calculated from Equa-
tion (1), where tP and t0

P are the phosphorescence lifetimes
of the (Pd)P or (Pt)P chromophore of the hetero- [(Pd)H2,
(Pt)H2, and (PdZn)] and homometallic bisporphyrins [(Pd)2

and (Pt)2] systems, respectively (Table 5).

kET ¼
�

1
tP
� 1

t0
P

�
ð1Þ

Mechanisms : There are two possible general mechanisms
for energy transfer: 1) the Fçrster (dipole–dipole interac-
tion) and 2) the Dexter (electronic exchange) mecha-
nisms.[20,35] Our previous investigation indicated that S1–S1

Figure 7. Emission spectra at 298 and 77 K of a) (Pt)H2DPX and b)
(Pt)H2DPB in comparison with the spectra of (Pt)P at 77 K (2-MeTHF,
lexcitation =510 nm).

Figure 8. Lifetime of H2P chromophore in (M)H2DPS, (M)H2DPX, and
(M)H2DPB, where M =H2 and Pd (298 and 77 K, 2-MeTHF).

Figure 9. Lifetime of the (Pd)P chromophore of P, DPS, DPX, and DPB
systems at a) 298 K and b) 77 K in 2-MeTHF.

Chem. Eur. J. 2005, 11, 3469 – 3481 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3477

FULL PAPERTriplet–Triplet Energy Transfer in Bisporphyrins

www.chemeurj.org


energy transfer in (Zn)H2DPS occurs predominantly by the
Fçrster mechanism, while in (Zn)H2DPX and (Zn)H2DPB,
the Dexter process is mainly effective[12] as a result of the
Cmeso–Cmeso distance. In this work, there is evidence for T1–
T1 transfer in (Pd)H2DPX and (Pd)H2DPB [and
(PdZn)DPX], but not in the DPS series. These findings are
consistent with T1–T1 energy transfer occurring only by the
Dexter mechanism. The critical Cmeso–Cmeso distance at which
the Dexter process is no longer efficient is somewhere be-
tween 4.3 (DPX) and 6.3 � (DPS). This is perfectly consis-
tent with the results obtained for S1–S1 energy transfer,
which showed this distance to be around 5–6 �.

Comparison with the literature : The kET data for T1–T1

energy transfer in these molecules are amongst the lowest
known (see the Supporting Information).[6,23,25,54–60] Two
mechanisms may be addressed; through-bond and through-
space energy transfer. Two arguments rule out the former
process. First, the fact that the p systems of the rigid spacer

and porphyrin rings are perpendicular, as depicted in the X-
ray structure for example, disfavors the electron exchange
process. Second, because the electron density at the meso-
carbon atom is zero or minimal for b-substituted macrocy-
cles based on reported theoretical calculations, the probabil-
ity for efficient electronic and orbital “communication” be-
tween the spacer and rings is also very unlikely. A convinc-
ing mechanistic argument comes from the experimentally
measured rate constants for the DPX and DPS systems.
While energy transfer occurs at a measurable rate in the
former donor–acceptor molecule, it does not in the latter,
even though the number of chemical bonds between the two
connected meso-carbons is the same. It is difficult to com-
pare the reported data as the macrocycles have different
substitution patterns. In addition, the metals differ and their
effect on energy transfer, whether singlet or triplet, is also
unknown.

Conclusions

In order to explain the unusual photophysical properties of
the (Pd)P chromophore in the face-to-face homo- and hetero-
nuclear bisporphyrins, an excited distorted structure in the
triplet state must be invoked.[34,50,51] The data for the hetero-
nuclear bisporphyrins at 298 and 77 K are very different as
excited-state distortional molecular dynamics are very im-
portant at room temperature, precluding intramolecular T1–
T1 energy transfer between the (Pd)P donor and H2P or
(Zn)P acceptor (kET !knr at 298 K) as small kET values were
measured for (Pd)H2DPX, (PdZn)DPX, and (Pd)H2DPB.
The results indicate that the critical Cmeso–Cmeso distance at
which the Dexter mechanism is no longer efficient is some-
where between the Cmeso–Cmeso distance in the DPS and
DPX systems and agree with a previous report on S1–S1

energy transfer for the same spacers.[12] These bismacrocyclic
systems can be viewed as rigid models for “molecular
switches” for T1–T1 energy transfer (and heavy-atom effects)
which is controlled by the Cmeso–Cmeso distance.

We are currently developing flexible spacers such as cal-
ix[4]arenes[69–76] that would respond to stimuli either bring-
ing the donor and the acceptor closer together leading to a
quenching of the donor emission, or separating them render-
ing the molecular device luminescent. In this way, an “on–
off” molecular device can be designed to take advantage of
the energy-transfer processes either in the singlet states for
lighter-element systems or in the triplet states for heavier-
atom-containing molecules.

Experimental Section

Materials : H2P, H4DPS,[12] H4DPX,[39] H4DPB,[61] and their metalated de-
rivatives[12, 34, 39, 41, 62] were synthesized by using methods reported in the lit-
erature. Unless otherwise stated, all reagents and solvents were used as
received. 2-MeTHF was purchased from Aldrich (99+ %, anhydrous and
under inert gas). PTSA (p-toluenesulfonic acid) and DDQ (2,3-dichloro-
5,6-dicyano-p-benzoquinone) were purchased from Aldrich. PdCl2 was

Figure 10. Excitation spectra at 77 K of a) (Pt)H2DPX and b) (Pt)H2DPB
(lemission =650 and 800 nm, 2-MeTHF).
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purchased from Janssen Chimica and PtCl2 from Johnson Mathey.
Column chromatography was performed with neutral alumina (Merck;
usually Brockmann Grade III, deactivated with 6% water) and silica gel
(Merck; 70–120 mm) and monitored by thin-layer chromatography
(Merck 60 F254 silica gel precoated sheets, 0.2 mm thick) and UV/Vis
spectroscopy.

Apparatus : 1H NMR spectra were recorded with a Bruker DRX-500
AVANCE spectrometer at the Centre de Spectrom�trie Mol�culaire de
l’Universit� de Bourgogne. Microanalyses were performed at the Univer-
sit� de Bourgogne using a Fisons EA 1108 CHNS instrument. UV/Vis
spectra were recorded with a Varian Cary 50 spectrophotometer. Mass
spectra were obtained in linear mode with a Bruker Proflex III MALDI-
TOF mass spectrometer using dithranol as the matrix. Emission and exci-
tation spectra were obtained by using a double monochromator Fluoro-
log 2 instrument from Spex. Fluorescence lifetimes were measured on a
Timemaster Model TM-3 apparatus from PTI. The source was a nitrogen
laser equipped with a high-resolution dye laser (FWHM~1500 ps) and
the fluorescence lifetimes were obtained by deconvolution and distribu-
tion lifetime analysis.[20] All of the samples were prepared under an inert
atmosphere (in a glove box, PO2

<1–3 ppm; all of the molecules studied
were oxygen sensitive at 298 K[20, 32]) by dissolution of the different com-
pounds in 2-MeTHF in 1-cm3 quartz cells equipped with a septum
(298 K) or in standard 5-mm NMR tubes (77 K). Three different mea-
surements (i.e., different solutions) were performed for each photophysi-
cal data (quantum yields and lifetimes). The sample concentrations were
chosen to obtain an absorbance of about 0.05. Each absorbance value
was measured five times to gain better accuracy in the measurement of
the quantum yields. The quantum yield of H2TPP (F=0.11) was used as
a reference for the quantum yields measured at 298 K.[27, 42, 63] The quan-
tum yield of H2TPP (F=0.11) was also used as reference for the quan-
tum yields measured at 77 K, which itself was obtained by using (Pd)TPP
(F=0.17; 77 K; MCH =methylcyclohexane) as reference.[43, 64]

Crystallography : Red, single crystals of (Pd)H2DPX, which exhibit a
plate morphology, were grown from CH2Cl2/heptane diffusion. A high-
quality specimen of approximately 0.10 � 0.37 � 0.50 mm3 was selected for
the X-ray diffraction experiment. Data were collected[65] on an Enraf–
Nonius KappaCCD diffractometer equipped with a low-temperature ni-
trogen jet stream system (Oxford Cryosystems) at T =110(2) K. Unit cell
parameters were obtained from a least-squares refinement by using the
setting angles of all the collected reflections (qmax =27.48). The intensity
data were recorded as f and w scans with k offsets. Data reduction was
performed by using the DENZO program.[66] The space group was deter-
mined on the basis of systematic absences, packing considerations, a sta-
tistical analysis of the intensity distribution, and the successful solution
and refinement of the structure.

The structure was solved by using direct methods[67] and refined by full-
matrix least-squares on F2 with a complete set of reflections.[68] Aniso-
tropic thermal parameters were used to refine the non-hydrogen atoms.
Hydrogen atoms were located by Fourier synthesis and placed at calcu-
lated positions by using a riding model, except those bonded to nitrogen
atoms which were not found. All the hydrogen atoms were refined by
using a global isotropic temperature factor. The metal atom was found to
be disordered over two positions, lying in the mean 4 N plane of each
porphyrin moiety in the centre of the macrocycle cavity. The site occupa-
tion factors (SOFs) corresponding to these positions are 0.532(1) and
0.468(1). Two Cpyrrole and one Cmeso atoms, as well as two ethyl groups (all
belonging to the porphyrin moiety for which palladium has a SOF of
0.532(1)) were also found to be disordered and occupying two positions.
For the Cpyrrole and Cmeso atoms, the SOFs are 0.58(2) and 0.42(2). For
both the ethyl groups, the SOFs are 0.51(1) and 0.49(1). Table 1 shows
the crystal data and some experimental and refinement details.

CCDC-249573 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
General procedure for the preparation of monopalladium bisporphyrins :
The monozinc bisporphyrin (1 equiv) was added to a benzonitrile
(20 mL) solution of PdCl2 (1.5 equiv). The mixture was stirred under
reflux for 1.5 h. The solution was taken to dryness. CH2Cl2 was then

added and the solution was vigorously stirred for 5 min and filtered
through a pad of silica (CH2Cl2/heptane 1:1). The first purple band was
collected as the bis-palladium compound and elution was performed with
CH2Cl2/MeOH (increase of MeOH) in order to collect the monopalladi-
um bisporphyrin. The solvent was removed under vacuum. Recrystalliza-
tion in CH2Cl2/heptane afforded the pure monopalladium derivative as a
purple solid.

(Pd)H2DPS : Yield: 37% (40 mg). 1H NMR (500 MHz, CDCl3): d =9.83
(m, 2H), 9.76 (m, 2H), 9.69 (m, 2 H), 9.64 (m, 2H), 8.83 (m, 2 H), 7.96
(m, 2H), 3.81 (m, 16H), 3.39 (s, 6 H), 3.33 (s, 6 H), 3.32 (s, 6 H), 3.30 (s,
6H), 1.65 (m, 24H), �3.70 ppm (2 s, 2 H); elemental analysis calcd (%)
for C76H78N8PdS·0.6C7H16: C 73.98, H 6.78, N 8.61, S 2.46; found: C
74.33, H 6.42, N 8.92, S 2.44; MS (MALDI-TOF): m/z : 1241; MS
(LSIMS): m/z : 1243; calcd for C76H78N8PdS: 1242.

(Pd)H2DPX : Yield: 43 % (43 mg). 1H NMR (500 MHz, CDCl3): d =9.24
(m, 1H), 9.14 (s, 1 H), 8.44 (m, 2H), 8.32 (m, 2 H), 7.93 (m, 2H), 7.25 (m,
2H), 7.07 (m, 2H), 4.16 (m, 4 H), 3.79 (m, 4H), 3.39 (m, 4 H), 3.30 (m,
4H), 3.18 (s, 6H), 3.09 (s, 6 H), 2.30 (m, 18H), 1.74 (m, 12 H), 1.40 (m,
12H), �6.62 ppm (2 s, 2H); elemental analysis calcd (%) for
C79H84N8OPd·MeOH: C 73.91, H 6.82, N 8.62; found: C 73.87, H 6.76, N
8.45; MS (MALDI-TOF): m/z : 1266; calcd for C79H84N8OPd: 1266.

(Pd)H2DPB : Yield: 53% (120 mg). 1H NMR (500 MHz, CDCl3): d=9.11
(s, 1H), 8.77 (s, 1 H), 8.44 (m, 4H), 7.20 (d, 2 H, J= 7.4 Hz), 6.95 (t, J=

7.4 Hz, 2H), 6.77 (d, J=6.4 Hz, 2 H), 4.16 (qd, 2H), 4.03 (qd, 2H), 3.88
(qd, 2 H), 3.72 (m, 6H), 3.52 (m, 4 H), 3.26 (s, 6 H), 3.13 (s, 6H), 2.95 (s,
6H), 2.85 (s, 6H), 1.77 (t, 6 H), 1.61 (t, 6 H), 1.40 (t, 6H), 1.35 (t, 6 H),
�7.27 (s, 1 H), �7.70 ppm (s, 1H); elemental analysis calcd (%) for
C76H78N8Pd: C 75.44, H 6.50, N 9.26; found: C 75.63, H 6.77, N 9.00; MS
(MALDI-TOF): m/z : 1209; calcd for C76H78N8Pd: 1209.

General procedure for the preparation of monoplatinum bisporphyrins :
The monozinc bisporphyrin (1 equiv) was dissolved in benzonitrile
(50 mL). PtCl2 (1.1 equiv) was added and the solution was refluxed under
argon for two hours. The solvent was evaporated to dryness and the resi-
due purified by alumina chromatography (CH2Cl2/heptane, 3:7). The
second band was collected and the solvent evaporated. Recrystallization
in CH2Cl2/heptane afforded the monoplatinum derivative as a red solid.

(Pt)H2DPX : Yield: 66 % (250 mg). 1H NMR (500 MHz, CDCl3): d=9.52
(m, 1 H), 8.90 (m, 1 H), 8.38 (s, 2 H), 8.12 (d, J=7.5 Hz, 2 H), 7.99 (d, J =

8.6 Hz, 2 H), 7.40 (m, 2H), 7.16 (m, 2 H), 4.25 (m, 4H), 3.76 (m, 4 H),
3.40 (m, 4H), 3.33 (m, 4 H), 3.15 (m, 6H), 2.42 (m, 6 H), 2.26 (m, 12H),
1.73 (m, 6 H), 1.51 (m, 12H), 1.38 (m, 6 H), �6.51 ppm (br, 2 H); elemen-
tal analysis calcd (%) for C79H84N8Opt·6CH2Cl2: C 54.70, H 5.18, N 6.00;
found: C 54.52, H 4.79, N 6.62; MS (MALDI-TOF): m/z : 1356; calcd for
C79H84N8OPt: 1357.

(Pt)H2DPB : Yield: 61% (94 mg). 1H NMR (500 MHz, CDCl3): d =9.14
(s, 1 H), 8.68 (s, 1 H), 8.51 (s, 2 H), 8.37 (s, 2 H), 7.20 (m, 2 H), 6.98 (m,
3H), 6.77 (d, J =8.1 Hz, 1 H), 4.37 (m, 4H), 3.90 (m, 4 H), 3.78 (m, 4H),
3.56 (m, 4H), 3.31 (s, 6H), 3.11 (s, 6H), 2.93 (s, 6H), 2.87 (s, 6H), 1.77 (t,
J =7.7 Hz), 1.60 (t, J =7.9 Hz, 6H), 1.39 (m, 12H), �7.28 (s, 1 H),
�7.78 ppm (s, 1 H); elemental analysis calcd (%) for C76H78N8Pt·2CH2Cl2:
C 63.79, H 5.62, N 7.63; found: C 62.79, H 5.56, N, 7.56; MS (MALDI-
TOF): m/z : 1299; calcd for C76H78N8Pt: 1299.

General procedure for the preparation of palladium–zinc bisporphyrins :
A saturated solution of Zn(OAc)2·2H2O in methanol (2 mL) was added
to a dichloromethane (10 mL) and triethylamine (1 mL) solution of mo-
nopalladium bisporphyrin (0.04 mmol). The mixture was stirred under
reflux and the reaction was monitored by UV/Vis spectroscopy and TLC.
Heating was stopped when the starting monopalladium porphyrin was no
longer present in the reaction mixture according to TLC (~10 min). The
solvent was removed under vacuum. The solid was dissolved in CH2Cl2

and purified by chromatography (silica, CH2Cl2/heptane, 1:1). Recrystalli-
zation in CH2Cl2/heptane afforded the pure palladium–zinc derivative as
a purple solid.

(PdZn)DPS : Yield: 76% (40 mg). 1H NMR (500 MHz, CDCl3): d=9.88
(s, 2 H), 9.79 (s, 2H), 9.75 (m, 2H), 9.71 (m, 2 H), 8.85 (m, 2H), 7.97 (m,
2H), 3.78 (m, 16 H), 3.42 (s, 6 H), 3.37 (s, 6 H), 3.35 (m, 6H), 3.31 (s, 6H),
1.64 ppm (m, 24 H); elemental analysis calcd (%) for C76H76N8PdSZn: C
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69.93, H 5.87, N 8.58, S 2.46; found: C 69.90, H 5.78, N 8.95, S 2.46; MS
(MALDI-TOF): m/z : 1302; calcd for C76H76N8PdSZn: 1302.

(PdZn)DPX : Yield: 76 % (41 mg). 1H NMR (500 MHz, CDCl3): d =9.06
(m, 2H), 8.60 (m, 2H), 8.42 (m, 2 H), 7.83 (m, 2H), 7.18 (m, 2 H), 6.85
(m, 2H), 4.17 (m, 4H), 3.89 (m, 4 H), 3.57 (m, 4H), 3.43 (m, 4 H), 3.25
(m, 12H), 2.27 (m, 18 H), 1.71 (m, 12H), 1.45 ppm (m, 12H); elemental
analysis calcd (%) for C79H82N8OPdZn·0.6C7H16: C 71.64, H 6.50, N 8.17;
found: C 71.67, H 6.48, N 8.42; MS (MALDI-TOF): m/z : 1329; MS
(LSIMS): m/z : 1333; calcd for C79H82N8OPdZn: 1328.

Procedure for the preparation of (Pd)2DPB : H4DPB (300 mg,
0.27 mmol) was added to a benzonitrile (40 mL) solution of PdCl2

(200 mg, 1 mmol). After stirring the mixture under reflux for 1 h, the sol-
vent was removed under vacuum. CH2Cl2 (20 mL) was then added and
the solution was vigorously stirred for 5 min and filtered through a pad
of silica (CH2Cl2/heptane, 5:8). The bispalladium compound was collect-
ed as the first purple band. The solvent was removed under vacuum. Re-
crystallization in CH2Cl2/MeOH afforded (Pd)2DPB as a purple solid.

(Pd)2DPB : Yield: 66 % (235 mg). 1H NMR (500 MHz, CDCl3): d=8.93
(s, 2H), 8.53 (s, 4 H), 7.18 (d, 2H), 6.99 (t, 2H), 6.88 (d, 2 H), 4.16 (m,
4H), 3.84 (m, 8 H), 3.57 (m, 4H), 3.35 (m, 12H), 2.99 (m, 12 H), 1.67 (m,
12H), 1.41 ppm (m, 12H); elemental analysis calcd (%) for
C76H76N8Pd2·MeOH: C 68.69, H 5.99, N 8.32; found: C 68.99, H 6.53, N
8.23; MS (MALDI-TOF): m/z : 1312; calcd for C76H76N8Pd2: 1312.

General procedure for the preparation of bisplatinum bisporphyrins and
monoplatinum porphyrin : The monozinc bisporphyrin (1 equiv) was dis-
solved in benzonitrile (50 mL). PtCl2 (4.3 equiv) was added and the so-
lution refluxed under argon for 2 h. The solvent was evaporated under
vacuum and the residue was purified by alumina chromatography
(CH2Cl2/heptane, 3:7). The second band was collected and the solvent
evaporated. Recrystallization in CH2Cl2/heptane afforded the bisplatinum
derivative as a red solid.

(Pt)2DPX : Yield: 67% (179 mg). 1H NMR (500 MHz, CDCl3): d =9.01
(s, 2 H), 8.42 (s, 4 H), 7.85 (d, J =8.8 Hz, 2 H), 7.23 (t, J=7.9 Hz, 2H),
7.02 (d, J= 7.9 Hz, 2 H), 4.11 (m, 4 H), 3.81 (m, 4H), 3.56 (m, 4H), 3.32
(m, 4H), 3.23 (s, 12H), 2.26 (s, 12 H), 2.19 (s, 6H), 1.70 (t, J =7.7 Hz,
12H), 1.40 ppm (t, J=7.6 Hz, 12H); elemental analysis calcd (%) for
C79H82N8OPt2: C 61.23, H 5.33, N 7.23; found: C 61.37, H 5.40, N 7.16;
MS (MALDI-TOF): m/z : 1549; calcd for C79H82N8OPt2: 1550.

(Pt)2DPB : Yield: 72% (31 mg). 1H NMR (500 MHz, [D6]DMSO, 340 K):
d=8.91 (s, 2H), 8.54 (s, 4H), 7.31 (d, J =6.8 Hz, 2H), 7.08 (t, J =7.3 Hz,
2H), 6.86 (d, J =7.7 Hz, 2 H), 4.07 (m, 4H), 3.82 (m, 4 H), 3.55 (m, 4H),
3.26 (s, 12 H), 3.15 (m, 12H), 1.65 (t, J=7.8 Hz, 12 H), 1.39 ppm (t, J =

7.6 Hz, 12 H); elemental analysis calcd (%) for C76H76N8Pt2: C 61.20, H
5.14, N 7.51; found: C 61.01, H 5.30, N 7.29; MS (MALDI-TOF): m/z :
1493; calcd for C76H76N8Pt2: 1492.

(Pt)P : Yield: 75 % (68 mg). 1H NMR (500 MHz, CDCl3): d=10.00 (s,
2H), 9.97 (s, 1 H), 8.03 (d, J=6.8 Hz, 2 H), 7.77 (t, J=7.7 Hz, 1H), 7.71
(t, J= 7.0 Hz, 2 H), 4.00 (q, J =7.6 Hz, 4 H), 3.90 (q, J =7.8 Hz, 4H), 3.56
(s, 6 H), 2.38 (s, 6 H), 1.87 (t, J=8.0 Hz, 6 H), 1.73 ppm (t, J =7.7 Hz,
6H); elemental analysis calcd (%) for C38H40N4Pt·2CH2Cl2·2C7H15: C
58.11, H 6.68, N 5.02; found: C 58.33, H 6.90, N 5.38; MS (MALDI-
TOF): m/z : 747; calcd for C38H40N4Pt: 748.
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