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A molecular dyad has been synthesized in which free-base porphyrin and ruthenium(ll)'{&'sg2;2
terpyridine) subunits are linked via mesephenylene group. The distal terpyridine ligand bears a single
phenylethynylene group. Selective illumination into the metal complex is followed by rapid intramolecular
triplet—triplet energy transfer from the metal-to-ligand charge-transfer (MLCT) triplet to the lowest-energy
st triplet state localized on the porphyrin. This process is characterized by a reorganization energy of
0.14 eV and an electronic coupling matrix element of 76 trBecause of the alkynylene substituent, the
initially produced MLCT state is centered on the distal terpyridine. Therefore, triplet energy transfer must
cross the proximal terpyridine ligand. At low temperature, nuclear tunneling renders the rate of triplet energy
transfer activationless. Upon selective illumination into the lowest-energy sing)estée localized on the
porphyrin, fast singlettriplet energy transfer occurs, to populate the MLCT triplet with high efficiency. This
process happens by way of Dexter-type electron exchange at room temperature, and the MLCT triplet can be
identified as a reaction intermediate at low temperature. The activation energy for -siniglet energy
transfer is only 0.05 eV, because of the smaller energy gap, and the electronic coupling matrix element is
decreased to 11 cmy because energy transfer is spin-forbidden. At low temperature, didgdele energy
transfer becomes the main mechanism for decay of the porphystat. Excitation into the Soret band of

the porphyrin is followed by rapid internal conversion tothout energy or electron transfer to the appended
metal complex.

Introduction The richness of the photophysical properties of these por-

Considerable attention has been given to understanding thePhyrin—poly(pyridine) dyads stems, in the main, from the facile
photophysica| properties of molecular dyads formed from modification of their energetiCS that can be attained by cation
porphyrin and metal po|y(pyr|d|ne) termindi§hese terminals insertion into either subunit. ThUS, energy transfer is favored
have been linked by covalent framewofkbrough coordinative by the free-base porphyrin; however, the corresponding zinc
bonding or via supramolecular networkgnd a variety of metal porphyrin readily undergoes oxidative electron transfer. Similar
cations have been bound to either porphyrin or poly(pyridine) variations in redox properties can be obtained using different
subunits. Light-induced energy-transfer and electron-transfer metal poly(pyridine) fragments. Within this class of dyads, metal
processeshave been observed in such dyads, at both ambientbis(2,2:6',2"-terpyridine) complexes have found important
and low temperature, and certain dy&dsact by way of the applications as modules for the construction of linear atfays
second-excited singlet state localized on the porphyrin subunit.and, in particular, they have been used as the bridge for
Because the energy levels of the two terminals are similar, with porphyrin-based triads. Unfortunately, the triplet lifetime of
singlet and triplet excited states being readily accessible, aruthenium(ll) bis(2,26',2"-terpyridine) is too short for this
multitude of photoprocesses become possible. Besides intramo-complex to be a useful sensitizer or energy rélegxcept where
lecular electron transfer, tripletriplet, triplet—singlet, and the subunits are maintained in close proximity. The triplet
singlet-triplet energy transfer involving through-bond or through- lifetime is greatly enhanced by substitution of an alkynylene
space interactions have been described for various dyads andgroup at the 4position of the terpyridyl ligand? and such metal
or triads. Metal poly(pyridine) complexes have been shown to complexes have been linked directly to the porphyrin ring via
operate as relays for longer-range electron transfer betweenthe meso-positiofAHere, we have adopted a somewhat different
terminal porphyring and to mediate Dexter-type electron strategy and attached an alkyne substituent to the distal
exchang@ between different metalloporphyrins. It has been terpyridine ligand. The net result is that the triplet lifetime of
reported that the mechanism of energy transfer is dependent the ruthenium(ll) bis(2,26',2"-terpyridine) subunit is prolonged
on excitation wavelength, whereas related studies have shownto such an extent that this species operates as an energy relay.
that closely coupled dyads operate as second-harmonic generawe now describe the results of a temperature-dependence
tors? Of particular interest has been the observation that light- examination of the various energy-transfer steps that occur in
induced electron transfer occurs with high efficiency in certain the dyad formed between this alkynylene-substituted ruthe-

dyads at 77 K. nium(ll) bis(2,2:6',2"'-terpyridine) subunit and a free-base
* Author to whom correspondence should be addressed. E-mail ad- POrphyrin. The latter unit was selected to preclude intramolecular
dress: anthony.harriman@ncl.ac.uk. electron transfer.
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SCHEME 1: General Methodology Used to Prepare the Molecular Dyad Studied in This Work
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Experimental Section maintaining the temperature at-6 °C. After allowing the
solution to warm to room temperature, it was stirred for an
All raw materials were purchased from Aldrich Chemical Co. additional 30 min and quenched by addition of saturated
and were used as received. Solvents were dried by standardgmmonium chloride solution (180 mL). The organic layer was
literature methods before being distilled and stored under \yashed with brine (200 mL) and distilled water 2200 mL)
nitrogen ove 4 A molecular sievestH and**C NMR spectra  and then was separated. The organic residues were dried over
were recorded with a JEOL model Lambda 500 spectrometer. MgSQ, and then filtered and evaporated under reduced pressure.
Routine mass spectra and elemental analyses were obtainedhe crude product was dissolved in methanol (200 mL) and
using in-house facilities. The starting material$® 4,1 L,,'° distilled water (100 mL) was added slowly to afford a precipitate
and[Ru(L 2)(CH3CN)3](PFe).™ were prepared and purified by that was isolated by filtration. A further portion of distilled water
literature methods. All melting points are uncorrected. The (100 mL) was added to the mother liquor to afford a second

overall procedure used for the synthesis of dipdds given in crop of solid precipitate, which was filtered and combined with
Scheme 1. the main fraction. The compound was recrystallized from an
Preparation of 1{5-[(5-acetyl-1H-pyrrol-2-yl)-3,5-(di-tert- aqueous methanol solution to produce white crystals (yield 2.05

butylphenyl)-methyl]-1H-pyrrol-2-yl }-ethanone (2).A solu- g, 45%). Melting point: mp=88°C.H NMR ((CD3)2S0): ¢
tion of 1 (4.00 g, 12.0 mmol) in dry toluene (240 mL) was 11.78 (s, 2H, M), 7.25 (s, 1H, AH), 7.08 (s, 2H, AH), 6.89
cooled to °C under a N atmosphere. Ethylmagnesium bromide (s, 2H, Pr), 6.89 (s, 2H, Pr), 5.94 (s, 2H, Pr), 5.54 (s, 1H),C

in tetrahydrofuran (THF) (1 M, 60 mL, 60.0 mmol), was added 2.29 (s, 6H, G3), 1.23 (s, 18H, C(E3)3). *C NMR

to this solution dropwise, while maintaining the solution at a ((CD3),SO): ¢ 186.9, 150.3, 141.1, 140.7, 131.7, 122.7, 120.5,
temperature of 65 °C. The solution was warmed to room 117.6, 109.2, 43.7, 34.8, 31.6, 25.6. EI-MS*()Mwz Calcd for
temperature and stirred for a further 30 min. The mixture was C,7H34N2O,, 418.2620. Found: 418.2609. Elemental Anal.
again cooled to OC and a solution of acetyl chloride (2.36 g, Calcd (%) for G/H3aN20O2: C, 77.48; H, 8.19; N, 6.69. Found:
30.0 mmol) in dry toluene (30 mL) was added dropwise while C, 77.15; H, 8.31; N, 6.52.
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Preparation of 1{5-[(5-acetyl-1H-pyrrol-2-yl)-3,5-(di- tert- J=15Hz, J ‘=8 Hz), 7.99 (d, 2HJ = 2 Hz), 7.84 (t, 2H,
buylphenyl)-methyl]-1H-pyrrol-2-yl }-ethanol (3).A solution J=8Hz), 7.75 (t, IHJ = 2 Hz), 7.3 (t, 2HJ = 6 Hz), 4.53
of 2 (1.85 g, 4.40 mmol) in tetrahydrofuran (THF) (280 mL) (6H, s, C(H3), 1.47 (18H, s, C(Bl3)3), —2.61 (s, 2H, N). EI-
and methanol (90 mL) was stirred in an air environment for 5 MS (M™) m/z Calcd for G7HsoN7: 833.4206. Found: 833.4203.
min. NaBH; (8.36 g, 221 mmol) was added carefully to this Elemental Anal. Calcd. (%) for £Hs0N7-2H,O: C, 78.68; H,
vigorously stirred solution over a 5-min period. (Caution: A 6.37; N, 11.27. Found: C, (78.15; H, 6.03; N, 11.02.
violent release of hydrogen gas occurs during this process.) The preparation of the Dyad D1.A solution of [Ru(L 2)(CHs-
mixture was stirred for an additional 2 h, followed by the careful CN)3|(PFe), (42 mg, 0.059 mmol) ant; (49 mg, 0.059 mmol)
addition of distilled water (75 mL). After stirring the solution i butanol (50 mL) and acetone (20 mL) was refluxed gently
for 10 min, the product was extracted with dichloromethane ynder a N atmosphere for 24 h. The solvent was evaporated
(400 mL). The organic layer was washed with distilled water under reduced pressure and the crude product was purified by
(2 x 200 mL), separated, dried over }&Os;, and filtered. column chromatography (basic alumina) with diethyl ether:
Removal of the organic solvents under reduced pressure affordechcetonitrile mixture (3:1) as the eluant. After removal of a (faint)
orange-yellow crystals (yield 1.68 g, 90%). Melting point: purple fraction, the eluant was changed to diethyl ether:
mp = 70°C.*H NMR (CDCk) 6 = (2H, s, \H), 7.20 (1H, s,  acetonitrile (1:1) to elute a pink fraction. The eluant was then

ArH), 7.09 (2H, s, AH), 5.71 (2H, s, PH), 5.58 (2H, s, PHl), changed to acetonitrile. Evaporation of the red fractions
5.24 (1H, s, Gl), 4.81 (2H,J =5 Hz, OH), 4.64 (2H, mJ = produced a solid that was further purified by slow vapor
6 Hz, CH), 1.34 (6H, t.J = 6 Hz, (H3), 1.24 (18H, s, C(El3)3). diffusion of diethyl ether into an acetonitrile solution of the crude

13C NMR (CDChk) 6 = 149.8,143.2,136.2,133.1, 122.7, 119.7, material (yield: 20 mg, 22%). Mp> 250 °C. *H NMR

105.5, 103.2,62.7, 44.4, 34.8, 31.7, 23.9. EI-MS jMvz Calcd (CDsCN): 0 9.55 (4H, ddJ=5Hz, 3 =19 Hz), 9.30 (1H, s),

for Co7HzeN202: 422.2933. Found: 422.2925. Elemental Anal.  8.91 (2H, d,J = 5 Hz), 8.87 (1H, s), 8.80 (2H, d, = 5 Hz),

Calcd (%) for GHaaN202: C, 76.74; N, 6.63; H, 9.06. Found:  8.76 (2H, d,J = 8 Hz), 8.59 (2H, dJ = 8 Hz), 8.50 (3H, d,

C, 76.57; N, 6.04; H, 9.28. J = 8 Hz), 8.44 (1H, dJ = 8 Hz), 8.04 (1H, dJ = 2 H2z),
Preparation of 4'-{4-[bis-(1H-pyrrol-2-yl)-methyl]-phen- 7.96-7.88 (4H, m), 7.79-7.71 (3H, m), 7.547.52 (4H, m),

yl}-[2,2:6',2"]-terpyridine (5). A mixture of 4-[2,2:6',2"]ter- 7.41 (2H, d,J = 5 Hz), 7.34 (1H, dJ = 5 Hz), 7.24-7.10

pyridin-4-yl-benzaldehyde (4.50 g, 13.3 mmol), trifluoroacetic (5H, m), 4.73 (6H, s, €l3), 1.43 (18H, s, C(€l3), —2.45 (2H,

acid (0.15 g, 1.31 mmol) and pyrrole (22.32 g, 0.33 mmol) was S, NH). UV—visible: Ayax/nm /M-t cm™1): 655 (2100), 500

stirred at 70°C under N for 45 min. The mixture was then (18 500), 422 (46 200), 318 (34 760); ES-MS (MPFm/z

cooled to room temperature and the excess pyrrole removed atCalcd for GoHssN1oRUPF: 1413.4. Found, 1413.6. (M-2BH

40 °C under reduced pressure. The resultant product wasn/z Calcd for GoHesRU: 634.2. Found: 634.1. Elemental Anal.

chromatographed using basic alumina and ethyl acetate/dichlo-Calcd (%) for GoHesN1oRURF12*HPFs: C, 56.37; H, 3.96; N,

romethane (1:4) as the eluant. The resultant yellow product was8.22. Found: C, 56.10; H, 3.66; N, 8.37.

recrystallized from toluene to produce off-white crystals (1.34  Absorption spectra were recorded with a Hitachi model

g, 22%). Melting point: mp= 200°C. H NMR ((CD3),SO): U3310 spectrophotometer, and luminescence spectra were

0 10.66 (s, 2H, M), 8.76 (dd, 2H,J =5, J = 1 Hz, PyH), recorded with a fully corrected Yvon-Jobin model Fluorolog

8.70 (s, 2H, PH), 8.67 (d, 2H, P#), 8.02 (t, 2H,J = 8 Hz, 7-3 spectrophotometer. Emission spectra were recorded for

PyH), 7.86 (d, 2H,J = 8 Hz, ArH), 7.53 (dd, 1HJ = 5 Hz, optically dilute solutions after purging with NLuminescence

J =1Hz, PH), 7.50 (dd, 1HJ = Hz, J = 1 Hz, PyH), 7.41 quantum yields were determined relative rwesetetraphen-

(d, 2H,J = 8 Hz, AH), 6.66 (s, 2H, RH), 5.95 (s, 2H, Pr),  ylporphyrin” (® = 0.12) in toluene or osmium(ll) bis(2;2

5.70 (s, 2H, Pl), 5.48 (s, 1H, @). 13C NMR ((CD3).SO): 0 6',2"-terpyridine}® (® um = 0.014) in acetonitrile. Temperature

156.0, 155.3, 149.7, 145.7, 137.8, 135.7, 133.1, 129.5, 127.0,dependence studies were made with sealed sample cells housed

124.9,121.3,118.1, 117.4,107.3, 106.6, 49.0, 43.6. EI-M§ (M in an Oxford Instruments model Optistat DN cryostat. Emission

mvz Calcd for GoH23Ns: 453.1953. Found: 453.1965. Elemental  lifetimes were measured at room temperature with tHg

Anal. Calcd (%) for GoH23N5-0.5CGHg: C, 80.54; H, 5.45); N, spectrophotometer. For lower temperatures, the luminescence

14.02. Found: C, 80.32; H, 5.37; N, 14.78. lifetimes were measured via time-correlated, single-photon
Preparation of 5-(3,5-ditert-butylphenyl)-10,20-dimethyl- counting, using a synchronously pumped, cavity-dumped, mode-
15-(4-[2,2:6',2"]-terpyridin-4-yl-phenyl)-porphyrin (L 7). Com- locked dye laser (full width at half maximum (fwhm) of 6 ps)

pounds5 (0.23 g, 0.55 mmol) an@ (0.25 g, 0.55 mmol) in as an excitation source. The dye laser was tuned to an
Na-purged acetonitrile (220 mL) were stirred for 5 min under appropriate excitation wavelength. Emission was isolated from
N.. To this stirred solution was added trifluoroacetic acid (0.76 scattered laser light with a high-radiance monochromator and
g, 6.71 mmol) over a period of 510 s. The mixture was detected with a microchannel plate photocell. After deconvo-
protected from light and stirred for an additional 45 min. The lution of the instrument response function, the time resolution
oxidant 2,3-dichloro-5,6-dicyanoquinone (0.38 g, 1.62 mmol) Of this setup was ca. 40 ps. The spectral resolution, being limited
was added and the solution stirred for 2 h. Triethylamine (0.67 by the need to obtain a reasonable count rate, was ca. 4 nm.
g, 6.71 mmol) was added and the solution stirred for an  Flash photolysis studies were made with a mode-locked,
additional 5 min. Removal of the solvent under reduced pressurefrequency-doubled Nd:YAG laser (fwhm 20 ps). The excita-
afforded a crude product that was purified by column chroma- tion pulse was passed through a Raman shifter, to isolate the
tography (basic alumina) using dichloromethane as eluant. After required wavelength. The monitoring pulse was a white light
removal of a pale pink fraction, the eluant was changed to continuum, delayed with respect to the excitation pulse with a
dichloromethane:ethyl acetate (95:5) which afforded, after computer-controlled, optical delay line. The two pulses were
solvent removal, a dark purple product (yield 55 mg, 12%). directly almost collinearly through the sample cell. The monitor-
Mp > 250°C. IH NMR (CDCls): 6 9.38 (dd, 4H,J = 7 Hz, ing pulse was dispersed with a Princeton Instruments spec-
J =5 Hz), 9.00 (s, 2H), 8.83 (dd, 4H,= 5 Hz, J = 3 Hz), trograph and detected with a dual-diode array spectrometer.
8.73 (d, 2H,J = 4 Hz), 8.67 (d, 2H,) = 8 Hz), 8.24 (dd, 4H, Approximately 150 individual laser shots were averaged at each
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R2

Figure 1. Energy-minimized structures of the dyd&ll, the free-base porphyrin reference compolr and the Ru-terpy reference com-
poundR2.

delay line. Kinetic measurements were made by overlaying on careful chromatography to separate the variety of products
spectra collected at different delay times. For long-lived so obtained. In contrast to this method, outlined in Scheme 1 is
transients, a pulsed xenon arc lamp was used as the monitoringhe synthetic procedure used for the preparatioh pénd the
beam and a fast response photomultiplier tube (PMT) was usedcorresponding ruthenium(ll) bis(2;&,2"-terpyridine) complex
as the detector. Approximately 10 individual records were (D1). The methodology used is an adaptation of that reported
averaged at each wavelength. All measurements were made withby Lindsey and co-worke¥&for the synthesis of multifunctional
dilute solutions after purging with N porphyrins. This method was specifically chosen because it is
Electrochemical measurements were made with an HCH highly adaptable and allows the preselection of groups to be
electrochemical analyzer. The working electrode was a highly appended at the meso sites, because two dipyrromethene units
polished glassy carbon disk, and the counter electrode was aare coupled together in the final step. Thus, the known
platinum wire. An Ag/AgCl reference electrode was used. The compound1!3 was converted to the diketor2by selective
solution (ca. 1 mM) contained tetfd-butylammonium hexa-  deprotonation of the two pyrrole units and subsequent reaction
fluorophosphate (0.2 M) as the background electrolyte and wasyith acetyl chloride. Reduction of the carbonyl groups to
purged thoroughly with M prior to electrolysis. Reduction  secondary alcohols proceeded smoothly, to afford comp@und
potentials were reproducible to within 15 mV. in reasonable yield. The second half of the porphyrin unit 5
was constructed by condensation of the benzaldehyde-substituted
2,2:6',2"'-terpyridined with excess pyrrole. Condensation®f
Synthesis. Preparation of multitopic porphyrin-2;8',2"'- with 3, followed by oxidation with 2,3-dichloro-5,6-dicyano-
terpyridine molecular dyads has been developed by Sauvagequinone, afforded ligantl; in 12% overall yield after purifica-
and co-workergd-2"8 ysing a one-pot condensation approach. tion by column chromatography on basic alumina. The ruthe-
This method reduces the number of precursors required but reliesnium(ll) cation was introduced intb; to afford the required

Results and Discussion
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TABLE 1: Reduction Potentials and Energy Levels Measured for Dyad D1 and for the Two Reference Compounds in
N,N-Dimethylformamide (DMF) Solution at Room Temperature

value

property D1 R1 R2
Eox/V vs Ag/AgCI 0.90 (1e); 1.35 (1e) 0.92 (1e) 1.33 (le)
Erep/V vs Ag/AgCI —1.09 (1e),—1.34 (1e),~1.40 (1e),~1.60 (1le) —1.32 (1e),~1.55 (1e) —1.11 (1e),~1.43 (le)
Es(eV) 1.88 1.89 2.53
Er (eV) 1.9321.47 1.47 1.93
Es°*/V vs Ag/AgCI -0.98 —0.97
ESREP/V vs Ag/AgCl 0.54 0.57
Er%%/V vs Ag/AgCI —0.8#¢ —0.82
ErRED/V vs Ag/AgCI 0.58 0.60
AGP(RED) (eVy +0.69
AG(OX) (eV)" +0.15
AG%(RED) (eV) +0.20
AGY%(OX) (eV) +0.54

2 Refers to the MLCT triplet staté.Refers to ther,* triplet state associated with the porphyrfrOxidation potential calculated for the first-
excited singlet (g state of the porphyrirf Reduction potential calculated for the first-excited single} $&ate of the porphyrirt Oxidation potential
calculated for the MLCT triplet (3) localized on the metal complekReduction potential calculated for the MLCT triplet;{Tocalized on the
metal complex$ Refers to reduction of S" Refers to oxidation of §' Refers to reduction of the MLCT tripletRefers to oxidation of the MLCT
triplet.

dyadD1 by attachment of [Ru(®)(CHsCN)s](PFe)2 to the free thereby facilitating assignment and suggesting there the two
2,2:6',2"-terpyridine site. All compounds were fully character- subunits are not in strong electronic communication, despite
ized by standard analytical techniques, includihtyand 13C their close proximity.
NMR, electrospray mass spectrometry (ES-MS), and elemental The absorption spectrum recorded for dyBd in N,N-
analysis. Structural formulae of the main compounds are dimethylformamide (DMF) is given in Figure 2 and shows three
provided in Figure 1. important regions of interest: (i) the Q-band, which lies between
Several features should be noted about the structure of the540 and 660 nm, corresponds to population of the first-excited
D1 dyad. The compound is similar to dyads studied earlier by singlet state of the porphyrin; (ii) the metal-to-ligand charge-
other researchetraind is characterized by the close positioning transfer (MLCT) transition localized on the metal complex is
of the subunits. The center-to-center distance is only 9.3 A, centered at 500 nm, although there is some overlap with
whereas the edge-to-edge separation between porphyrin andibsorption bands associated with the porphyrin subunit; and (iii)
distal pyridine rings is 7.8 &% A key feature ofD1 concerns the Soret band of the porphyrin is seen as an intense transition
the presence of the phenylethynylene substituent attached at theentered around 420 nm and characterizes promotion to the
distal 4-position. Previous work has shown that this substituent second-excited singlet state of the porphyrin. There are other
favors electron delocalization at the triplet IE%ednd reduces  bands at<400 nm, which can be attributed #o-7* transitions
the triplet energy, because of its electron-withdrawing charac- localized on the terpyridyl ligand$.The main absorption bands
ter?? The lowest-energy triplet state associated with the metal found for the dyad display a slight broadening and red shift,
complex is formed by charge injection into the alkynylene- compared to the relevant transitions identified for the reference
substituted terpyridine ligand from the metal center. InEHe compounds (see Figure 2). In particular, the Soret band is
dyad, this has the effect of directing charge away from the considerably less intense than thaRdf. This spectral perturba-
appended porphyrin. Thus, excited-state interactions involving tion results from the close coupling of the chromophores.
the latter triplet will be somewhat unfavorable. A further The excited singletHs) and triplet Er) state energies for
disparity betweei®1 and earlier dyad€ is that the pyrrole rings R1 andR2 were calculated from emission spectra. Rdy;, the
remain unsubstituted. This strategy provides for increased intersection of normalized absorption and emission spectra was
rotational freedom for thenesephenylene ringsand minimizes used to estimatdss, whereasEr for R2 has been reported
structural distortion of the porphyrin nucleus. The average previously®23(see Table 1). Very weak phosphorescence could
torsion angle between porphyrin and phenylene rings is &t be detected foR1 in an ethanol glass at 77 K in the presence

measured by molecular modeling studi@s. of 15% iodoethane. The (0,0) transition was taken as being
Energy Levels and Reduction PotentialsFor R2, which representative oEr for the free-base porphyrin. The derived
is the reference compound for the ruthenium motétire metal value (see Table 1) is comparable to that reported earlier for a

center undergoes a quasi-reversible oxidation wave, with a half- free-base porphyrifft however, the large slit widths needed for
wave potential of-1.33 V vs Ag/AgCl. There are two reversible  this experiment do not favor accurate determination of the triplet
reduction processes, corresponding to half-wave potentials ofenergy. Reduction potentials for the various excited states were
—1.11 and—1.43 V vs Ag/AgCl, respectively. The first reduc-  calculated from the ground-state reduction potentials and the
tion step can be attributed to the addition of one electron to the relevant excitation energiés.These values are collected in
substituted terpyridine ligand, whereas the second step is dueTable 1.

to the one-electron reduction of the parent terpyridine ligand. Based upon the derived data, some conclusions can be
The free-base porphyrin referenéel] shows a reversible one-  determined, with respect to putative intramolecular excited-state
electron oxidation step with a half-wave potentialH68.92 V processes. Thus, it is most unlikely that light-induced electron
vs Ag/AgCl whereas the half-wave potential for one-electron transfer will compete with inherent deactivation of either the
reduction of the porphyrin ring is1.32 V vs Ag/AgCl. Similar first singlet () or first triplet (T1) excited states of the free-
processes were observed for dyatland the derived reduction  base porphyrin subunit. Similarly, the MLCT triplet state
potentials are collected in Table 1. These values remain localized on the metal complex lacks the redox power to oxidize
comparable to those observed for the reference compoundspr reduce the appended porphyrin ring. Moreover, the porphyrin
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Figure 2. Absorption spectra recorded for the dy@dl (red curve), the porphyrin referen& (blue curve), and the Ru-terpy refereriR2 (black
curve) inN,N-dimethylformamide (DMF). The insert shows an expansion of the Q-band region of the spectra.
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Figure 3. Luminescence spectrum recorded for dy@tfollowing excitation at 490 nm and a comparison of the absorption and excitation (shown
in red) spectra.

T, state represents the lowest-energy metastable species in thisubunit to not contribute to luminescence from the MLCT triplet
system and could be populated by intramolecular triplet energy state of the appended metal complex. It is also clear from the
transfer from the MLCT triplet state. The porphyrin State measured emission lifetimes that the triplet MLCT state in the
lies at a slightly higher energy than that of the MLCT triplet, dyad is heavily quenched, with respect to that in the reference
such that these two species might be involved in singlet-to- compound. Even so, luminescence from the MLCT triplet
triplet or triplet-to-singlet energy-transfer processes, respectively. decayed via first-order kinetics at all monitoring wavelengths.
Preferential Excitation into the Ruthenium(ll) Bis(2,2": Comparing the triplet lifetimes measured for the two compounds
6',2"'-terpyridine) Subunit. The MLCT transition localized on in deoxygenated solutions indicates that the rate constant for
the metal complex exhibits a pronounced absorption maximum intramolecular quenching is ca>210° s™* at room temperature.
at~490 nm (see Figure 2) where the free-base porphyrin subunit Having established that intramolecular electron transfer to
shows little, if any, absorption. Excitation of the reference or from the MLCT triplet state localized on the metal complex
compound R2 at this wavelength results in luminescence is unlikely for dyadD1, it seems reasonable to suppose that
centered at 650 nA¥:22The emission quantum yield and lifetime  quenching results from electronic energy transfer to the ap-
measured foR2 in deoxygenated butyronitrile at room tem- pended porphyrin. In principle, energy transfer could occur to
perature are 0.00036 and 44 ns, respectively. Dhedyad both § and T, exciteds,7* states localized on the porphyrin
displays a similar luminescence spectrum when excited at 490subunit. Both processes are thermodynamically favorable;
nm (Figure 3), but the quantum yield is very low and the triplet—singlet energy transfer from the MLCT state tg iS
emission lifetime is reduced to ca. 500 ps. The quantum yield weakly exoergonicAG® = —0.05 eV), whereas triplettriplet
is too low to be measured accurately, because the integratecenergy transfer from the MLCT state to TS strongly exo-
luminescence spectral profile is only ca. 2% of that measured ergonic AG® = —0.46 eV). However, comparison of the
for an optically matched solution &2. The corrected excitation  corrected excitation and absorption spectra recordedfigr
spectrum recorded for dyddl under these conditions (Figure measured for emission from the porphyrin Singlet state
3) is remarkably similar to that found fdR2 and shows, in (Figure 4), shows that photons absorbed directly by the metal
particular, that photons absorbed by the free-base porphyrincomplex are not transferred to the porphyrin Sate. This



9032 J. Phys. Chem. A, Vol. 108, No. 42, 2004 Benniston et al.

1.00 [— — 1.00
— 0.80
0.75

- L
2
£ 0.60 &
= 0.50 = %
O = O
2 0.40 =
— n =
0.25 =
— 020 F~

0.00 = 0.00

425 475 525 575 625 675 725 775

Wavelength / nm
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Figure 5. Transient absorption spectra recorded after laser excitation ) ) )
of dyad D1 at 470 nm. Note that the signal at470 nm is initially somewhat increased separation distance, compared to the other
negative but becomes positive with increasing delay time. dyads mentioned hefeNone of these dyafigprovided clear

evidence for tripletsinglet energy transfer from the MLCT state

finding suggests that energy transfer tpiSnot important in to the porphyrin $level. This process, which probably occurs
this system and accounts fer5% of the total deactivation  via the Faster mechanism, is not favored by either the very
processes available to the MLCT triplet state. small overlap integral or the poor photophysical properties

Laser flash photolysis dd1 in deoxygenated DMF solution  associated with the donor triplet.
with excitation at 470 nm results in a transient differential Following excitation of theD1 dyad in butyronitrile at 490
absorption spectrum (Figure 5) that closely resembles thatnm, the luminescence spectrum characteristic of the metal
characterized earlier for the MLCT triplet excited statdR@f*® complex was monitored, as a function of temperature. It was
The spectrum shows pronounced bleaching of the MLCT found that the emission yield increased as the temperature
transition centered at 490 nm. This triplet state decays over somedecreased, as reported earlier for the reference cofipfdzee
hundreds of picoseconds to form thgr* triplet state localized Supporting Information). The emission yield showed a nonlinear
on the porphyrin subunit. The rate constant for this process dependence on temperature (see Supporting Information) but,
(krr = 2 x 1P s is in exact agreement with the rate constant even at low temperature, the value was much less than that
for decay of the MLCT triplet state measured by time-resolved recorded forR2 under identical conditions. The variation in
emission spectroscopy. The spectral records provide cleartriplet lifetime mirrorred the change in quantum yield, and it is
evidence for intramolecular tripletriplet energy transfer. Decay ~ worth noting that the decay profile remained strictly mono-
of the porphyrin T state occurs via first-order kinetics with a  exponential at all temperatures and at all monitoring wave-
rate constant of 5 10° s~1 in deoxygenated solution at room lengths. This variation in triplet lifetime can be used to calculate
temperature. the rate constant{r) for triplet—triplet energy transfer as a

Triplet—triplet energy transfer has been reported for related function of temperature. The derived rate constants are activated
dyads® Thus, for a system having the reactants linked directly in the high-temperature limit but become activationless as the
at the meso-positiod,5¢ the rate constant for triplet energy medium becomes frozen (Figure 6a). Within the glasshas
transfer from the MLCT state to the porphyrinr* triplet was a constant value of 1.4 10" s1. The entire data set can be fit
>5 x 10 s71 at room temperature. For the dyad having the to a generic equation of the type
two reactants separated by a phenylene tihgr was observed

to be 2.2x 10 st at 77 K; however, this process could not be ke = K+ K _ E 1
resolved from the rapick(= 1.2 x 10'°s71) internal conversion 1= ko kg exp RT) @
from the triplet MLCT to the ground state, observed at room

temperature. Note that, in the case of dizd the initial MLCT whereky is the activationless rate constakg € 1.4 x 107 s71),

triplet is formed by charge injection into the distal terpyridyl Ea is the activation energy, arid refers to the activated rate
ligand. This means that triplet energy transfer occurs over a constant for triplet energy transfer. Assuming that the activated
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Figure 7. Transient absorption spectra recorded after laser excitation of@¥ad 590 nm. Note that the signal-a8440 nm increases as the delay
time increases.

process refers to electron exchange, it is more appropriate toreference compounB1. However, fluorescence recorded for
expressky (ki = krr — ko) in the following Arrhenius-type D1 is strongly quenched, with respect to the reference. Indeed,
expression (Figure 615}. the relative quantum yields indicate that fluorescence from the
S: level of the porphyrin is only 2.7% that of the reference
1 exd — AG* ?) compound. The emission lifetimes(= 260 ps) is similarly
m ke T reduced, relative to that recorded fAd (zs = 7.3 ns); both
fluorescence decay profiles were monoexponential at room
Here, Vpa is the electronic coupling matrix elememG* is temperature. Comparing the photophysical properties recorded
the change in free energy of activation, a@nis the reorganiza-  for dyadD1, with illumination at 570 nm, with those measured
tion energy accompanying electron exchange. The pre-for R1 gives a quenching rate constant bof= 1/r4D1) —
exponential factor corresponds to the upper limit for electron 1/7s(R1) = 3.7 x 10° s™*. This value represents efficient
exchange and has a value 0k4102 51 at room temperature. ~ quénching of the Sstate by the appended metal complex. Such
This value seems appropriate for energy transfer across abehavior has been noted previously for related_dyads I_ackmg
relatively short distanc¥. The derived activation energy of 0.19 ~ the phenylethynylene group. Thus, for the directly linked
eV can be used to estimate a value for the reorganization energydyad:>*the porphyrin $state is quenched with a rate constant
on the basis that reaction occurs within the framework of Marcus Of 2.4 x 10° s* at room temperature. Quenching was attributed
theory?8 Thus, taking the change in Gibbs free energyt) to smglet—.trlplet energy transfer from;So the ML.CT trlplgt.
as being equal to the difference in triplet energies between theState localized on the metal complex, although this was difficult
MLCT state and the porphyrin;Btate AG°® = —0.46 eV), the to establish, because of the fast decay of the latter triplet.
reorganization energy becomes 1.54 or 0.14 eV. Given that the!NSerting a single phenylene ring between the reactagtwe
reorganization energy associated with intramolecular triplet & Very fast rate of singlettriplet energy transferkgr = 9 x
energy transfer is usually smafiwe prefer to accept the latter  10° s™%) at 77 K. At room temperature, singtetriplet energy
value. On this basis, triplet energy transfer occurs within the transfer competed with intramolecular electron transfer fram S
Marcus inverted regiof? Furthermore, the pre-exponential O the appended metal complex. Under these conditiasisr
factor can now be used to estimate the magnitude of the 9-1 x 10° s™. The fact that energy transfer appears to be
electronic coupling matrix elemer¥gy) for electron exchange. ~ activationless in this latter dyad should not be taken as evidence
The derived value\(pa = 0.0094 eV or 76 cm?) is relatively ~  that the predominant mechanism involvesster-type interac-
hight® and suggests that the reactants remain in modest electronidions. Indeed, the activation energy for Dexter-type electron
coupling, despite the presence of the bridging terpyridine unit. €xchange should be very small for this system, becAze~
The activationless procesko), which also relates to triplet —A, whereas the close proximity of the reactants might favor

triplet energy transfer, can be assigned to nuclear tunn@ling. fast nuclear tunneling.
This effect is favored at low temperature and for reactions  For dyadD1, light-induced electron transfer from the por-

27
k VT = F|VDA|2

occurring within the inverted Marcus regime. phyrin S state to the metal complex is thermodynamically
unfavorable AG° = +0.11 eV¥°> and seems unlikely to account
+  (AG°+ 2)? for the efficient fluorescence quenching. Laser flash photolysis
AG - o ®) studies made at room temperature with 590 nm excitation
showed that the singlet-excited state of the porphyrin was present
Selective Excitation into the Q-band of the Porphyrin immediately after the pulse (Figure 7). This species decayed

Moiety. lllumination of dyadD1 at 570 nm, where the Q-band  rapidly, with a lifetime ¢s) of 250 ps. On longer time scales,
localized on the free-base porphyrin is the dominant chro- the flash photolysis records indicate the presence of the
mophore (see Figure 2), results in emission from the first-excited porphyrin-basedr,7* excited triplet state, as recognized by its
singlet (Q) state of the porphyrin subunit. The emission spectra characteristic differential absorption spectrum (see Figure 7).
recorded forD1 (Figure 4) remains very similar to that of the This triplet state decays with a lifetime of 2@ in deoxy-
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Figure 9. Time-gated emission spectra recorded at 200 K for dyad
D1 after laser excitation at 590 nm: (a) spectrum of the short-lived
component and (b) spectrum of the long-lived component.

650

genated DMF at room temperature. At intermediate times, the

transient absorption records show the presence of an additional

species that is formed from;Snd decays to give T The
differential absorption spectrum of this species shows pro-

nounced bleaching at 490 nm and can be assigned to the triple

MLCT state!® It is formed with a rate constant of 4 1(° s™*
and decays with a rate constant 0k210° s™1. Consequently,

its steady-state concentration is minimal and, taken together with

the very low emission quantum yield, explains the failure to

observe this species in the luminescence experiments. It is clea

that the triplet MLCT state is formed from the porphyrin S
state by singlettriplet energy transfer.

The luminescence spectral profile recorded following excita-
tion into the S absorption band of the porphyrin shows a modest

Benniston et al.
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Figure 10. Time-resolved fluorescence decay profile recorded at 650

nm following laser excitation of dyaB1 at 200 K with a laser pulse
(full width at half maximum (fwhm)= 6 ps) at 590 nm.
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solely to singlettriplet energy transfer, follows the form of
eq 1 (Figure 10).

Thus, at low temperature, the rate of singigiplet energy
transfer approaches a temperature-independent viadef® ¢f
ca. 2 x 10’ s'L. This value can be compared with the
activationless rate constant for triptettiplet energy transfer
(ko= 1.4 x 10’ s71) found for the triplet MLCT state. However,
note that the inherent rate constant for decay of thst&e of
R1 is 8.2 x 10’ st at low temperature, such that the
determination of K2,) as the difference between two similar
lifetimes is somewhat hazardous. However, support for this
temperature-independent pathway is derived from the observa-
tion that the low-temperature emission spectra are contaminated
with luminescence from the MLCT triplet, even for excitation
at 610 nm, where the metal complex is essentially transparent.
rAt higher temperatures, the rate of energy transfer becomes
weakly activated and can be expressed in terms of eq 2. The
activation energy for this latter process is 0.060 eV, which is
considerably smaller than that found for the corresponding

Eriplet—triplet energy-transfer step. The reorganization energy,

calculated from eq 3 wittAG® = +0.05 eV, isi = 0.12 eV,
which is slightly lower than found for the corresponding triplet
triplet transfer. The upper limit for the rate of singtdtiplet
energy transferkct) at room temperature is only 9,4 10
's1, which is markedly reduced, relative to the triplet process.
Similarly, the coupling element is decreased/tp, = 11 cnt?!

(i.e., 0.00138 eV). This decrease in bofsa and kact for
singlet-triplet energy transfer presumably arises because this

process is spin-forbidden, despite the presence of the heavy

dependence on temperature (see Supporting Information). Theatom. Given that electronic coupling is relatively weak for
total emission yield increases as the temperature decreases, buinglet-triplet energy transfer, it seems unlikely that the
there is also a progressive change in the spectral pattern. Attemperature-independent step can be attributed to nuclear
high temperature, the spectrum is characteristic of fluorescencetunneling. Instead, it is possible that this behavior reflects the

from the S state of the free-base porphyrin. At lower temper-

onset of Foster-type energy transfer at low temperature. The

atures, however, the emission spectrum becomes contaminatederived rate constant is significantly lower than that for electron

with phosphorescence from the triplet MLCT state. The latter

exchange at room temperature, such that the latter mechanism

species does not dominate the spectral profile, at any temper-s dominant.

ature, but makes a clear contribution to the total spectrum.

Excitation into the Soret Band of the Porphyrin Subunit.

Indeed, the time-resolved fluorescence decay records becomeexcitation of the reference porphyriRl at 380 nm, which
dual exponential as the temperature decreases. Thus, at 200 Kgorresponds to the upper vibrational level of the second-excited

the best fit to the deconvoluted decay profile involves lifetimes

singlet (S) state, results in the appearance of very weak

of 880 ps (95%) and 19.2 ns (5%) (Figure 8). Time-gated spectrafluorescence from the Soret band. The relative fluorescence yield

indicate that the shorter-lived species is the porphyiist&te,
whereas the longer-lived species is the triplet MLCT state
localized on the metal complex (Figure 9). Both lifetimes

recorded in the Soret region (46620 nm) for dyadl, with
respect toR1, is approximately unity, which is in marked
contrast to the situation described previously fofl$rescence.

increase as the temperature decreases. The temperature depefhe close comparability found for emission yields from the S

dence for the triplet MLCT state is as described previously,
whereas the rate of decay of the porphyrirsfte, as ascribed

levels of theD1 dyad and the reference compouRd indicates
that internal conversion is too fast in the free-base porphyrin to
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allow competitive electron-transfer or energy-transfer processes

This situation is confirmed by the fact that the corrected

J. Phys. Chem. A, Vol. 108, No. 42, 2002035

together with plots of emission quantum yield versus temper-
ature. Also shown is a time profile for each transient species
formed after selective excitation into the Q-band of the

porphyrin. A table of measured lifetimes for dyBd and R2

at different temperatures is provided. (PDF.) This material is
available free of charge via the Internet at http://pubs.acs.org.
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